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1. Abstract

Flood Insurance Rate Maps (FIRMs) play a crucial role in U.S. flood risk management, but
primarily address riverine and coastal flooding, often overlooking areas with pluvial hazards. This study
introduces a novel, longitudinal dataset for Greater Houston (1810-2020) that harmonizes historical
settlement patterns, residential structure locations and high-resolution flood hazard data to assess
urban development across FEMA designated and undesignated flood zones. Findings show that although
100-year Special Flood Hazard Areas (SFHAs) experience the most severe flooding, undesignated flood
zones have consistently housed a larger share of residential development. Around 24% of Greater
Houston’s residential structures face flood risk, with overlooked 100-year flood zones exhibiting pluvial
risk comparable to SFHAs. Since the 1800s, 420,412 structures have been built in these undesignated
areas, creating a double disadvantage for marginalized communities exposed to substantial flood risk
without mandatory insurance or stringent building protections. Proximity analysis further suggests a
regulatory displacement effect, with development growing fastest in unregulated areas adjacent to
SFHA boundaries. These findings highlight critical gaps in current floodplain regulation and underscore
the need for more comprehensive flood risk governance that protects communities residing in both
designated as well as undesignated flood zones.
2. Introduction

Floods are the costliest and most frequent natural disaster in the United States, causing an
estimated $32.1 billion in damages annually and exposing a growing share of the population to hazards

that existing regulatory frameworks were not designed to capture (Wing et al., 2022). Despite decades



of federal investment, research suggests that current flood risk reduction strategies have not reduced
the number of properties in flood zones (Hino et al., 2024) and areas vulnerable to sea-level rise are
developing rapidly (Braswell et al., 2022). Several factors drive this pattern. Political-economic interests
often prioritize short-term economic gains over long-term flood risk reduction (Eakin et al. 2022), and
real estate developers, politicians, and engineering firms have successfully revised flood maps to
exclude new development from federal flood risk zones, increasing flood risk for communities nearby in
the process (Pralle, 2019).

Flood Insurance Rate Maps (FIRMs) play a crucial role in regulating flood insurance premiums
and guiding flood hazard mitigation initiatives, but they have well-documented methodological and
geographic limitations. FIRMs prioritize riverine and coastal flooding and largely ignore pluvial
inundation. They are also slow to update, often missing recent land-use and hydrological changes that
shift where flooding actually occurs (Wing et al., 2017). As a result, many flood-prone areas remain
outside Special Flood Hazard Area (SFHA) boundaries and beyond federal regulations. These
undesignated flood zones represent a significant and largely unmeasured dimension of flood risk in the
United States, affecting an estimated 26 million people nationwide (Flores et al., 2025). Prior research
has documented disproportionate flood risk for marginalized population outside FEMA-designated
zones (Flores et al., 2023; 2025), but we still know little about how urban development has unfolded in
these unregulated areas over time. Addressing this gap requires data that link spatial development,
temporal change, and regulatory boundaries within a single framework. This study introduces a novel
pixel-level longitudinal dataset for Greater Houston, Texas that combines historical settlement patterns,
residential structure locations, and high-resolution flood hazard data across two centuries. This
framework allows us to track how flood-exposed development has evolved within and beyond
regulatory boundaries, and it offers new insight into mapping adequacy, regulatory displacement, and

comparative flood risk across regulated and unregulated landscapes.



3. Materials and Methods
3.1. Study Area

Greater Houston, Texas consists of nine counties situated along the Texas Gulf Coast and ranks
among the world's most vulnerable metropolitan areas to tropical storms, hurricanes, and flash flooding
(Collins et al., 2019). The region is especially prone to pluvial flooding, as its flat terrain, expanding
impervious surface, and stormwater infrastructure are routinely overwhelmed by intense rainfall events
that fall outside the riverine and coastal scope of FIRMs. Greater Houston has experienced multiple
catastrophic flood events throughout the 21st century, including Tropical Storm Allison in 2001,
Hurricane lke in 2008, and Hurricane Harvey in 2017, whose intensity was amplified by urbanization in
the region (Zhang et al., 2018). Rapid urban sprawl, limited zoning regulation, and repeated flooding
make Greater Houston both a critical case study for flood risk research and a setting where the gap
between regulatory designation and physical hazard is particularly consequential.
3.2. Data

Built-up property records (BUPR) were collected from HISDAC-US database, which provides
cumulative built-up property counts at 250-meter spatial resolution and five-year temporal intervals
from 1810 to 2020 across the conterminous United States. Unlike land use or satellite-derived datasets
that capture broad landscape change, HISDAC-US is aggregated from parcel-level property records and
provides a more direct measure of residential development over time. Residential structure locations
were obtained from the USA Structures database, which provides point locations and occupancy type
classifications for more than 130 million structures across the United States and its territories. Flood
zone designations are derived from two sources. FEMA's National Flood Hazard Layer (NFHL) provides
the boundaries of officially designated Special Flood Hazard Areas (SFHAs), and Fathom's US Flood Map
provides 10-meter pixel-level flood depth estimates for the 100-year event. Fathom was selected

because it improves on FIRMs in two ways that matter for this study: representing pluvial flooding



explicitly and accounting for engineered flood protection (Wing et al., 2022). Following Flores et al.
(2025), undesignated flood zones are defined as areas within the Fathom 100-year flood extent that fall
outside FEMA SFHA boundaries.

3.3. Methods

Each 250-meter HISDAC-US cell was classified as FEMA-designated, Undesignated, Mixed, or
Neither based on the composition of residential structures within it. A cell was classified as flood-
exposed if at least 20% of its structures fell within any flood zone. Among flood-exposed cells, those
where more than 60% of structures were within SFHAs were classified as FEMA, and those where more
than 60% of structures were within undesignated were classified as Undesignated. Cells that did not
meet either threshold were classified as Mixed. Urban development was then tracked by aggregating
Built-Up Property Records (BUPR) at five-year intervals from 1940 to 2020, since no meaningful
development patterns emerged before this period.

A standard BUPR count tells us how much development sits in a flood zone, but not how severe
flooding could be for those structures. To characterize flood exposure severity, we weighted each cell’s
BUPR by modeled flood depth. Fathom’s 10-meter depth grids were aggregated up to the 250-meter
BUPR grid. For each zone classification and five-year time step, we calculated two metrics separately for
fluvial, pluvial, and coastal flooding. The first was BUPR-weighted sum, calculated as BUPR multiplied by
mean flood depth and then summed across all cells in the zone. The second was an average flood depth
across exposed cells.

To test whether NFIP regulations displaced development from FEMA zones into adjacent
undesignated areas, we applied a Euclidean distance transform. Undesignated pixels were grouped into
four distance bands relative to the nearest FEMA-designated pixel (0-0.5 km, 0.5-1 km, 1-2 km, and >2

km). We then compared marginal BUPR additions before and after two regulatory breakpoints, the 1968



establishment of the NFIP and the 1977 FIRM rollout, using the ratio of post- to pre-period growth as a
measure of development acceleration near regulatory boundaries.
4. Results and Discussion

Preliminary results show that 24.47% of Greater Houston’s 1,897,497 residential structures are
located in 100-year flood-risk areas. Since 1810, 416,228 new structures were built within FEMA-
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depth (Figure 1b). Although SFHAs contain

deeper water on average. Around 1970, the depth-weighted burden in SFHAs surpassed that of
undesignated zones and continued to grow, ending roughly 40% higher by 2020. This pattern suggests
that FEMA maps do capture the most severe flooding even as they miss a larger share of total flood-
exposed development.

Disaggregating by flood type reveals sharper contrasts. Within FEMA-designated areas, 24.1% of
cells are exposed to fluvial flooding compared to only 3.9% of cells in undesignated zones, and 12.7% of
FEMA-designated cells are exposed to coastal flooding compared to 0.7% of undesignated cells. In

contrast, pluvial flooding is nearly universal across both classifications, affecting 95.1% of FEMA-



designated cells and 99.8% of undesignated
cells. Mean flood depths follow a similar
pattern. Using Fathom’s flood depth
estimates, SFHAs show deeper modeled
flooding for fluvial events (47.7 cm vs. 27 cm),
but the pluvial (14.5 cm vs. 10.9 cm), and
coastal (80.1 cm vs. 78 cm), gaps are minimal.
FEMA does not model pluvial flooding, so
SFHA boundaries are drawn from fluvial and
coastal hazards alone and do not separate
high pluvial risk areas from low pluvial risk
ones. The near-identical pluvial exposure and
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Figure 2: Flood Hazard Severity and Exposure by Flood Types

reflect this gap, leaving rainfall-driven risk outside the purview of the federal framework.

Proximity analysis reveals a spatial pattern consistent with regulatory displacement. Post-to-pre

ratios show that undesignated pixels directly adjacent to FEMA boundaries (0—0.5 km) experienced the

strongest post-NFIP growth (2.08),
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2020 the most distant band (>2 km; 1.97),



suggesting that development was most concentrated immediately adjacent to regulated boundaries.
Indexed cumulative growth (baseline = 100 in 1940) shows a similar pattern, with the highest growth
occurring within 0—0.5 km of FEMA boundaries and declining with distance (Figure 3). While broader
economic and demographic forces undoubtedly drove regional growth during this period, the elevated
rate in near-boundary undesignated areas is consistent with a displacement effects, in which
development pressures shifted just outside the SFHA lines to avoid insurance mandates and stricter
building requirements. These near-boundary zones represent high-priority areas for remapping and
targeted risk communication.
5. Conclusion

This study reveals three important patterns in Greater Houston's flood-exposed development.
First, cumulative residential development in undesignated zones has matched and at times exceeded
development inside SFHAs over the past eighty years. Second, pluvial flood risk in undesignated zones is
comparable in both prevalence and depth to that in SFHAs. Third, development has accelerated the
most in undesignated areas directly adjacent to SFHA boundaries. Prior research in Houston showed
that buildings inside SFHAs tend to be of higher structural quality and condition than comparable
buildings in undesignated zones (Yu et al., 2025), which means the residential stock accumulating
outside SFHAs is, on average, less able to withstand flooding when it occurs. Additionally, these
undesignated flood risk zones are disproportionately home to low-income and minority communities
Flores et al. (2023), where the populations who can least afford to recover from flooding are also least
likely to receive the federal protections that come with SFHA designation. The development patterns
documented here are therefore not just a mapping problem. They describe a system in which the
populations most exposed to unregulated flood risk are also those least equipped to bear it. These
findings argue for moving beyond stationary, boundary-based mapping. For floodplain managers, the

near-boundary displacement pattern points to a practical interim step, namely treating undesignated



areas immediately adjacent to SFHAs as priority zones for local risk disclosure, voluntary insurance
outreach, and stricter local building standards. The federal framework will eventually need to catch up
to the hazard, but cities and counties do not have to wait.
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