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Every year, river floods disrupt millions of lives across the world, impacting individual livelihoods and testing the resilience of entire communities, with ripple effects through national economies. Not all households and communities are equally threatened by floods, but disparities in flood vulnerability within and between communities remain poorly quantified owing to coarse census data and inconsistency in official flood hazard maps. Here we address this gap by leveraging state-of-the-art flood hazard estimates and novel, fine-scale demographic information.

We examine whether households experience unequal vulnerability to inland flooding based on their race and ethnicity in the state of Washington, U.S.A. Focusing on individual land parcels, we show that 9% of the population lives in a flood zone, 16% of which are Latinx, even though Latinx residents make up only 8% of the overall population. Beyond disparities in exposure, we found that communities also differ in their vulnerability to floods. We demonstrate that using finer-grain data and improved flood hazard maps leads to starker total flood exposure and racial/ethnic inequities than using official data and conventional methods. Our results provide key information to advocate for and guide actions to mitigate the root causes of racial and ethnic inequities in flood vulnerability.

Introduction

Throughout the world, inland flooding from rivers is both natural and inevitable. Even so, inland flooding is often catastrophic: river flooding is recognized as one of the most significant causes of fatalities, human displacement and economic disruption [START_REF] Unisdr | The human cost of weather-related disasters[END_REF]. From 1980 to 2013, economic losses from flooding exceeded USD$1 trillion globally, and resulted in 220,000 deaths [START_REF] Dottori | Development and evaluation of a framework for global flood hazard mapping[END_REF]Munich Re, 2014). In the U.S.A. alone, 41 million people are exposed to a 1 in 100 year flood [START_REF] Wing | Estimates of present and future flood risk in the conterminous United States[END_REF]. Flooding of communities is expected to increase as heavy precipitation events become more frequent and severe with climate change [START_REF] Walsh | Our Changing Climate[END_REF], and as high population growth rates are centered in more hazardous areas of floodplains [START_REF] Wing | Estimates of present and future flood risk in the conterminous United States[END_REF]. Consequently, the impact of floods in the next decades could dramatically increase, with some analyses forecasting a 200% increase in the global economic exposure to flooding by 2050 [START_REF] Jongman | Global exposure to river and coastal flooding: Long term trends and changes[END_REF].

Globally, inland flooding disproportionately impacts those without the resources necessary to mitigate, adapt, or rebuild from floods (Centre for Research on the Epidemiology of Disasters, 2015). However, the degree to which the effects of inland flooding are disproportionately borne by historically marginalized groups in the U.S.A. remains equivocal [START_REF] Collins | Environmental injustice and flood risk: a conceptual model and case comparison of metropolitan Miami and Houston, USA[END_REF]Montgomery & Chakraborty, 2015). While research in the U.S.A. on coastal flooding from hurricanes has revealed widespread racial and ethnic inequities (e.g., [START_REF] Masozera | Distribution of impacts of natural disasters across income groups: A case study of New Orleans[END_REF][START_REF] Peacock | Inequities in Long-Term Housing Recovery After Disasters[END_REF][START_REF] Walker | Flood risk, vulnerability and environmental justice: Evidence and evaluation of inequality in a UK context[END_REF][START_REF] Zahran | Social vulnerability and the natural and built environment: A model of flood casualties in Texas[END_REF], it is unclear how this translates to inland flooding. In part, this uncertainty arises because flooding research often focuses on post-event assessments, which concentrate on the consequences of disasters after they have occurred. In contrast, pre-event studies investigate differences in vulnerability among persons and communities based on the spatial variability of exposure to the hazard (Maldonado, Collins, Grineski, Chakraborty, et al., 2016). Pre-event studies usually define exposure to flooding hazard as locations where the probability of flooding in a given year is at least 1% (i.e., living in the 100-year flood zone). Relationships between pre-event exposure to inland flood risk and racial, ethnic, and social characteristics of communities are largely unresolved [START_REF] Maantay | Mapping urban risk: Flood hazards, race, & environmental justice in New York[END_REF]Maldonado, Collins, Grineski, & Chakraborty, 2016;[START_REF] Meenar | Planning for watershed-wide flood-mitigation and stormwater management using an environmental justice framework[END_REF].

On the one hand, socially advantaged communities, usually composed of economically affluent, White residents in the U.S.A., may experience more, rather than less, pre-event flood exposure (Montgomery & Chakraborty, 2015). This pattern results from the attractiveness of water-based amenities, such as beach access and water views, which leads to high property values in flood zones [START_REF] Chakraborty | Social and spatial inequities in exposure to flood risk in Miami, Florida[END_REF][START_REF] Grineski | Hazardous air pollutants and flooding: a comparative interurban study of environmental injustice[END_REF]. On the other hand, inland flood exposure has been shown to be a strong negative predictor of housing value [START_REF] Zhang | Residential housing choice in a multihazard environment: Implications for natural hazards mitigation and community environmental justice[END_REF].

These divergent findings may be explained, in part, by the scale at which analyses are conducted, since the coarse scales of commonly-used governmental data tend to undercount the exposure of people of color and ethnic minorities to flood risk [START_REF] Maantay | Mapping urban risk: Flood hazards, race, & environmental justice in New York[END_REF].

Because racial and ethnic data are only available at the scale of a census tract, estimates of flood risk usually assume that all residents are equally affected within census tracts. This resolution makes it impossible to assess patterns of inequality occurring at the community level (e.g., communities of color neighborhoods more at risk of flooding as a legacy of past and current discrimination) compared to large-scale patterns of settlement (e.g., differences in community composition between river plains, which are often flooded, and headwaters). The high spatial variability of inland flood hazards (Amodeo et al., 2020), in combination with fine-scale demographic patterns, mean that studies of flood risk conducted at a coarse resolution (i.e, census tracts) may miss or underestimate racial inequities in flood exposure [START_REF] Fekete | Scales as a challenge for vulnerability assessment[END_REF].

In addition, ambiguous findings on inequities in inland flooding may stem from a focus on exposure rather than vulnerability. Vulnerability is the combination of the exposure of a population to environmental hazards and its adaptive capacity (the ability to withstand, respond to and recover from the impacts of hazards; [START_REF] Cutter | Temporal and spatial changes in social vulnerability to natural hazards[END_REF]. For instance, despite being more exposed due to their proximity to a scenic river, economically advantaged individuals have greater adaptive capacity and can thereby minimize their vulnerability to flooding by maintaining comprehensive flood insurance, having the means to evacuate their residence and be lodged elsewhere, or by advocating for federal funding of protective levees [START_REF] Zhang | Residential housing choice in a multihazard environment: Implications for natural hazards mitigation and community environmental justice[END_REF]. By examining differences in vulnerability among communities and individuals, we can understand how their experience of a hazard may differ even when subjected to the same flood exposure.

Unfortunately, most research and government aid programs do not incorporate vulnerability into their assessments, concentrating instead on curbing property damage and general exposure (e.g., [START_REF] Cutter | Integrating social vulnerability into federal flood risk management planning[END_REF], but see [START_REF] Koks | Combining hazard, exposure and social vulnerability to provide lessons for flood risk management[END_REF] for an exception).

Although vulnerability to environmental hazards is dependent on elements of identity and of the social condition of a person, we do not use the concept of vulnerability here as an innate or fixed characteristic of persons or groups. Vulnerability is often used as a blanket term that can convey a stigmatizing view of individuals The vagueness of its use obscures the structural and sometimes intentional nature of environmental injustice (Katz et al., 2019). Vulnerability is experienced by individuals but its root causes are systemic and contextual; it is perpetuated by culture, societal structures and institutions that make specific persons and communities both more exposed and, on average, less able to cope or adapt to environmental hazards.

Here, we use state-of-the-art flood hazard estimates and novel, fine-scale race/ethnicity information to ask: do households experience unequal vulnerability to inland flooding based on their race and ethnicity? Focusing on the state of Washington, U.S.A, we first compare the exposure of different racial/ethnic groups to flooding, then assess their adaptive capacity and vulnerability. Recognizing that the resolution of analyses commonly used in large-scale flood studies is too coarse to capture inequities in flood vulnerability, we developed and combined novel methods and datasets to focus on individual residential land parcels, which we compared with alternative methods and scales of analysis.

Data and methods

Overview of approach

We downscaled census data from the finest available resolution to compute estimates of three attributes for land parcels in Washington State: the number of residents in each parcel, their racial/ethnic composition (determined by last name and local census data), and whether they were exposed to inland flooding. Based on these three attributes, we first computed statewide statistics of relative flood exposure among race/ethnicity categories and compared our results to those obtained with more conventional methodologies. We then applied multinomial logistic regressions at the parcel and census tract levels to assess whether some racial/ethnic groups were disproportionately represented in communities that are more exposed to inland flooding, and whether assessments of inequity in exposure differed between models fit to parcel-versus tractlevel data. Finally, we applied a vulnerability assessment framework at the census tract level (aggregating our parcel-level estimates of relative flood exposure) to leverage additional socioeconomic data available at that scale. Through this last analysis, we determined whether some racial/ethnic groups were not only disproportionately exposed to flooding but also experienced greater vulnerability to flood hazards.

Conceptual considerations

Although we hope that this study may shed light on and participate in redressing potential inequities, we also recognize the conceptual and ethical limitations of our approach, primarily their race/ethnicity, and the lack of nuance in the racial and ethnic categories adopted here (see Appendix A for additional discussion). Race and ethnicity are multi-dimensional, socially constructed concepts that encompass different aspects of individual and group identity, which neither the categories used in this study nor the name of a person can comprehensively depict. As we acknowledge these limitations, we nevertheless believe that the insights afforded by these methods and the constraints they allow researchers to overcome justify their use, with appropriate caveating.

Data

Our analysis was based on population information from the 2010 U.S. decennial census (United States Census Bureau, 2010). Census data in the U.S.A. are organized at five nested levels of increasing size: blocks, block groups, tracts, counties, and states. Census blocks are the smallest geographic unit used by the U.S. Census Bureau to count the population of the United States. In Washington State for example, census blocks encompass 34 people on average across a median area of 2.8 x 10 5 m 2 (a third larger than a Manhattan city block). The number of people living within the 100-year flood zone is usually estimated by multiplying the population in each census block by the percentage of developed/urban areas within the flood zone in that block [START_REF] Maantay | Mapping Population Distribution in the Urban Environment: The Cadastral-based Expert Dasymetric System (CEDS)[END_REF]. However, no socioeconomic information is available for census blocks. Census tracts are the only geographic unit at which race and ethnicity data from the 2010 decennial census are available. Across Washington State, census tracts span a median of 5.5 km 2 on average (up to 4,629 km 2 ) and generally encompass a population between 2,500 and 8,000 people.

We obtained land parcel data from the Washington State Parcel Database (WSPD; tive, 2012). In the WSPD, each parcel of land is represented by a discrete polygon , comprising about three million polygons from almost all counties and agencies in Washington State (see https://depts.washington.edu/wagis/projects/parcels/ for a full description).

Flood maps were provided by Fathom (https://www.fathom.global/) and generated from a 30-m resolution two-dimensional hydrodynamic model for the contiguous U.S [START_REF] Wing | Validation of a 30 m resolution flood hazard model of the conterminous United States[END_REF]. This model relies on fluvial flooding simulations in catchments down to 50 km 2 and pluvial flooding simulations in all other catchments. A validation study demonstrated the high consistency and accuracy of the resulting flood maps, averaging an 86% hit rate (the proportion of benchmark flood-prone zones that was replicated by the model) when compared to high-quality data from the U.S. Federal Emergency Management Agency (FEMA) and 92% hit rates when compared to very high-resolution single-reach studies by the U.S. Geological Survey [START_REF] Wing | Validation of a 30 m resolution flood hazard model of the conterminous United States[END_REF].

Dasymetric mapping: estimating the number of residents in each parcel

We used dasymetric mapping techniques to downscale the number of residents from the census block to the parcel level (Fig. 1). Dasymetric mapping involves disaggregating spatial data to a finer unit of analysis using ancillary data here on land use and land ownership; it was previously used to assess fine scale exposure to flooding by [START_REF] Maantay | Mapping urban risk: Flood hazards, race, & environmental justice in New York[END_REF]. To correctly downscale the number of residents in a census block to the parcel level, each location in Washington State had to be associated with a single polygon. Therefore, instances in the WSPD where multiple polygons overlapped (e.g., at the boundary of some counties, duplicate polygons, slivers) were cropped, deleted, or merged, and parcels < 5 m 2 were deleted. We calculated the number of residents in each parcel by estimating the number of households living in the parcel and multiplying this estimate by the average number of residents per household in the census block (as reported by the census). To determine the number of households living in each parcel, we first used information on parcel land use (e.g., single family home, multi-family home with 2-4 households) and ownership (e.g., number of condominium owners) to compute a ing in each parcel. We then adjusted our default predictions, for each census block, to match the total estimated number of households in the block (i.e., summed across all parcels) to the total number of households in the block reported by the census (see Appendix B for a detailed description of the methodology). inhabited) before overlaying this information with flood hazard maps. To determine the number of residents exposed to flooding, this type of [START_REF] Maantay | Mapping Population Distribution in the Urban Environment: The Cadastral-based Expert Dasymetric System (CEDS)[END_REF] computes the product of the percentage of developed area within the census block that intersect the flood zone with the population in the census block; it assumes that residents are uniformly distributed through space within the developed area. (C) Dasymetric mapping with parcel data uses precise property boundaries and, in this study, land use and ownership information to determine exactly which properties lie in the flood zone. The type of housing, the number of tax-paying owners, and the average number of residents/household in the census block are used to determine the number of residents in each parcel. In this study, owner names were also used to determine the racial-ethnic composition of parcels.

Estimating racial and ethnic composition of land parcels

Borrowing an approach from public health and political science (e.g., [START_REF] Imai | Improving ecological inference by predicting individual ethnicity from voter registration records[END_REF][START_REF] Sood | Predicting Race and Ethnicity From the Sequence of Characters in a Name[END_REF], we used the name of individual land parcel owners to estimate the likelihood that they belonged to a particular racial/ethnic group. We tested four separate name-race/ethnicity models [START_REF] Imai | Improving ecological inference by predicting individual ethnicity from voter registration records[END_REF][START_REF] Sood | Predicting Race and Ethnicity From the Sequence of Characters in a Name[END_REF]; see acceptance of the term Latinx are all problematic [START_REF] García | Cultural insights for planners: understanding the terms Hispanic, Latino, and Latinx[END_REF]. We estimated the racial/ethnic composition of land parcels for 77% of the total population in Washington State. Race/ethnicity predictions were generated for more than 70% of the population in 76% of census tracts in the State.

Determining flood exposure

We computed flood hazard by overlaying parcel boundaries and building footprints (Microsoft, 2018) with flood maps (Fig. 1). We determined whether a parcel was at risk of flooding, using the same framework as FEMA, if it overlapped with the `100-year flood zone`, the areas whose probability of flooding in a given year is at least 1%. Specifically, we considered that a parcel -year

Focusing on the building level prevented us from overestimating flood exposure in rural areas with large land parcels bordering rivers and streams whose riparian portion may be used for agricultural or recreational, rather than residential, purposes.

For parcels with mapped buildings, we considered the total population in the parcel to be exposed to flooding hazard if at least one building intersected a flood zone. For parcels without mapped buildings, we similarly assumed that the total population was exposed to flooding hazard if any part of the parcel intersected a flood zone. In census block polygons that did not contain parcels, we computed the population exposed to flooding as the product of the number of residents in the parcel and the percentage area of the parcel overlapping the flood zone.

Aggregation of parcel-level model outputs to tract and state scales

For census tract and statewide analyses, we aggregated parcel-level statistics by simple summation (e.g., for total population) and weighted means. The racial/ethnic composition of census tracts was computed by averaging the composition of parcels weighted by the estimated number of residents in each parcel. We report racial/ethnic composition at tract and state scales based only on parcels for which information on landowner name was available and analyzable (i.e., for nearly 80% of the population in Washington State). Data gaps included five counties (Jefferson, Lewis, Cowlitz, Stevens, San Juan, and Whitman county) which did not provide the name of parcel owners or polygon data for the WSPD. See Appendix C, Fig. C6 for a map of the proportion of residents whose race/ethnicity could be estimated in census tracts.

Methodological comparison

We compared the results from our parcel-level dasymetric mapping approach to a more conventional method. This approach, hereafter referred to as filtered areal weighting (Fig. 1; [START_REF] Maantay | Mapping Population Distribution in the Urban Environment: The Cadastral-based Expert Dasymetric System (CEDS)[END_REF], relies on census block population information and census tract racial/ethnic information. We also replicated and compared all analyses with official flood hazard data from FEMA (rather than flood hazard estimates from [START_REF] Wing | Validation of a 30 m resolution flood hazard model of the conterminous United States[END_REF]. Through these comparisons, we aimed to shed light on the utility of our approach in accurately assessing flood exposure and investigate whether our findings were robust across different methodologies.

For the filtered areal weighting method, the number of residents exposed to flooding was assessed at the block level by intersecting flood zone maps with developed areas from the Multi-Resolution Land Characteristics Consortium 2011 National Land Cover Dataset (NLCD, land cover classes 21-24). Here, the number of residents exposed to flooding was computed for each census block as the product of the total number of residents in the block according to the 2010 census and the percentage of developed area that overlaps the 100-year flood zone. For census blocks without developed areas, we used the total percentage area overlapping the flood zone.

To compute flood exposure with FEMA data, we intersected parcels and census blocks with FEMA National Flood Hazard Layer, including both effective and preliminary data (as of November 2018). Preliminary data are available often more than six months before they are Washington state that were only recently assessed for flood risk and areas already assessed that had recently undergone adjustments. Including both effective and preliminary data, we estimate that FEMA has assessed flood hazard for 87% of Washington state residents (Appendix D, Fig. D1). Only inland Special Flood Hazard Areas (100-year flood zone) were used in this assessment, excluding coastal flooding (Zones V, VE, and V1-V30) and moderate flood hazard areas (500-year flood Zone B and X-Shaded).

Analysis of flood exposure-racial/ethnic composition relationship

To statistically assess whether some racial/ethnic groups were disproportionately represented in communities that are more exposed to inland flooding, we fit county-specific multinomial logit models, with racial composition at the parcel level as the response variable and flood exposure status (0: not in the 1-in-100 year flood zone, 1: in the flood zone) as the predictor variable. We fit county-specific models, rather than one model for the state, because racial composition is heterogeneous among counties and we wished to understand whether inequities in flood exposure stem from social dynamics at the scale of neighborhoods rather than large-scale patterns in overlap between racial/ethnic composition and hydrology. By fitting separate models for each county, we were able to understand variation in the effect of flooding on racial/ethnic composition across Washington state. We assumed that the log-odds of each response (proportion of people in each race/ethnicity category) follows a linear model, and fit the following model to each county :

i, j i,j i,J i flood x i ;

2 ) (Equation 1)

where is the proportion of individuals of race/ethnicity j in parcel i, i is the county-specific intercept for race j, and x i is flood exposure status (0,1) of parcel i. In some counties, sample sizes for some racial/ethnic categories were too low to reliably estimate the effect of flooding. In these cases, we merged categories (e.g., the Asian and Pacific Islander category was merged with the Indigenous/multiracial/unspecified category). To understand how aggregation alters estimates of the effect of flooding on racial composition, we fit the same county-specific parcellevel models using data aggregated to the tract-level. We fit these models in STAN, implemented in R, version 4.0.0, using the brms package [START_REF] Bürkner | brms: An R package for Bayesian multilevel models using Stan[END_REF][START_REF] Bürkner | Advanced Bayesian multilevel modeling with the R package brms[END_REF][START_REF] Carpenter | Stan: A probabilistic programming language[END_REF][START_REF] Core | R: A language and environment for statistical computing[END_REF].
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. Census tract-level flood exposure representativeness and vulnerability analysis

Flood Exposure Representativeness

We computed the Flood Exposure Representativeness (FER) for each census tract to express whether a given racial/ethnic group is over-or underrepresented in the flood zone. For each race/ethnicity, (Equation 2)

This index, applicable from the scale of individual census tracts to the national scale, enabled us to assess patterns of inequalities in flood exposure across the state while controlling for variations in total population size, racial/ethnic composition, and flood risk among census tracts.

Census tract vulnerability

We estimated the vulnerability of a census tract as an integrated index combining the percentage of people exposed to flooding with information on the adaptive capacity of residents within the census tract. We based our analysis of adaptive capacity on Flanagan and colleagues (2011) index, also used to assess the vulnerability of communities of color to wildfire by [START_REF] Davies | The unequal vulnerability of communities of color to wildfire[END_REF]. This index combines 13 metrics encompassing socioeconomic status, language and education, demographics, and housing and transportation (Appendix E see [START_REF] Flanagan | A Social Vulnerability Index for Disaster Management[END_REF][START_REF] Davies | The unequal vulnerability of communities of color to wildfire[END_REF] for the rationale behind the inclusion of these variables). We ranked all 1,456 census tracts in Washington State across each of the 13 indicators such that each census tract had 13 rankings from 1 to 1,456. We then converted these ranks to percentile ranks from 1 to 100, summed across the 13 values for each census tract, and calculated the percent rank of those sums. The resulting index ranges from 0 to 100 for each census tract, with 0 being those with the greatest capacity to adapt to flooding and 100 being those with the least. We computed the adaptive capacity of the community within each census tract in Washington State for which we could apply the race-name models. To do so, we used data from the 2010 decennial census and the 2006-2010 American Community Survey. We chose not to use more recent or finer-scale socioeconomic data like the yearly updated American Community Survey block group-level data to remain consistent with the block-level data that were used to downscale population and We examined the relationship between vulnerability to flooding and race/ethnicity in census tracts using quantile regression. Quantile regression performs regression on subsets of the data divided at different levels (i.e., quantiles) and estimates the conditional quantile given the predictor variable. We weighted each census tract by its total population. Quantile regression was performed with the quantreg package in R [START_REF] Koenker | Quantreg: quantile regression[END_REF][START_REF] Core | R: A language and environment for statistical computing[END_REF].

Results

Statewide racial and ethnic inequities in flood exposure

Our estimates of flood exposure in Washington state, which are of unprecedented resolution and consistency, exceed estimates made with traditional methods and data by 26% to 449%. Of the 6,724,537 inhabitants of Washington, we estimate that 575,605 (8.6%) have at least a 1% chance of seeing their residence flooded any given year (Fig. 3A). Using Wing and colleagues flood hazard maps but with a conventional filtered areal weighting method at the census block level results in underestimating the exposed population by 20% (458,631 vs. 575,605 exposed residents). Using FEMA flood zone data reveals an even starker underestimation by the federal agency, by 59% and 78% for the dasymetric parcel-level and filtered areal weighting block-level methods, respectively (Appendix D, Fig. D1).

Our fine-scale assessment affords insight into how exposure to inland floods is unequally 

Statistical analysis

The statistical effect of flooding on racial composition varied by county, for both parcel-and tract-level analyses. The most consistent effect was an increased exposure to flooding among Hispanic or Latino residents compared to White residents; this occurred in 14 out of the 22 counties (63%) for which we were able to fit parcel-level models that included the Hispanic or Latino category (Fig. 4; Appendix F, Table F1). Asian and Pacific Islander residents experience increased flooding exposure in 6 out of 20 counties (30%). Black residents experience increased exposure in 6 out of 21 counties (29%). Indigenous and multiracial residents as well as residents of unspecified race/ethnicity experience increased exposure in 9 out of 19 counties (47%), based on the parcel-level analysis (Table F1, Fig. 4). Table F1 summarizes estimates from the parcellevel analyses, which generally showed consistent results with tract-level analyses (Fig. F1), though in some cases tract-level models yielded results that differed in sign (e.g., Hispanic or Latino residents experienced increased exposure to flooding compared to White residents with the parcel-level analysis, but not with the tract-level analysis for Kitsap county, FIPS code:

53035; Fig F2).

Circles show mean posterior estimates for coefficients from multinomial model estimates of the effect of flooding on racial composition; separate models were fit to each county. Coefficients represent the change in likelihood (log odds) that the residents of a given parcel are of the racial/ethnic group (vs. being White) when in flood-prone parcels versus parcels that are not flood-prone. Thus, a positive effect size indicates that the racial/ethnic group is disproportionately represented in flood-prone parcels compared to White residents in that county. Circles are sized by the number of households within the county; lines represent 95% uncertainty intervals.

Census tract-level flood representativeness and vulnerability analyses

Our results revealed spatial heterogeneities in relative exposure to flooding among racial/ethnic groups (Fig. 5). Patterns of flood representativeness for minority groups at the scale of census tracts form a checkerboard across the state of Washington, as did model estimates of the effect of flood exposure on the racial/ethnic composition of census tracts (Appendix G, Fig. F3). We found no spatial autocorrelation in FER for Asian and Pacific Islander, Black, Hispanic or Latino, and Indigenous and multiracial residents, and only found weak spatial autocorrelation for FERWhite I = 0.096, p < 0.001, bootstrap test with 1000 permutations; see Appendix H, Table H1 for all test results). In other words, communities where one racial/ethnic group is disproportionately exposed to flood hazard are randomly distributed, and sometimes adjacent to communities where this same group is less exposed to flood hazards than the rest of the population. Such disparities are observed among census tracts within and between counties.

Several census tracts are also characterized by extreme FER values. For instance, the census tract of Maple Heights-Lake Desire exhibits an FERHispanic or Latino of 5.84 (our model estimates that 61 of the 291 Hispanic or Latino residents live within the flood zone). However, several such large FER values are due to the census tract either comprising few residents of the given racial/ethnic group or being exposed to low flood hazard. For instance, we estimate that only 27 out of 3006 residents live within a flood zone in the census tract of High Bridge, WA, including 7 out of the 100 Hispanic or Latino residents, which yields an FERHispanic or Latino of 10.4. Non-Hispanic or Latino White residents, by contrast, are seldom disproportionately under or over-exposed to flood hazard (Fig. 5). This is in part due to their greater number overall. Each point represents a census tract for which parcel-Point size is proportional to the total population summed across all racial/ethnic categories. Regression lines are calculated at the 10th, 50th and 90th vulnerability quantiles, respectively (see Table H1 for model results).

Discussion

Here we leverage recent advances in demographic and hydrologic modeling to provide a novel perspective on racial and ethnic inequities in vulnerability to inland floods. In the state of Washington, we estimate that about 9% of the population lives in a flood zone, 16% of which are Hispanic or Latino, even though Hispanic or Latino residents make up 8% of the population overall (Fig. 3). In comparison, residents that identify as White, Indigenous, or multiracial are generally equally represented among the flood-exposed and total population; Black, Asian and Pacific Islander residents are predicted to be under-exposed to floods. These patterns are robust across more conventional methods and data sources, but our use of finer grain data and improved flood hazard maps led to starker total flood exposure and racial/ethnic inequities than using conventional, coarse census data (filtered areal weighting approach) and FEMA flood hazard maps, respectively (Appendix D).

Our finding that Hispanic or Latino residents are disproportionately exposed to inland flooding is consistent with previous work documenting unequally high exposure to environmental hazards, such as flooding and air pollution, among Latinx residents across the U.S.A. [START_REF] Collins | Downscaling Environmental Justice Analysis: Determinants of Household-Level Hazardous Air Pollutant Exposure in Greater Houston[END_REF]Maldonado, Collins, Grineski, & Chakraborty, 2016). The underlying causes of this recurrent pattern, and similar environmental distributive justice issues, are multifaceted [START_REF] Collins | Environmental injustice and flood risk: a conceptual model and case comparison of metropolitan Miami and Houston, USA[END_REF]Maldonado, Collins, Grineski, & Chakraborty, 2016), likely reflecting the intersection of racial/ethnic-based residential discrimination and redlining practices (e.g., [START_REF] Crowder | Interneighborhood migration, race, and environmental hazards: Modeling microlevel processes of environmental inequality[END_REF] with inequities in housing affordability and home loan accessibility (e.g., [START_REF] Mcconnell | Who has Housing Affordability Problems? Disparities in Housing Cost Burden by Race, Nativity, and Legal Status in Los Angeles[END_REF][START_REF] Williams | Lending Discrimination, the Foreclosure Crisis and the Perpetuation of Racial and Ethnic Disparities in Homeownership in the U.S. William & Mary Business Law Review[END_REF], among other reasons. There is a pressing need to understand the processes driving these inequities, particularly since Hispanic or

Our results bolster previous calls to include measures of vulnerability in management plans and to consider households as a core analytical unit to mitigate flood risk [START_REF] Cutter | Integrating social vulnerability into federal flood risk management planning[END_REF][START_REF] Hung | Vulnerability of families and households to natural hazards: A case study of storm surge flooding in Sarasota County, Florida[END_REF][START_REF] Koks | Combining hazard, exposure and social vulnerability to provide lessons for flood risk management[END_REF]. Beyond experiencing disproportionate exposure to inland flooding, communities with a high proportion of Hispanic or Latino, Indigenous, and/or multiracial households are also most vulnerable to environmental disasters (Fig. 6, Appendix F).

Compared with other racial/ethnic groups, these groups experience the highest rates of poverty in H1), and thus experience increased vulnerability (Fig. 6B). Recent studies in the contiguous U.S. have similarly found that inland flood zones are occupied by more economically disadvantaged residents (Qiang, 2019) and characterized by higher percentages of Black, Native American, and Hispanic or Latino residents (Tate et al., 2021). In addition to acute health effects, flooding has lasting psycho-social effects, including high incidences of post-traumatic stress disorder and the straining of family ties (e.g., [START_REF] Tapsell | Vulnerability to flooding: Health and social dimensions[END_REF]. These social effects are seldom appraised in flood mitigation cost-benefit analyses and policies, but can unravel peoples livelihoods and communities over the long-term [START_REF] Alderman | Floods and human health: A systematic review[END_REF][START_REF] Cutter | Temporal and spatial changes in social vulnerability to natural hazards[END_REF][START_REF] Tapsell | Vulnerability to flooding: Health and social dimensions[END_REF]. Inequities in exposure to flooding are hence not only driven by but can also perpetuate other systemic inequities that disproportionately affect people of color and ethnic minorities.

The findings presented in this study are subject to several sources of uncertainty. Mainly, we rely on a name-based predictive model of the race/ethnicity of parcel owners rather than dwellers an imperfect proxy, particularly in areas with high proportions of renters, large residential units, and interacial/ethnic marriage. Comparing our predictions of the racial/ethnic composition of census tracts aggregated from the parcel level against reference census data indicates that our estimates are robust overall. However, see Appendix C for additional discussion and an assessment of the biases associated with these sources of uncertainty. Notably, we found that the proportions of Indigenous, Multiracial, and Hispanic or Latino residents tend to be underestimated in tracts with higher proportions of missing data and rentals while the proportions of non-Hispanic or Latino White and Black residents tend to be overestimated.

Additional research to understand the relative flood exposure of multiracial/ethnic households and Native Americans is also needed, particularly since this latter group experiences increased vulnerability to many environmental hazards [START_REF] Davies | The unequal vulnerability of communities of color to wildfire[END_REF][START_REF] Lewis | Mining and Environmental Health Disparities in Native American Communities[END_REF][START_REF] Pope | Spatial patterns of air pollutants and social groups: a distributive environmental justice study in the phoenix metropolitan region of USA[END_REF] but cannot be disaggregated in the current analyses due to the race/ethnicity categories of the model.

Although determining exposure to floods with a 100-year return period was salient to our analysis due to its linkage to housing and zoning policies in the U.S.A., we acknowledge that using a single return period comes with several limitations: it artificially creates a binary concept of flood risk, hides variations in the severity of flood exposure that result from differing water depths and velocities over space within and beyond the 100-year flood zone [START_REF] Brown | Managing flood risk in the UK: Towards an integration of social and technical perspectives[END_REF][START_REF] Luke | Going beyond the flood insurance rate map: Insights from flood hazard map co-production[END_REF], does not account for shifting return periods of floods due to climate change [START_REF] Wing | Estimates of present and future flood risk in the conterminous United States[END_REF], and does not address the information needs of many stakeholders, including the general public [START_REF] Luke | Going beyond the flood insurance rate map: Insights from flood hazard map co-production[END_REF]. To address these limitations, future iterations of our approach should be implemented with additional return periods and incorporate flood severity. Finally, while our use of novel flood hazard maps improves upon assessments based on FEMA data (as have Amodeo et al., 2020, Wing et al., 2018 andothers), our results are still constrained by the scale of the underlying hydrodynamic model, the inconsistency in levee data nationally, and the complexity of modeling floods in urban areas, leading to higher uncertainty in these areas. Leveraging ongoing improvements in the resolution and accuracy of flood modelling (e.g., Amodeo et al., 2020) will be key to continue improving our grasp of distributive environmental justice.

Vulnerability was independently conceptualized by several scientific disciplines, leading to the development of heterogenous terms, frameworks, and indices (Alwang et al., 2001;Birkmann et al., 2013;Fuchs, 2009;Yoon, 2012). In the absence of a universal definition of vulnerability, terms like hazard, exposure, susceptibility, risk, and resilience, among others, have been assigned a range of meanings. Regardless of terminology, all frameworks of vulnerability are driven by the premise that risk from environmental disasters is not just physical but also affected by social and economic factors (Birkmann et al., 2013). In this study, our definition of vulnerability follows [START_REF] Davies | The unequal vulnerability of communities of color to wildfire[END_REF] and the adaptive capacity index of [START_REF] Flanagan | A Social Vulnerability Index for Disaster Management[END_REF], which was developed to leverage U.S. census data. Future studies could combine our estimates of exposure to flood and of fine-scale racial/ethnic composition to compute additional indices of vulnerability. Nonetheless, we expect our overall findings to be relatively invariant to the choice of approach.

As the severity of inland flooding is expected to intensify in the U.S.A. and other densely populated regions of the world [START_REF] Alfieri | Global projections of river flood risk in a warmer world[END_REF][START_REF] Rojas | Climate change and river floods in the European Union: Socio-economic consequences and the costs and benefits of adaptation[END_REF][START_REF] Wing | Estimates of present and future flood risk in the conterminous United States[END_REF], providing equitable protection to all people and communities is pressing. Already vulnerable populations may be even further exposed in the future [START_REF] Koks | Combining hazard, exposure and social vulnerability to provide lessons for flood risk management[END_REF]. We have improved upon previous flood vulnerability mapping efforts in multiple fundamental ways: by using consistent high-resolution maps of inland flooding from a state-of-the-art model [START_REF] Wing | Validation of a 30 m resolution flood hazard model of the conterminous United States[END_REF], downscaling population estimates to the parcel level, and making probabilistic predictions of the racial/ethnic composition of individual households based on parcel owner names. These advances allowed us to assess inequities in flood vulnerability at a high resolution for five million people and to spatially disaggregate our results for further investigation. The resulting maps provide the evidence base to advocate for and guide actions to understand and mitigate the root causes of the inequities we have quantified. For Hispanic or Latino populations and all communities disproportionately affected by inland flooding, a critical question is the extent to which flood assistance funding and other mitigation efforts can be used to ameliorate, rather than compound, racial and ethnic inequalities in vulnerability in Washington state and elsewhere [START_REF] Elliott | Racial Inequities in the Federal Buyout of Flood-Prone Homes: A Nationwide Assessment of Environmental Adaptation[END_REF]. The research presented here and the growing body of work highlighting disparity in flood risk shines a light on unacceptable patterns of injustice and provides the foundation to change these things that we can no longer accept (cf. Angela Davis, as cited in [START_REF] Kelty | Activist Angela Davis urges cooperation against injustice[END_REF].
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 1 Figure 1. Approaches to dasymetric mapping. To determine the number of residents exposed to flooding, (A) areal interpolation relies on simply overlaying raw census block (red square) population data with maps of the 1-in-100 year flood zone; it assumes that residents are uniformly distributed through space within the census block. (B) More commonly, flood exposure studies intersect pixel-based land cover data (color-coded squares from e.g., remote sensing products) with census blocks to determine which areas are developed (and thus may be

Figure 2 .

 2 Figure 2. Relationship between flood vulnerability, adaptive capacity, and the percentage of the population residing in a flood zone for census tracts in the state of Washington.

Fig

  Fig.3B). Model estimates of

  Each polygon represents a census tract. The first inset (C) shows the study location, Washington State, U.S.A. The second inset (D) shows the geographic coverage of FEMA flood hazard maps in Washington, including both effective and preliminary data as of November 2018. Estimates of the racial/ethnic composition of the total population and of the composition of the population living within the flood zone i.e.,about 80% of the population see Data and methods).

Figure 5 .

 5 Figure 5. Flood Exposure Representativeness Ratio (FER) across census tracts of Washington State.All racial/ethnic composition data used in computing FER, both for the maps (A-E) and the violin plot (F), were aggregated from parcel-level model estimates to census tracts. Only data for parcels with land owner name information are included (tracts without such information are hatched and greyed). The relative thickness of the violin plots along their length reflects the relative number of census tracts for each FER value.

Figure 6 .

 6 Figure 6. Relationship between flood vulnerability index and racial/ethnic composition of communities across Washington State.

  Washington state, have the lowest median incomes (Washington State Department of Health, 2016), and thus are likely to have lower adaptive capacity to flooding. Incorporating vulnerability may also highlight a need to address inequities felt by other groups. For example, even if the percentage of residents living in flood prone-areas slightly decreases with the proportion of residents identifying as Black, communities with large proportions of Black residents in Washington State have lower adaptive capacity on average (Fig.
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Code and data availability

All scripts used in this study are available for reuse: https://github.com/messamat/flood_vulnerability_wa for spatial analysis, formatting of parcel database, flood exposure analysis; and https://github.com/messamat/flood_vulnerability_waR for data post-processing, and statistical analysis. All data are also available at https://doi.org/10.6084/m9.figshare.14664684 [link to figshare repository activated upon acceptance].

Appendix C for model development and validation details). Rather than assigning landowners to a single race/ethnicity category, these models yielded a probability distribution for each parcel which described the likelihood that landowners belonged to each of five or six categories (depending on the model see Appendix C). For a landowner whose last name is Smith, for instance, a model may predict the following distribution: pNon-Hispanic or Latino White= 0.727, pNon-Hispanic or Latino Black= 0.241, pHispanic or Latino= 0.026, pNon-Hispanic or Latino Asian and Pacific Islander= 0.006. We tested all four models because the relative performance of these models outside of their training dataset had not previously been established.

After aggregation of the model results and comparison with census tract-level racial/ethnic composition data, we determined that a geocoding [START_REF] Elliott | A New Method for Estimating Race/Ethnicity and Associated Disparities Where Administrative Records Lack Self-Reported Race/Ethnicity[END_REF][START_REF] Imai | Improving ecological inference by predicting individual ethnicity from voter registration records[END_REF] [START_REF] Imai | Improving ecological inference by predicting individual ethnicity from voter registration records[END_REF], imperfectly lumps several racial and ethnic groups; see Appendix A for a more detailed discussion. Additionally, or Latino s the term used in the U.S. census of 2010, and thus we use the term here; however, we acknowledge that the colonial origins of the term Hispanic, the gendered nature of the term Latino, and the mixed household counts to the parcel scale. We recognize that census data imperfectly reflect sociallyconstructed neighborhoods and communities in their complexity and multidimensionality, yet we rely on them here as our unit of analysis due to their wide coverage, consistency and relevance to policy [START_REF] Sperling | The Tyranny of Census Geography Small-Area Data and Neighborhood Statistics[END_REF] metrics: the proportion of residents not identifying as White, and the proportion of the civilian population with a disability (the U.S. Census Bureau did not collect tract-level disability data for either the 2010 Census or the 2006-2010 American Community Survey).

Here we define the relative flood vulnerability of a census tract as the Euclidean distance of the census tract t to the graphical origin (0, 0) in a space defined by the percentage of the population exposed to flooding and adaptive capacity [START_REF] Samhouri | Linking land-and sea-based activities to risk in coastal ecosystems[END_REF]:

(Equation 3)

Under this framework, the percent of population exposed to flooding and adaptive capacity receive equal weight and the vulnerability of a census tract increases with distance from the origin of the plot [START_REF] Davies | The unequal vulnerability of communities of color to wildfire[END_REF]; Fig. 2).

We found that the vulnerability of communities to flooding, accounting for both hazard exposure and adaptive capacity, was strongly correlated to their racial and ethnic make-up (Fig. 6). Specifically, quantile regression analyses showed greater vulnerability in communities with higher proportions of Hispanic or Latino, Black, and Indigenous and multiracial residents (see Appendix H for estimates of quantile regression parameters). As an illustration, the predicted median flood vulnerability index of communities with a quarter of Hispanic or Latino or Black residents was 86% and 60% lower than those communities with three-quarter of the population identifying as such, respectively. Conversely, for the same increase in the proportion of White and Asian and Pacific Islander residents, communities exhibit decreases in flood vulnerability, by 44% and 100%, respectively. Latino to 13.3% in 2018; State of Washington Office of Financial Management, 2020).

Implementing measures to mitigate these patterns of inequity will require understanding the nuance behind the statistics we present: patterns of flood exposure and representativeness vary across different resolutions and are highly heterogeneous spatially (Figs. 3 and5). We predict that the disproportionate exposure of Hispanic or Latino residents to floods is greater at finer resolutions (i.e., parcel-level versus conventional tract-level analysis, Fig. D2, Table D1).

This suggests that among-tract racial/ethnic inequities in flood hazard exposure may be compounded by within-tract disparities, and highlights that the conventional approach of using coarse census data leads to an underestimation of inequities [START_REF] Fekete | Scales as a challenge for vulnerability assessment[END_REF][START_REF] Maantay | Mapping urban risk: Flood hazards, race, & environmental justice in New York[END_REF]. Spatial variability is apparent when looking at FER at the tract level (Fig. 5), and is also statistically expressed as the effect of a parcel on the racial/ethnic composition of its residents, accounting for the racial composition of the county (Fig. 4, Appendix H). The statewide statistics may provide impetus for implementing mitigation measures, but the local context is critical as well; the conditions underlying these inequalities will likely need to be addressed at multiple scales [START_REF] Balica | Flood vulnerability indices at varying spatial scales[END_REF][START_REF] Fekete | Scales as a challenge for vulnerability assessment[END_REF].

Residential housing choices reflect both systemic factors (e.g., affordability, housing market discrimination) and individual determinants (e.g., risk perception, homophily) which must be understood for each community to choose the most appropriate action for mitigating flood vulnerability. One approach may be to prioritize areas where inequities are most dramatic, using our spatially explicit analyses, for additional studies that examine and mitigate causal mechanisms behind the inequities we have quantified.
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