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Urban flooding presents a global challenge, disproportionately affecting socially vulnerable communities. In the U.S., catastrophic floods are compounded by climate change, aging infrastructure, rapid land development, and population growth. Flooding causes more damage than any other severe weather-related event, with an annual average cost of US $4.5 billion and an average of 17 fatalities per year between 1980 and 2024. FEMA’s outdated 100-year floodplain delineations fail to capture evolving flood risk, leading to development inside and outside of 100-year floodplains and potentially higher flood risk for vulnerable communities. Excluding development in 500-year floodplains would reduce risk, although encroachment of urban development into 500-year floodplains exacerbates risks. Despite extensive coastal flood risk and environmental justice research, few studies have been conducted in inland areas like the Intermountain West. Our study analyzes FEMA’s National Flood Hazard Layer and data from the 2017–2021 American Community Survey to quantify flood injustices in Salt Lake County, Utah. We develop a straight-forward and easily implementable approach for city and county level planning and flood injustice policymaking. Our objectives include assessing demographic attributes within and outside 500-year floodplains, identifying household and population flood injustices, and overlaying 500-year floodplain maps and selected flood injustice variables. Results show that although 44% of Salt Lake County’s 500-year floodplain is in the City of South Salt Lake, the cities of Millcreek and South Jordan emerge as most vulnerable for 500-year flood injustices, these cities have flood risk ratios of 1.92 and 1.67, respectively, where a risk ratio greater than 1.00 indicates potentially concerning flood injustice. These findings highlight observed inequities but do not indicate or prove systematic, intentional, or historical biases resulting from past or present discriminatory policies and practices within these cities. This study contributes to a deeper understanding of flood injustices in inland urban areas, shedding light on the intersection of flood risk and social vulnerability at microscales. Identifying flood injustice communities can inform targeted interventions and policy measures to mitigate flood injustices and enhance flood resilience and adaptation in inland urban areas for vulnerable communities.
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1 Introduction

Urban flooding (flooding) is the most devastating, financially burdensome, and deadliest natural disaster worldwide (Escobar Carías et al., 2022). From 1994 to 2013, it was the predominant type of natural disaster, comprising 43% of all documented events, affecting nearly 2.5 billion people globally, and resulting in 160,000 thousand fatalities (Doocy et al., 2013; Wang et al., 2021). Between 1980 and 2024, the United States (U.S.) experienced 44 catastrophic floods, each causing over a billion dollars in damage. These events resulted in a total cost of $200.7 billion in 2024 dollars (adjusted for inflation) and claimed 738 lives (NOAA, 2025).

Federal Emergency Management Agency’s (FEMA) flood maps show flood zones, floodplain boundaries, and base flood elevations in the U.S. (FEMA, 2025). The 100-year floodplain zones indicate areas with a 1% chance of annual flooding. They are used to determine flood risk for residential, commercial, and industrial developments, and trigger flood insurance requirements (Brody et al., 2014). As of 2018, about 13.3% of the U.S. population lived in the 100-year floodplain (Wing et al., 2018). However, the 100-year floodplain has major limitations for assessing flood risk (Patterson and Doyle, 2009; Brody et al., 2014; Blessing et al., 2017; Tyler et al., 2019). First, the 100-year floodplain encourages development immediately outside of its boundary because flood insurance is not required, although the probability of flooding may be only nominally lower than inside the flood boundary (Patterson and Doyle, 2009). Also, the intensification of hydrological patterns driven by climate change is exacerbating flood risk (Ficklin et al., 2022). By 2050, regions within the 100-year FEMA floodplain may have double the flood risk, effectively downgrading these regions to 50-year floodplains (Arnell and Gosling, 2016).

Areas outside of the 100-year floodplain and within the 500-year floodplain (i.e., with a 0.2% chance of annual flooding) are common for dense development (Utah Flood Hazards, 2020). Several studies have underscored a vital need to assess flood risks within 500-year floodplains (Patterson and Doyle, 2009; Zoll, 2021; Mostafiz et al., 2022; Al Assi et al., 2023). The increase in development density within 100-year and especially 500-year floodplains could potentially equate to significant future flood exposure in response to climate change and population growth (Pielke and Downton, 2000; Patterson and Doyle, 2009; Cutter et al., 2018; Kourtis et al., 2021).

In the U.S., the primary metric of assessing flood impacts has historically been economic losses, rather than focusing on who is exposed, which opens the possibility that various people and communities are affected differently (Tate et al., 2021). This places flood (in)justice within the realm of Environmental Justice (EJ). EJ began as a civil rights movement to address the disproportionate vulnerability of marginalized communities to human-induced pollution (Bullard, 1993; Schlosberg, 2013). It has expanded to broadly encompass equitable protection from environmental harms like flooding and pollution, and equal access to decision-making for a healthy environment (US EPA., 2023; Kato-Huerta and Geneletti, 2023). Populations that live in flood zones disproportionately experience higher rates of morbidity and mortality because of their heightened exposure to flooding and limited access to protective and mitigative resources (Zahran et al., 2008; Collins et al., 2013; Linscott et al., 2022).

Multiple studies have underscored the unequal challenges experienced by vulnerable populations during and following flood disasters, largely due to the concentration of vulnerable populations residing in flood-prone areas (Collins et al., 2018). Several flood injustice studies focus on flooding in 100-year floodplains in southern and southeastern states, regions more prone to coastal flooding than inland flooding (for example, Chakraborty et al., 2014; Grineski et al., 2015; Maldonado et al., 2016; Collins et al., 2018). Many studies in southeastern states have also examined the nexus between inland flooding and 500-year floodplains. For example, Debbage (2019) found that non-Hispanic black individuals were over eight times more likely to reside in the 500-year floodplain than non-Hispanic white individuals in the region stretching from Charlotte, NC to Atlanta, GA. In North Carolina, 500-year floodplains were used as a proxy for flood risk to identify areas with a disproportionately high exposure to flood hazards for Hispanic, non-Hispanic Black, and below poverty populations (Yaryan Hall and Bledsoe, 2023). We did not identify any studies that assess the intersection of FEMA 500-year floodplains and injustice implications in the Intermountain West, although Carothers (2018) surveyed local knowledge, perceptions, and experiences among minority communities living adjacent to the Jordan River in Salt Lake County. She found that women show higher concern for water quality while immigrant and Latinx respondents express greater concern about flooding. We did not identify any studies that assess the intersection of FEMA 500-year floodplains and injustice implications in the Intermountain West.

Analyzing flood injustices at the city level enables municipalities to identify disparities within their jurisdictions and develop targeted strategies to correct flood injustices that are aligned with governance responsibilities and budgetary constraints. Simultaneously, counties evaluate flood injustices across cities, facilitating the prioritization of resources to mitigate injustices. Cities primarily focus on enforcing local floodplain and land use regulations, developing and maintaining stormwater and flood control infrastructure, and engaging communities to address the immediate needs of vulnerable populations (Blaikie et al., 2004). In contrast, counties typically offer the technical expertise, financial resources, and coordination necessary to implement cohesive, region-wide flood risk and injustice reduction strategies (Cutter et al., 2003). Furthermore, emerging research underscores the importance of scalable, accessible tools, ranging from GIS-based mapping to integrated vulnerability assessments, in equipping local governments to more effectively manage flood risks and promote flood justice (Chang et al., 2021; Hughes et al., 2021; Pellerey et al., 2025).

Our overarching goal is to develop a straightforward and easily-implementable framework for analyzing flood injustices using publicly available data at the city and county scales. We selected this spatial scale because cities and counties play a distinct role in managing flood risks, as states largely delegate these responsibilities to them for enforcing land-use regulations, including floodplain management (Tullos, 2018). By providing a clear and data-driven approach, this study enables local and state agencies, as well as the public, to better understand the extent and severity of flood injustices in their communities.

We quantify and map flood injustices at the city and county scale in Salt Lake County (SLCO), Utah, by intersecting 500-year floodplain flood risk and vulnerability, as measured by socioeconomic and demographic variables. We use the latest version of the FEMA’s National Flood Hazard Layer (NFHL) for SLCO to delineate 500-year floodplain and the U.S. Census Bureau’s 2017–2021 American Community Survey (ACS) data to quantify human vulnerability. We address three key research objectives: (1) summarize the socioeconomic and demographic attributes of residents inside and outside of 500-year floodplains, (2) determine if the densities of vulnerable communities are statistically different in the 500-year floodplain compared to non-floodplain areas, and (3) create maps to visualize flood injustices for the most vulnerable cities rather than developing a complex analysis.



2 Materials and methods


2.1 Study area

SLCO is in northern Utah, with an area of 1,188 km2. The county is bounded by the Wasatch Mountains to the east, the Oquirrh Mountains to the west, the Traverse Mountains to the south and Great Salt Lake to the north. It is the most populous county in the state with an estimated population of 1,186,257 as of July 2022 (U.S. Census Bureau, 2024a) and has undergone considerable land development and population growth in the past two decades (Khatri et al., 2019). Per the Kem C. Gardner Policy Institute’s Demographics Projections (Kem, C. Gardner Policy Institute, 2022), the population of SLCO is expected to exceed 1.6 million by 2060. Aside from mountain areas, SLCO is mostly urban. It encompasses 63 municipal boundaries, comprising 20 cities, 3 towns, and 40 unincorporated areas (Salt Lake County Surveyor’s Office, 2024). The Cities of Herriman, Bluffdale, Kearns, Cottonwood Heights, Emigration Canyon, and Magna were omitted from analysis because they had no 500-year floodplains or no people living in 500-year floodplains. Salt Lake City is the largest city in the county and state, and serves as the economic, cultural, and political hub of the region.

SLCO has mountainous headwaters with snowmelt-dominated streamflow. The Jordan River flows northerly for 81 kilometers from Utah Lake to Great Salt Lake (Figure 1). Major perennial tributaries are located on the east side of the county with a few non-perennial rivers on the west side. The flows of the Jordan River from Utah Lake are controlled, and flood potential is somewhat reduced upstream of the major Jordan River tributaries by the dams, diversions, and pump stations. However, all tributaries and the Jordan River have the potential to flood in response to extreme runoff events beyond the design capacity of the flood control structures (Bowen Collins & Associates, 2019).
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FIGURE 1
 Distribution of FEMA’s 100-year and 500-year floodplains in SLCO (Sources: Esri, NASA, NGA, USGS, FEMA, Murray City GIS, County of Salt Lake, Utah Geospatial Resource Center, TomTom, Garmin, SafeGraph, Bureau of Land Management, EPA, NPS, USDA, USFWS).


Approximately 35% of all flood claims in Utah submitted to the National Flood Insurance Program between 1978 and 2019 were from SLCO (Utah Division of Emergency Management, 2019). Hydrologic intensification, with wetter wet periods and drier dry periods, is anticipated to exacerbate flood potential (Sun and Wang, 2012; Donat et al., 2016). A rain event that is currently associated with a 100-year return period in Salt Lake City is anticipated to have a return period of 20–30 years under future 2050–2099 climate projections (Vahedifard et al., 2021).



2.2 Analysis

The following sections explain our analytical approach (Figure 2). First, we describe our analysis of Salt Lake City International Airport long-term rainfall data to understand temporal precipitation trends in SLCO. Next, we use FEMA’s 500-year floodplain data along with socioeconomic and demographic data from the 2017–2021 ACS to conduct a geospatial analysis. This study identifies and extracts socioeconomic and demographic variables that indicate flood injustice for SLCO and 14 cities within the county. We develop maps that overlay the 500-year floodplains with the selected socioeconomic and demographic variables.

[image: Figure 2]

FIGURE 2
 Study analysis approach for quantifying flood injustices in SLCO.




2.3 Rainfall temporal trend analysis

We used innovative trend analysis (ITA) to assess temporal rainfall trends in SLCO. ITA is a non-parametric statistical test that has been widely used for detecting trends in meteorological, hydrological, and environmental time series (Şen, 2012; Kisi, 2015). It divides a time series into two equal sub-series and sorts them in ascending order. The first sub-series is plotted on the horizontal axis (x-axis) and the second sub-series is plotted on the vertical axis (y-axis) (Wu and Qian, 2017). If the time series are identical to each other, their points scatter along the 1∶1 (45°) line. Compared to traditional trend identification techniques, such as Mann-Kendall and Spearman’s rho tests, the ITA method has fewer restrictive assumptions such as non-linearity, normality, serial correlation, and length of data (Şen, 2012). ITA can detect obscure trends and can calculate trend slope (Gumus et al., 2022; Wu and Qian, 2017). Detailed descriptions of ITA can be found in Şen (2012) and Wang et al. (2020). We calculated rainfall trend slope through time using annual water year precipitation from 1875 to 2022 (147 years) measured at the Salt Lake City International Airport National Weather Service station.



2.4 FEMA floodplains

FEMA identifies areas of high (within 100-year floodplain), moderate (within 100-year and 500-year floodplains), and minimal (outside of the 500-year floodplain) flood risk and publishes them as flood maps (FEMA, 2025). Historically, more than 20% of flood damage claims submitted to FEMA were made by policyholders in moderate and minimal flood risk zones (FEMA, 2023). We downloaded SLCO’s National Flood Hazard Layer (NFHL) (Product ID: NFHL_49035C) from the FEMA Flood Map Service Center webpage with development and revision dates of 11/19/2021 and 02/21/2023, respectively (Figure 1). We then uploaded NFHL to ArcGIS Pro to extract 100-year and 500-year floodplain boundaries within SLCO (Figure 1).



2.5 American community survey

The U.S. Census Bureau’s American Community Survey (ACS) is a nationwide annual survey that gathers population data, including social, racial, economic, housing, and demographic characteristics. Every year, the Census Bureau contacts over 3.5 million households across the country to participate. The U.S. Census Bureau provides a margin of error with a 90% confidence interval to quantify the statistical reliability of the data (U.S. Census Bureau, 2021).

We used 2017–2021 ACS 5-year estimates to extract the values of eight variables. Four of these variables were based on household surveys: income below the poverty level (Income), one or more disabled person in the household (Disability), reliance on government food assistance, officially known as Supplemental Nutrition Assistance Program (SNAP), and Internet access (Internet). The other four variables were based on individual surveys: Hispanic or Latino (Ethnicity), non-white (Race), education level of a high school diploma or lower (Education), and divorced or widowed marital status (Unmarried) individuals.

These variables have been used in previous flood injustice studies because the facilitate timely and secure evacuation during floods and expedite recovery following floods (Maantay and Maroko, 2009; Cutter, 2006; Tate et al., 2021; Xu and Qiang, 2024). While some studies have suggested additional variables such as English language proficiency and health insurance as key elements influencing vulnerability to flooding (Qiang, 2019; Tate et al., 2021), we excluded these variables from our study because English language proficiency is highly correlated with ethnicity and race, and over 90% of the SLCO population has healthcare coverage (U.S. Census Bureau, 2023).

These variables are appropriate to evaluate social injustices and differential flood risks. For example, low-income households are disproportionately impacted by local flood events, underscoring inequities in accessing resources for flood prevention, mitigation, and recovery (Aerts et al., 2018). Physical and mental disabilities impede mobility during evacuations, while hearing, visual, or cognitive impairments can limit access to emergency alerts and risk information (Bailie et al., 2022). Reliance on food assistance programs, such as SNAP reflects broader socioeconomic vulnerabilities that increase the likelihood of households experiencing disproportionate adverse impacts during and after flood events (Fitzpatrick et al., 2020; Clay et al., 2020). Lack of internet access exacerbates flood injustices by limiting vulnerable populations’ ability to prepare, respond, and recover (Hao et al., 2022). Flooding disproportionately impacts racial and ethnic minorities due to long-standing systemic inequalities, including discriminatory policies like redlining, that have historically forced marginalized communities into flood-prone areas with poor flood control infrastructure, and in some cases, English as a second language (Elliott and Pais, 2006; Tate et al., 2021). Limited educational attainment exacerbates flood injustices from reduced awareness of flood risks and preparedness strategies (Tate et al., 2021).

While some studies have suggested additional variables such as English language proficiency and health insurance as key elements influencing vulnerability to flooding (Qiang, 2019; Tate et al., 2021), we excluded these variables from our study because English language proficiency is highly correlated with ethnicity and race, and over 90% of the SLCO population has healthcare coverage (U.S. Census Bureau, 2023).



2.6 Geospatial analysis

ACS geographic units (e.g., block groups, census tracts) do not align precisely with FEMA-designated flood zones. Consequently, a spatial allocation method is required to appropriately distribute ACS data within FEMA flood zone polygons. We apportioned ACS demographic data to flood risk polygons with the Enrich Tool in ArcGIS Pro v3.2.2 (ESRI, Redlands, CA, USA). The block apportionment method uses weighted centroid geographic retrieval to aggregate data for custom polygons. The Enrich Tool is effective at this task and has been used in studies that include U.S. Census Bureau and ACS data (Sannigrahi et al., 2020). However, this method assumes that flood risk and population are uniform within census units, which can introduce error.

The Enrich tool in ArcGIS Pro provides two reliability scores with a potential range of 1.0 (best) to 5.0 (worst) (Esri, 2025). The most important score is the ratio of the population polygon’s area to the number of people estimated to live there. This ratio was 2.2 for all the enriched polygons in this study. The second score represents overall reliability, including the reliability of the ratio of the polygon area to the population and a rating of the reliability of the census data. The census reliability accounts for the date of the census, the collection method, and completeness of the census. This ratio was 2.6 for all enriched polygons. Esri also estimates coefficient of variation (CV) as a quick reference to assess the usability of an ACS estimate. In our study, all ACS variables have CVs less than or equal to 12%. This suggests that the sampling error is small compared to the estimate (Esri, 2023).



2.7 Estimating flood injustice

To quantify flood injustice across the eight variables at the county and city levels, we adopted the Comparative Environmental Risk Index (CERI), developed by Harner et al. (2002). This metric, also known as the risk ratio (Debbage, 2019), classifies the social, racial, economic, housing, and demographic characteristics or households or individuals into two categories: those within the 500-year floodplain and those outside of the 500-year floodplain. For example, to evaluate the intersection of vulnerability and race, we sum non-white individuals in the 500-year floodplain and divide by the total number of non-white individuals in the county. Then we repeat the process for the white population to provide a ratio of flood risk and race (Equation 1). In other words, CERI is the ratio of two ratios, indicating the percentage of non-white individuals vulnerable to flood risk compared to the percentage of white individuals at risk (Harner et al., 2002). We selected the CERI method because it is an established metric for quantifying flood injustice and has been used in similar research (Fielding and Burningham, 2005; Debbage, 2019; Yaryan Hall and Bledsoe, 2023; Selsor et al., 2023; Vahedifard et al., 2023).
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A value greater than one signifies flood injustice, indicating social, racial, economic, housing, or demographic flood injustice variables are over-represented in households or individuals in the 500-year floodplains. We used this equation to calculate the Flood Injustice Index at the county and city levels. At the county level, we used Equation 1 to calculate the indices for the eight variables. At the city level, we used the same equation for each of the eight variables in every selected city individually. Then, we calculated the arithmetic mean across all eight variables for each city and ranked the cities based on these averages, from highest to lowest (Table 1). In this study, we establish a threshold for flood injustice when over-representation exceeded 5%, or when the Flood Injustice Index exceeded 1.05. We used the “fmsb” package in R (version 4.3.1) to compute the indices, calculate MOEs with a 95% confidence interval, and determine corresponding p-values for assessing statistical significance (Debbage, 2019; Nakazawa, 2023).



TABLE 1 Flood injustice indices for select variables in Salt Lake County (SLCO) and SLCO’s 500-year floodplain (FP).
[image: Table1]



2.8 Flood injustice mapping

In addition to using the Flood Injustice Index to quantify flood injustices, we created flood injustice maps that overlay the socioeconomic and demographic variables of census blocks with 500-year floodplains. These maps are understandable and intuitive, helping both the public and policymakers identify flood injustice communities and facilitating effective flood protection measures and resource allocation for marginalized and underserved communities (Flores et al., 2023). We used the Enrich Tool in ArcGIS Pro to supplement the census blocks within each city with selected household and population variables. We then symbolized the census tracts to display the distribution of flood injustice variables across the city, enabling a visual assessment of the overlap between higher-value census blocks and the extent and boundaries of 500-year floodplains.




3 Results


3.1 Rainfall temporal trend

Annual rainfall in Salt Lake City (represented by the rainfall records at the airport) exhibits non-monotonic characteristics, indicating more hydrologic variability in the latter half of dataset (Figure 3). Precipitation between the 25th and 75th percentiles show a slight decreasing trend in the latter half of the time series, while precipitation below the 25th percentile displays no evident temporal trend. Extreme rainfall events exceeding the 75th percentile, when precipitation is at least 460 mm per year, are increasing. In some cases, intense precipitation events elevate concerns about destructive flooding events and increase the number of people at risk from floods (Swain et al., 2020).

[image: Figure 3]

FIGURE 3
 Innovative trend analysis of annual rainfall records at the SLC airport (1876–2022).




3.2 SLCO 500-year floodplains and population

SLCO has 399,585 households and 1,173,331 residents. Of these, 9,665 households (2.4%) and 27,258 individuals (2.3%) live within 500-year floodplains. The 500-year floodplains in the 14 cities in this study cover approximately 24.25 km2 (1.16%) of SLCO’s area (Table 2). South Salt Lake has 44% of its area and 7,000 people, or nearly 28% of its population, in the 500-year floodplain, the largest proportions of all the cities in SLCO. At the other extreme, Salt Lake has only 3% of its population in the 500-year floodplain, but that translates to over 6,000 people living in the floodplain because Salt Lake is so much larger than South Salt Lake (Table 2).



TABLE 2 Salt Lake County (SLCO) 500-year floodplain (FP) population and total population, 500-Year FP household count and total household count, total area, and 500-year FP area by city.
[image: Table2]



3.3 Flood injustice in SLCO 500-year floodplains

All eight flood injustice variables are over-represented in 500-year floodplains at the county level, as their CERI Ratios are greater than our threshold of 1.05 (Table 1). County-wide, households receiving food stamps and non-white population are over-represented by more than 50% in the floodplains, with indices of 1.54 and 1.52, respectively (Table 1). Households with incomes below the poverty level, populations with high school diploma or less, and unmarried populations are over-represented by more than 30% in floodplains, with indices of 1.36, 1.39, and 1.32, respectively. The non-white and Hispanic or Latino populations have the highest counts in SLCO’s 500-year floodplains with 8,832 and 6,136 individuals, respectively (Table 1).

Analyzing flood injustice at the city level reveals several notable findings. Eight cities of the 14 included in this study—Millcreek, South Jordan, West Valley, Salt Lake, Riverton, Draper, Holladay, and South Salt Lake—have an average Flood Injustice Index greater than 1.05 (Table 3). Millcreek, with the highest average index, exhibits significant flood-related socioeconomic and demographic disparities, largely due to a high index (7.7) for education level. South Jordan, ranked second, has higher indices than Millcreek for disability, lack of internet access, food stamps, non-white, and unmarried residents, indicating a more diverse and potentially more disadvantaged population in certain respects.



TABLE 3 Flood injustice indices for the household and population variables for selected cities in SLCO, ranked by averaged descending flood injustice index.
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Interestingly, South Salt Lake has the largest population within its 500-year floodplain (Table 1), but ranks eighth for the average flood injustice index, just at the flood injustice threshold of 1.05. The city’s flood injustice relates to lack of internet access which could impede flood preparedness and response (Table 3). In contrast, Salt Lake, with only 3.1% of its population in the 500-year floodplain, exhibits higher flood injustice with an average Flood Injustice Index of 1.48. This is caused by several attributes, including higher incidence of disability, food stamps, Hispanic or Latino populations, non-white populations, and education level in the 500-year floodplain. This indicates broad flood-related socioeconomic disparities in Utah’s state capital. Notably, Salt Lake has the highest flood injustice indices for ethnicity (Hispanic or Latino at 1.78) and race (non-white at 1.89) among all the cities studied (Table 3).

Riverton and West Valley have the highest indices for income below the poverty level, at 2.01 and 1.79, respectively. Draper has the highest index for education, at 4.5, among all the cities in this study (Table 3). Another intriguing finding pertains to Murray, which ranks second in terms of total 500-year floodplain area and has the highest number of households within the floodplain (Table 2). However, households in this city are not over-represented in any of the four flood injustice variables examined, although this city does have a moderate over-representation of non-white (1.32) and unmarried (1.49) individuals living in floodplains (Table 3). Although Sandy ranked lowest in the Average Flood Injustice Index (0.52), with the smallest population count (148) within 500-year floodplains among the cities in this study, its Hispanic or Latino population index (1.76) indicates a moderate over-representation of this minority group in the 500-year floodplain, highlighting flood injustices related to ethnicity (Table 3).



3.4 Flood injustice mapping

To visualize 500-year floodplain injustices, we generated maps for all eight flood injustice variables overlain on the 500-year floodplain for the cities of Millcreek and South Jordan. We selected these cities because they have the highest average Flood Injustice Indices of 1.92 and 1.62, respectively (Table 3). These maps visualize the intersection of flood risk and social vulnerability. The eight maps provide a nuanced view of how different socioeconomic and demographic factors correlate with areas at risk of a 500-year flood.

In Millcreek, multiple dimensions of vulnerability—economic, physical, racial, educational, and social—converge within Millcreek’s 500-year floodplain (Figure 4). Portions of the 500-year floodplain have high incidence of households below the poverty level, households with disabilities, households without internet access, households receiving food stamps, higher Hispanic, Latino, or non-white populations, lower education levels, and more unmarried individuals.

[image: Figure 4]

FIGURE 4
 Flood Injustice maps for the 500-year floodplains (blue-shaded) in Millcreek, Utah.


Spatial analysis shows that multiple dimensions of vulnerability—economic, physical, racial, educational, and social—converge within South Jordan’s 500-year floodplains. Households with at least one disabled person, households receiving food stamps, Hispanic or Latino and non-white populations, and individuals with a high school education or less are over-represented in the southwestern-most portion of the 500-year floodplain in South Jordan (Figure 5). The other three flood injustice variables, households with income below the poverty level, without Internet access, and individuals that are unmarried, do not overlap in the southwestern-most 500-year floodplain in South Jordan (Figure 5), but are still over-represented in 500-year floodplains in the city (Table 3).

[image: Figure 5]

FIGURE 5
 Flood injustice maps for the 500-year floodplains (blue-shaded) in South Jordan, Utah.





4 Discussion

Our study highlights significant socioeconomic and demographic flood injustices within 500-year floodplains across SLCO and its major cities. We also show that hydrologic variability has been increasing through time, particularly extreme precipitation events that lead to flooding (Figure 3). At the county scale, variables such as households receiving food stamps, non-white populations, those with incomes below the poverty level, and individuals with lower education are over-represented in the floodplain areas, with indices indicating over-representation ranging from 30% to over 50% (Table 1).

Cities have varying levels of flood injustice, with Millcreek exhibiting the highest average flood injustice index primarily due to the population with high school education or less living in the 500-year floodplain (Table 3). South Jordan has multiple high indices, including disability and access to resources like internet and food stamps. Some cities, like South Salt Lake, have nearly 30% of its population (7,165 people) living in the floodplain (Table 2), but have little flood injustice by our metrics. In contrast, Salt Lake City has just over 3% of its population living within the 500-year floodplain (6,146 people) and faces significant flood injustice disparities related to ethnicity, race, disability, and education level (Table 3). Sandy, with the lowest overall Flood Injustice Index, nevertheless demonstrates significant ethnic disparities within its small floodplain population. These distinctions emphasize localized challenges in 500-year flood risk management and socioeconomic and demographic equity.

However, we did not find evidence that these inequalities were deliberately caused by discriminatory policies in the study area. In other words, while flood risk is unevenly distributed, we did not attribute this outcome to specific biases such as redlining or other intentional segregation practices within 500-year floodplains. According to the University of Richmond’s Mapping Inequality project, Millcreek and South Jordan cities were not subject to redlining practices established in the U.S. during the 1930s. In the literature, some scholars have used the term ‘disparities’ to describe differences in climatic and flood exposure risks across individuals and communities. However, there are also published studies similar to ours, such as Flores et al. (2021) and Debbage (2019), that have used the term ‘injustice’ to identify, quantify, and map flood-related inequities. For clarity and consistency, we have adopted the term ‘flood injustice’ throughout our study to describe the flood-risk inequalities we observed. We use this language to align with the broader environmental justice framework, which asserts that any clear inequality in vulnerability, especially those based on race or socioeconomic factors, should be addressed as a justice issue. This consistent terminology avoids confusion and redundancy.

Our findings align with other EJ research in SLCO, which predominantly examine disparities related to air pollution and dust exposure from ambient fine particulate matter (PM2.5) due to the decline of Great Salt Lake. These studies report significant disparities in exposure levels among demographic groups based on race or ethnicity (including Hispanic and Pacific Islander populations), income levels, and educational attainment (Mullen et al., 2024; Grineski et al., 2024). Future research that intersects multiple EJ risks or exposures for this region is warranted.


4.1 Limitations and complexity in flood injustice assessment

Like any survey data, the ACS provides estimates of socioeconomic and demographic characteristics rather than complete population and household counts. Uncertainties in ACS datasets arise from sampling error, non-response bias, measurement error, and changes in survey methodology (Spielman et al., 2014; Wei et al., 2023). Despite these challenges, the ACS remains valuable for understanding US demographic and socio-economic trends. However, researchers and policymakers should exercise caution when interpreting and using ACS data in flood injustice studies, for example by focusing on areas with relatively low data uncertainties such as counties with low MOEs (Xu and Qiang, 2024).

Dasymetric mapping is an approach to more accurately apportion census data within floodplains (Mennis, 2003; Flores et al., 2023). Dasymetric mapping identifies uninhabitable areas (e.g., roads, railroads) by incorporating land cover and land use data, thereby preventing the erroneous allocation of population data to such areas (Baynes et al., 2022). We did not use the technique to maintain a straightforward and easily-repeatable approach and because variations in dasymetric mapping methodologies can substantially alter both the estimated population size and the socioeconomic characteristics within designated flood zones (Debbage, 2019). It remains a promising technique to better align and apportion disparate datasets for more sophisticated analytical approaches.

Delineating 100-year and 500-year floodplains are challenging because of uncertain topographic data, design flow, streamflow records, hydrological and hydraulic modeling estimates, and infrequent updates to adapt to rapid changes in climate and land use (Merwade et al., 2008; Qiang et al., 2017). The intersection of flood risk and flood injustice indices underscore the complex and multifaceted nature of capturing and comprehending flood injustices, necessitating a combination of quantification, mapping, and local surveying. Relying on any single method to determine the existence and magnitude of flood injustices could oversimplify the issue, potentially resulting in either overestimation or underestimation of flood risk and communities involved.

FEMA’s flood maps (including 500-year floodplains) have errors and uncertainties that can undermine accuracy and effectiveness (Huang and Merwade, 2023). A primary limitation stems from FEMA’s reliance on historical data, which fails to account for the increasing frequency and intensity of extreme weather events due to climate change (Flores et al., 2023). FEMA flood maps can also underestimate the spatial extent of the 100-year and 500-year floodplain, primarily due to the systematic exclusion of pluvial flood risk (Weill, 2022; Wing et al., 2022). This leads to an underestimation of flood hazards, potentially leaving communities unprepared. The uncertainties associated with FEMA floodplain delineations may result in underestimation of both the severity and spatial extent of flood injustices within our area.



4.2 Flood injustice variables and importance

Households with income below the poverty level and households receiving food stamps highlight compounded vulnerabilities where economic hardship intersects with flood risks, and households likely have limited resources to prepare for or recover from flood events. Households without internet access indicate groups who might not receive timely emergency notifications and access online services during floods, exacerbating their vulnerability. Households with at least one disabled person face heightened flood risks, with challenges in both evacuation and recovery due to potential mobility and health constraints.

Hispanic or Latino and non-white populations raise critical environmental justice issues as racial and ethnic minorities are disproportionately exposed to the 500-year flood risks, potentially exacerbating social and economic inequalities during flood events. Areas with high percentages of individuals with a high school education or less might lack knowledge or resources to effectively respond to and recover from flood events. Finally, areas with higher percentages of unmarried individuals could increase vulnerability due to a lack of social support systems necessary for effective response and recovery during flood events.

These variables underscore the urgent need for targeted, multifaceted interventions to mitigate flood risks and enhance resilience among the most vulnerable populations. Policies should focus on inclusive emergency planning, resilient infrastructure, and community-based initiatives to ensure equitable protection and recovery for residents.

There is a federal EPA tool called EJScreen Tool that assesses and identifies EJ communities nationwide. For this study, we opted not to use the EPA EJScreen tool because our spatial scale is the city and county level, whereas EPA EJScreen is a national level screening tool, making its socioeconomic indicators broad and potentially inapplicable to finer scales like cities and counties. Also, as a federally administered tool, the EPA EJScreen is susceptible to administration shifts and policy changes, which may result in discontinuation or archival. For example, the White House rescinded Federal Actions to Address Environmental Justice in Minority Populations and Low-Income Populations (Executive Order 12898) in January 2025 (The White House, 2025). This effectively freezes or archives many federal websites, tools, and datasets, including EJScreen. Such political uncertainties raise concerns about the long-term reliability and accessibility of the EPA EJScreen tool.



4.3 Disintegrated approaches in flood injustice studies

We calculate separate flood injustice indices for each variable and city, providing a detailed and understandable approach for both the public and policymakers. Our straightforward approach to quantifying flood injustice aligns with recent research suggesting composite-based methods of estimating flood injustice may be misleading. Composite assessments integrate numerous social vulnerability variables into a single index using sophisticated statistical methods like Principal Component Analysis (Cutter, 2024). The Social Vulnerability Index (SoVI), widely used in EJ studies, is sensitive to subjective interpretation of components, statistical weighting of components, and criteria for component selection, all of which can increase uncertainty and cloud result interpretability (Bakkensen et al., 2017; Rufat et al., 2019; Tate et al., 2021; Cutter, 2024).

Combining EJ variables into single vulnerability index could result in imprecise, oversimplified, or misleading assessments of flood injustice, thereby reducing the effectiveness of mitigation efforts. However, by employing a simple, direct, and non-composite approach to measure flood injustice, specifically the Flood Injustice Index, which averages all variables equally, flood injustice can be clearly conveyed and characterized, and each EJ variable can be evaluated separately to quantify their specific influence on flood injustice. The methods developed in this study could be used in any region and at different spatial scales (county, city, census block, etc.) to quantify and map the presence and severity of flood injustices and link them to socioeconomic and demographic variables.



4.4 Emerging significance of the 500-year floodplain for delineating current and future flood risk

The Association of State Floodplain Managers have suggested using the 500-year floodplain boundary to limit development although this has been met with resistance (Bourget and Bailey, 2004). In July 2024, as part of its ongoing response to escalating national flood risks, FEMA published a new directive and policy called the Federal Flood Risk Management Standard (FFRMS) to encourage federal agencies to consider and manage current and future flood risks, promoting a more resilient nation (Federal Emergency Management Agency (FEMA), 2024). It requires agencies to determine flood elevation and corresponding flood hazard area for project siting, design, and construction. Agencies can use one of three approaches to assess current and future flood risks: 1) Climate Informed Science, which uses the best available hydrologic and hydraulic data, factoring in the future changes in flooding based on climate science; 2) Freeboard Value Approach, which adds 2 feet to the base flood elevation for non-critical actions and 3 feet for critical actions; and 3) using the 500-year floodplain to delineate flood risk. For the regions and communities that the boundaries are established, the 500-year floodplain approach is the most effective approach that does not require extensive modeling or geospatial analysis like the other two approaches. The FFRMS highlights the critical importance of the 500-year floodplain in assessing current and future flood risks.



4.5 Uncertainties in FEMA’s flood zones

Errors and uncertainties in FEMA floodplain delineations have direct socioeconomic implications, as inaccurate flood maps influence community planning, property values, and insurance rates, sometimes disproportionately affecting marginalized communities (Scata, 2020; Wing et al., 2022). For example, FEMA estimates that 13 million U.S. residents live in 100-year flood zones, while the First Street Foundation a non-profit organization, whose mission is to quantify and communicate America’s climate risks, estimates 41 million (Wing et al., 2018). The binary depiction of floodplain boundaries, defined by either the 100-year or 500-year flood lines, oversimplifies risk assessments. Continuous flood probability maps, rather than rigid boundaries, provide a more accurate representation of flood risks (Merwade et al., 2008). Enhancing flood risk communication through interactive and probabilistic flood maps could improve public understanding and preparedness (Sanders et al., 2020). Improving FEMA floodplain delineation and probability requires a comprehensive approach that integrates updated climate projections, probabilistic mapping techniques, advanced modeling techniques, and policy reforms to ensure that flood risk assessments accurately reflect current and future threats.

Despite the inherent uncertainties in FEMA’s flood maps, the dataset is publicly and freely available for individuals and governmental agencies, making it a practical resource for analysis and decision-making. It remains one of the most commonly used tools for identifying and mapping flood-prone areas. Many cities and regulatory jurisdictions rely on FEMA-designated flood zones as the basis for flood risk assessment, regulatory compliance, and urban planning. For example, Salt Lake City ordinances require that developments incorporate the 100-year floodplain into planning and risk mitigation strategies (SLC Ordinance 18.68.030). Given the continued institutional reliance on FEMA flood zones, use of the 500-year floodplain aligns with existing regulatory frameworks, proving simplified and quick flood injustice assessment.



4.6 Flood risk management and adaptation for vulnerable communities

There are several initiatives that highlight the importance of incorporating flood justice into 500-year floodplains. An example is the Justice40 Initiative, which directs 40% of the benefits from certain federal investments—including affordable housing—to disadvantaged and EJ communities (The White House, 2021), although its website has been archived as of January 2025. That initiative was used by communities to access federal funds to improve flood justice in their 500-year floodplains, provided that the data is quantified, mapped, and presented scientifically and without bias. Our quantitative approach and mapping methodology, based on federally provided datasets, aims to offer agencies an easy-to-apply, actionable framework that meets both the FFRMS and the Justice40 Initiative requirements simultaneously.

This research enables the assessment of options and development of solutions to reduce flood injustices. Our framework, results, and findings can help officials and policymakers engage with residents, highlighting specific 500-year flood risks shaped by distinct socioeconomic and demographic characteristics. As cities may lack the necessary resources, a collaborative regional approach is essential to prevent injustices in managing flood risk and to achieve equitable flood justice.
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