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time from a flood-related disaster to the specific transaction dates for
property purchases and when homeowners can eliminate mortgage
obligations (40). The date of property demolition is also meaningful,
as it is when a neighborhood starts to have a vacant lot or restored
open space (14).

Third, our study emphasizes the importance of increased trans-
parency in FEMA reporting, enabling evaluation and associated policy
learning through time (11, 16). For example, in buyout data publicly
posted by FEMA, more than 50% of entries are empty for some
fields (e.g., Fig. 3D). Without full accurate data, programmatic eval-
uations are likely to be incomplete, affecting understanding of the
economic efficiency and social equity of buyouts to date.

Throughout these analyses, we have relied on publicly available
data, with their associated limitations. Despite these limitations, our
crosscutting treatment provides a needed foundation for under-
standing trends and drivers where property buyouts have happened,
and where they have not, in the United States to date. Beyond buyouts
as historically practiced, future retreat may include experimentation
with different practices and policies, including funding, facilitation,
and coordination to different degrees. Across these approaches, both
the challenges and lessons of buyouts can inform and support strat-
egies of managed retreat across diverse contexts in response to
climate change.

MATERIALS AND METHODS

Study design

The aim of this study was an analysis of all FEMA-funded voluntary
buyouts of flood-prone properties. We built upon hypotheses gen-
erated from case-based research to identify broader patterns re-
garding where and how buyouts occur. Attuned to effectiveness and
equity of managed retreat in the United States to date, our assessment
determined (i) where voluntary buyouts of flood-prone properties
have taken place, (ii) what flood-related hazards and damage have
occurred in areas with and without buyouts, and (iii) what socio-
economic and demographic characteristics predict which jurisdic-
tions have implemented buyouts and which neighborhoods were
bought out. For objective (i), our empirical treatment evaluated all
buyouts for which information was publicly available. For objectives
(ii) and (iii), we analyzed available indicators of exposure to flood-
related hazards and of socioeconomics and demographics. We
applied each indicator over the full geographic scope for which it
was available, and in Results, we report on all analyses completed.

FEMA-funded voluntary buyouts of flood-prone properties

In the United States, government acquisition of flood-prone prop-
erties has generally been funded by federal agencies and administered
by state or local governments (Fig. 1). The largest and longest-running
program is FEMA’s HMGP, which started in 1989 and expanded af-
ter the 1993 Great Midwest Floods. FEMA has also funded property
acquisitions through other initiatives such as the Flood Mitigation
Assistance Grant Program (FMA), the Pre-Disaster Mitigation Grant
Program (PDM), the Repetitive Flood Claims Grant Program (RFC),
and the Severe Repetitive Loss Grant Program (SRL). Under FEMA
regulations, acquisitions of flood-prone properties must be volun-
tary, which means property owners agree to sell their properties, and
state and local officials cannot use eminent domain or condemna-
tion powers. Applicable flood-related hazards include flows or
accumulation of water, flows of mud, and, in some cases, erosion,
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and we adopt this broad definition in analysis of flood-related hazards
and flood-prone properties. HMGP-supported acquisitions occur
after a federal declaration of major disaster.

Data on FEMA-funded voluntary buyouts of flood-prone prop-
erties, through all of these programs, were accessed in April 2018
from the OpenFEMA dataset of hazard mitigation assistance miti-
gated properties (https://www.fema.gov/openfema-dataset-hazard-
mitigation-assistance-mitigated-properties-v1). On the basis of the
“property action,” “title,” and “type” for each entry, the dataset was
manually cleaned to identify 43,633 entries corresponding, with high
likelihood, to voluntary property buyouts. In most cases, the entries
were voluntary buyouts in which a property was acquired and then
demolished, with the land subsequently maintained as open space.
In a small number of cases (~1% of entries), the entries were voluntary
buyouts in which a property was relocated rather than demolished,
yet still with the land subsequently maintained as open space.

A buyout project is defined in this study as a FEMA grant (Fig. 1)
that involves at least one bought-out property and may also include
other property buyouts or additional hazard mitigation measures.
Program year is, for HMGP projects, the fiscal year of the associated
disaster declaration. For other programs, program year is simply the
fiscal year of the associated project. Date closed is the date by which
project closeout has occurred. At project closeout, all applicable
administrative actions and required work of the award have been
completed (https://www.fema.gov/hmgp-appeal-keywords/9119).
For buyout projects, subgrantee information was accessed in May 2018
from the OpenFEMA dataset of hazard mitigation assistance projects
(https://www.fema.gov/openfema-dataset-hazard-mitigation-
assistance-projects-v1).

Flood-related federal disaster declarations

Major disasters declared were accessed in July 2018 from the Open-
FEMA dataset of disaster declarations summaries (https://www.fema.
gov/openfema-dataset-disaster-declarations-summaries-v1). Flood-
related major disaster declarations were defined as those containing
“flood,” “hurricane,” “storm,” “coast,” or “tsunami” within the title
or incident type of the disaster. Of 1462 major disaster declarations
over 1989-2017, 1376 were designated as flood related on this basis.
For the flood-related declarations of major disasters that involved
individual assistance, the declarations have the following incident
types: severe storm(s) (400 declarations), flood (134), hurricane (106),
tornado (34), coastal storm (8), severe ice storm (7), fire (4), snow
(1), and mud/landslide (1). Most counties across the United States
experienced major disaster declarations over 1989-2017: Of 3220
counties and county-equivalent entities in U.S. states and Puerto Rico,
only 73 had no major disaster declarations of any type, only 115 had no
flood-related major disaster declarations, and only 254 had no flood-
related major disaster declarations involving individual assistance.

» <«

Flood hazard maps

Areas with flood hazard were evaluated based on the estimates of
Wing et al. (4, 23). These estimates include riverine and rainfall-
driven flooding. We applied their maps of areas with flood events
that have a 1% chance of being equaled or exceeded in any given
year (i.e., 1% annual exceedance probability or 100-year flood zones).
Compared to FEMA Special Flood Hazard Areas, these flood zones
are based on higher-resolution, more accurate terrain data, and im-
proved fluid physics, and they incorporate known flood defenses and
all river catchment scales (4, 23). Wing et al. (4) estimate that

7 of 9

0202 ‘g Areniga- uo /610 Bewasuslos saoueApe//:diy Woiy papeojumod


https://www.fema.gov/openfema-dataset-hazard-mitigation-assistance-mitigated-properties-v1
https://www.fema.gov/openfema-dataset-hazard-mitigation-assistance-mitigated-properties-v1
https://www.fema.gov/hmgp-appeal-keywords/9119
https://www.fema.gov/openfema-dataset-hazard-mitigation-assistance-projects-v1
https://www.fema.gov/openfema-dataset-hazard-mitigation-assistance-projects-v1
https://www.fema.gov/openfema-dataset-disaster-declarations-summaries-v1
https://www.fema.gov/openfema-dataset-disaster-declarations-summaries-v1
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

approximately 41 million Americans live within 1% annual chance
floodplain, as compared to approximately 13 million Americans
based on FEMA’s flood maps.

Flood-related property damage

Flood-related property damage data were obtained from the SHELDUS
version 16.1 database (42). Flood-related perils were used to deter-
mine flood-related property damage. Data evaluated include property
damage in inflation-adjusted U.S. dollars as well as property dam-
age per capita. The perils correspond to the following hazard types:
hurricane/tropical storm (62.0% of total cumulative damage in the
United States over 1989-2016), flooding (32.6%), severe storm/
thunderstorm (2.7%), winter weather (0.9%), coastal (0.7%), wind
(0.5%), hail (0.3%), tornado (0.2%), landslide (<0.1%), tsunami/seiche
(<0.1%), lightning (<0.1%), and fog (<0.1%).

Socioeconomic and demographic indicators

A variety of commonly applied indicators were used to proxy capacity
and social vulnerability of implementing communities and bought-
out residents (including property owners and tenants) participating in
FEMA-funded programs for voluntary buyouts of flood-prone prop-
erties. Socioeconomic and demographic data analyzed originate from
the U.S. Census American Community Survey (https://www.census.
gov/programs-surveys/acs). From the American Community Survey,
5-year estimates over 2012-2016 were used for the following vari-
ables: income, education, racial diversity, population, population
density, and household English language proficiency (operational
definitions provided in captions for Fig. 5 and figs. S7 and S8) (24).

For buyouts administered by local government subgrantees (i.e.,
city or county governments), county-scale socioeconomic and demo-
graphic indicators were used to evaluate the capacity of the local
government to apply for, receive, and administer federal funding.
County-scale data could be systematically analyzed for all local gov-
ernment subgrantees, which is why this scale of analysis was applied.
County-scale socioeconomic and demographic indicators were eval-
uated in absolute terms and also in relative terms, comparing each
county to its respective state.

Within counties where local government has administered one or
more buyout projects, the same socioeconomic and demographic
characteristics were also evaluated at a finer ZCTA scale. This scale of
analysis was applied to proxy the capacity and social vulnerability of
neighborhoods and residents participating in buyout programs. ZCTA-
scale indicators were similarly evaluated in absolute terms and also
in relative terms, here comparing each ZCTA to the respective county.

Statistical analysis

Data were analyzed in R 3.5.1 (RStudio 1.1.463), ArcGIS 10.5.1
ArcMap, and Microsoft Excel. Statistical analyses applied include
Welch’s unequal variances ¢ test for differences in means, Kruskal-
Wallis one-way analysis of variance, spatial statistics (e.g., zonal
statistics in ArcMap), and random forest classification analysis. All
specified type I error rates in this article apply to only the particular
test in question and not the series of tests.

The random forest analysis, which is a decision tree method, was
performed with the randomForest package in R (43). This analysis
was used to determine variable importance in classifying counties
in which buyouts have versus have not occurred. The following
variables at the county level were included: 5-year American Com-
munity Survey census data for income, education, racial diversity,
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population, population density, and household English language
proficiency; flood-related federal disaster declarations from 1989 to
2017; cumulative flood-related property damage per capita and in
total over 1989-2016; and fraction of county area and of county
housing units in 1% annual chance floodplain. Variables for state-
level census data and state identity were also included. A random
forest model is an ensemble of multiple decision trees, each of which
is fit on a different subset of data. In our analysis, each random forest
consisted of 1000 decision trees. The importance of variables for
classification was calculated through mean decrease in Gini index
for each variable.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaax8995/DC1

Supplementary Material

Fig. S1. Flood-related property damage in the continental United States, Alaska, and Hawaii.
Fig. S2. Spatial patterns of flood-related federal disaster declarations over 1989-2017.

Fig. S3. Spatial and temporal trends in flood-related property damage over 1989-2016.

Fig. S4. FEMA-funded buyouts of flood-prone properties over program years 1989-2017, by
grant program.

Fig. S5. The frequency of buyout projects (no. of projects) of different sizes (no. of bought-out
properties) for overall program years 1989-2017 and for specific decades 1989-1998,
1999-2008, and 2009-2017.

Fig. S6. Flood-related exposure in counties in which voluntary property buyouts have and
have not occurred.

Fig. S7. Socioeconomics and demographics of communities participating in buyout programs,
evaluating counties in which local governments have administered buyouts of flood-prone
properties.

Fig. S8. Socioeconomics and demographics of residents participating in buyout programs.
Fig. S9. Population and population density within counties with local government-
administered buyouts.

Fig. S10. The duration of FEMA HMGP projects with property buyouts over program years 1989-2017.
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