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and housing market trajectories under
future coastal flooding in the United States
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Communities respond to flooding events based upon risk perceptions and available adaptive
behaviors (e.g., emigrating, purchasing insurance, constructing levees). Across the United States, sea
level rise, intensifying storm-surges, and extreme rainfall may alter human-flood dynamics. Here, we
use calibrated Socio-Environmental models of contiguous US coastal census tracts and two shared
socio-economic pathways (SSP245 and SSP585). We project that by 2100, total flood insurance
claims will increase by +25% to +130% under low (SSP245) and high (SSP585) emissions scenarios,
respectively. The increase in flood insurance claims will impact mainly socially vulnerable
communities. Further, we project that active NFIP policies will increase from +30% under low
emission scenario to +60% under high emission scenario. Our finding also suggests the growing debt
of the National Flood Insurance Program under higher emissions. Raising the water elevation
threshold for coastal flooding by +1 meter via levees may reduce future surge-related losses by 95%
and 40% under low and high emission scenarios and stabilize housing markets. Our future projections
of flood insurance claims, policy coverage, and the impact of water elevation serve as credible
hypotheses for the evolution of human flood dynamics under climate change. They can inform national

flood policy and future research.

Coastal human-flood systems are shaped by dynamic and complex rela-
tionships between environmental hazards, policy decisions, perceptions of
individuals, and housing markets'. Flooding is the costliest and most widely
experienced natural disaster in the US™ and globally*’. The frequency and
magnitude of coastal flood inundation events in the US has risen sharply in
recent decades, a trend likely to accelerate””. Projections of sea level rise
(SLR) alone suggest that a 1.8 m rise in mean sea water elevations could
result in 2% of the current US housing market ($882 billion USD in 2017)
being underwater by 2100'°. Homeownership is central to social welfare in
America. In the context of a relatively weak social safety net, buying a
home-importantly, one that increases in value year after year-is how
Americans build wealth and ensure the economic security of their families.
Many local communities also depend on value-assessed property taxes to
generate public revenue, especially in contexts where there are no or low
income taxes in place. As the 2007-8 financial crisis made dramatically clear,
the US housing market is a critical component of the national and global
economy. Climate impacts escalating coastal flooding risks pose a sig-
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nificant threat to the US national and global financial systems

necessitating credible predictions of human-flood co-evolution under cli-
mate change.

Approximately 42% of the contiguous United States (CONUS)
population lives in coastal areas, which account for less than 10% of the total
land area'. The US National Flood Insurance Program (NFIP) has func-
tioned since 1968 to transfer some risk from flood-exposed homeowners to
the broader US tax base, with the long-term goal of reducing the nation’s
systemic risk by attempting to disincentivize building and rebuilding in
floodplains, and requiring specific construction standards for new flood
exposed development'”. However, in many cases, individuals are not legally
mandated to participate in the NFIP, and most homeowners in coastal tracts
are uninsured against flood damage (90% across coastal CONUS census
tracts)'*"”. Annual NFIP claims from coastal tracts fluctuate substantially
due to the high temporal stochasticity of extreme weather events, coupled
with their capacity to impact many homeowners simultaneously'. Over the
past four decades, claims have outpaced premiums collected on policies,
putting the NFIP in a financially tenuous position' and prompting
unsuccessful attempts at reform* . Present legislative proposals avoid
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fiscal reform that would make the program financially self-sustaining in
favor of increasing the NFIP borrowing limit and eliminating interest
payments on future NFIP debt, supported by measures to increase future
NFIP participation™. FEMA launched a new rating methodology in 2022,
called “Risk Rating 2.0”, which bases premiums on an individual property’s
specific flood risk, rather than on a general risk category defined by location
and property type.

A challenge to increasing NFIP participation is that flood risk across
the US is disproportionately experienced by socially vulnerable groups™~°.
Participation in NFIP and its associated program the Community Rating
System, which sets community wide rates for flood insurance, is highly
uneven across individuals and communities, often due to the intersectional
nature of social vulnerability (SV) and environmental hazards” . Inten-
sifying coastal flooding hazards could exacerbate these current inequalities
in flood risk, putting socially vulnerable communities in even more tenuous
positions arising from disproportionate shifts in their exposure (ie.,
increased populations and properties in flood-prone neighborhoods with
deficient infrastructure) and vulnerability (i.e., decreased capacity to emi-
grate or cover losses through insurance). Given current policy proposals to
increase the NFIP debt, and observed socio-economic barriers to mitigating
flood risks, we require robust predictions of future flood losses, NFIP par-
ticipation levels, the volatility of the housing market, and emigration from
coastal areas.

We studied human-flood dynamics across 1124 CONUS coastal tracts
with an established socio-environmental (SE) modeling approach’ ™ to
quantify feedbacks between coastal hazards (high water elevations and
intense rainfall), economic loss, mean home values (HVs), NFIP policy
uptake, and population density. SE models were calibrated with Open
FEMA claims and policies*, US census population density”’, and US census
median tract-level HVs™. First, we explored how hazard thresholds for flood
losses, risk behavior, and housing market responses to historical flooding
varied by region (i.e., Pacific, Gulf, and Atlantic coasts) and across measures
of SV defined by CDC/ATSDR”. We then used two climate change sce-
narios based upon Shared Socioeconomic Pathways (SSP): SSP245 &
SSP585, to predict how changing hazards (ie., SLR, land subsidence,
intensifying storm-surge, and extreme rainfall) will cascade into changes in
human-flood relationships across CONUS tracts. Finally, we evaluated the
potential to offset future risks via increased thresholds for coastal high water
elevation flooding (i.e., construction of levees to eliminate tidal and storm

surge inundation) to predict the limits of capital investments as a mitigation
option.

Results

Regional and demographic variations in human-flood dynamics
SE models of human-flood dynamics (Supplementary Note 1, Fig. S1a, b)
that predict annual NFIP claims, active NFIP policies, population den-
sity, and HVs from annual peak water surface elevations and maximum
daily precipitation were validated for 1124 coastal CONUS census tracts
(72% of tracts with sufficient data) (Fig. la) with publicly available
datasets (Supplementary Note 2, Table S1, Figs. S2, S3). This calibration
exercise yielded census-tract level estimates of the critical thresholds at
which NFIP claims are generated for peak water elevations (S) and
rainfall (R), the over-threshold hazard to NFIP claims ratio (8g), as well
as parameters describing temporal changes in HV (b1, b2, b3, d),
awareness (@4, 44), preparedness (ap, pip), and population density (ap, U)
in response to NFIP claim events.

This calibration revealed strong regional variations in human-flood
behaviors during the calibration period (1970-2021) (Fig. 1b). SE model
calibration metrics and their relationships to validation datasets are dis-
cussed in Supplementary Note 3 (Figs. S4-S7). The Pacific coastal housing
market showed larger and more sustained negative impacts of flooding
events on both HV's (b2, b3, d; parameters describing median HV responses
to flooding) and NFIP policy uptake (a,, y,; parameters describing NFIP
policy uptake responses to flooding) than the Gulf or Atlantic regions, but
also a higher threshold for coastal flooding hazards (S) (Fig. 1b). The Pacific
coast exhibited a slower ambient population density growth rate (U; the
growth rate in years when flooding has no impact) but a larger fluctuation in
density (ap; parameter describing density responses to flooding) after
floods. In contrast, tracts along the Atlantic and Gulf coasts exhibited less
potential for fluctuations in HVs and NFIP participation, but likely more
exposure to loss events (Fig. 1b).

Across the CONUS, there were consistent and significant correlations
between SV metrics and SE model parameters describing human-flood
dynamics (Fig. 1¢; S8-S14). SV metrics are 16 US Census variables used by
CDC/ATSDR” to identify communities at risk according to their capacity to
withstand and recover from stressors such as flooding hazards. Decreases in
HV immediately after flood loss events (b2) were positively correlated with
SV measures related with older populations, and more residents in group
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quarters, indicating that communities with more elderly residents and
group quarters experience more pronounced decreases in median HVs
immediately after flood. Communities with older populations also showed a
slower rate of HV growth during flood-free periods (bI). Further, a positive
correlation observed between SV measures and housing market recovery
duration (d), suggested that median HVs in vulnerable communities
required more time to rebound from floods. The positive correlation
between changes in population density post-flood (ap) and SV measures
indicated that vulnerable communities experience greater fluctuations in
population density following flooding events. Additionally, more socially
vulnerable demographic exhibited significantly smaller increases in NFIP
policy uptake immediately following flood events (a,) and more rapid NFIP
policy lapse rate in non-flood years (¢4) with the exception of the group “age
65 and older.” State-level correlations with SV metrics are presented in
Fig. S15.

Human-flood dynamics under future coastal flooding regimes

We predicted future tract-level flooding claims, active NFIP policies,
housing densities, and median HV's using projections of future coastal peak
water surface elevations (accounting for changes in the mean sea level, land
subsidence, tidal fluctuations, and storm-surge) and future rainfall inten-
sities (Table S3) with SE models calibrated to past conditions to understand
how shifting environmental hazards might influence human-flood
dynamics. Here and elsewhere, SSP245 & SSP585 scenarios refer to
annual water surface elevations estimated by adding generated storm-surges
and tides on top of mean SLR projections for SSP245 & SSP585, along with
annual maxima daily precipitation estimates for SSP245 & SSP585. Time
series of both historical and predicted loss (Fig. S18), NFIP policies (Fig.

$19), housing density (Fig. S20), and median HV's (Fig. S21) for each state
are presented in Supplementary Note 5.

The SE models predicted increases in NFIP claims across all states with
the exception of Texas. SE models for Texas predicted sharp declines in
coastal population density due to SLR inundating coastal areas (and
therefore a corresponding decline in NFIP claims) likely due to observed
historical patterns in density following several flood events (Hurricane Ike
2008; Hurricane Harvey, 2017)*~* (Figs. S18, $20). Our modeling suggested
that the largest increases in NFIP claims are anticipated across the Atlantic
coast (North Carolina, New Jersey, South Carolina, New York, Florida,
Virginia, Maryland) (Fig. 2a, b) likely driven by Atlantic basin tropical storm
landfalls”. We predicted that NFIP claims originating from coastal tracts
across CONUS will increase between 25% (SSP245) and 130% (SSP585)
above historical levels (1979-2021) (Figs. 2b, S22b). In parallel with rising
claims, the SE models predict only modest increases in the number of
properties covered by NFIP from 10% in the historical period to 13%
(SSP245) and 16% (SSP585) by 2100 (Figs. 2¢, S22¢), though we note that
regional variations in model parameters suggest that the ratio of policies to
anticipated loss varies substantially by state (Figs. 2d, S22d).

We classified CONUS coastal communities in three SV bins (High,
Med, Low) (Fig. S16) and analyzed shifts in human-flood dynamics among
these bins under climate change scenarios. Under scenario SSP585, SE
models predicted that total cumulative flood losses would likely increase
linearly for all SV groups from 2021 through 2100, with the most socially
vulnerable tracts experiencing approximately 55% more cumulative loss
than low SVI tracts (Fig. 3a). Despite high SVI tracts experiencing dis-
proportionately more economic loss, we predicted that NFIP policy uptake
will increase more slowly in these tracts than in low SVI tracts, suggesting a
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Fig. 3 | Projection of flood risk for different social vulnerability groups under
high emission scenario (SSP585). a Cumulative average flood loss for three dif-
ferent social vulnerability groups (Low SVI, Med SVI, & High SVI) across coastal
CONUS census tracts under shared socio-economic pathway SSP585. Line-
type;dashed, dotted, & solid depicts median values across Low SVI, Med SVI, & High
SVI respectively. Line color;gray & red represents historical and projected estimates

respectively. Shading represents 5 to 95 percentile distribution for each social vul-
nerability group across all models. b Same as a for median active policies with
shading depicting 25 to 75 percentile distribution. ¢ same as (b) for housing density.
d same as (b) for housing value. The difference between the projected estimates for
each vulnerability group is tested with Mann-Whitney U test with significance level
measured at P < 0.001(***), P> 0.05 (ns).

growing insurance coverage gap (Fig. 3b). Under SSP245, the relationship of
SV with losses and policy uptake persists, but with lower total losses
experienced by all groups (Fig. S23a, b).

Our models (calibrated to past loss events where housing density was
observed to remain stable) project that the CONUS coastline, despite
increasing claims (Fig. 3a), will exhibit minimal changes in population
density (Fig. 3¢) except for sustained decline observed in Texas and South
Carolina (Fig. S20) likely attributable to sea level rise and land subsidence.
Under scenario SSP585, the SE models predicted that coastal housing
markets will be substantially negatively impacted evenly across all SV groups
beginning around 2065 (Fig. 3d). We note that the average CONUS decline
is largely attributable to market declines in several Atlantic coast states (Fig.
S21). The decrease in HVs is driven largely by slight increases to surge
elevations on top of steadily increasing mean sea level, echoing predictions
that SLR and land subsidence together will inundate a substantial portion of
the present housing stock'***. Under SSP245, we predicted a limited impact
of flooding on HV's (Fig. S23d).

Effect of increasing storm-surge thresholds on projected

flood risk

Under present conditions, 20% (SSP245) to 55% (SSP585) of total NFIP
claims by 2100 will be attributable to high coastal water elevation events
(Fig. 4a). Raising the coastal water elevation threshold for all CONUS tracts
by +1 m (above the estimated current levels of protection for each census
tract) reduced surge-associated losses to 1% (SSP245) to 33% (SSP585) of
total NFIP claims (Fig. 4a) and negated the sustained impacts of flooding on
HVs (Fig. 4d). Disconnection of communities from frequent losses attri-
butable to high water elevations will likely result in limited NFIP policy
growth (Fig. 4b). Residents may, accurately or not, understand themselves to
be at lower risk of flooding,

Discussion

Human-flood dynamics under present and future coastal flood-
ing regimes

Our analysis of historical data on the NFIP and the housing market revealed
significant regional and demographic disparities in human-flood dynamics
across the coastal CONUS. Our projections serve as credible hypotheses for
the evolution of human-flood systems under climate change. We predict
further economic burden on the NFIP and destabilization of the coastal

housing market. We predict that these changes will disproportionately
negatively affect the most socially vulnerable communities.

The observed historical resilience of the housing market and stability of
NFIP participation within the Atlantic and Gulf Coast (Figs. 1, 2) suggested
a “risk enduring™** characteristic of these communities possibly due to more
frequent flooding*** and lower water elevation thresholds for flooding than
the Pacific Coast (Fig. 1b). Our finding agrees with prior studies that showed
an increase in built environment exposure in regions with currently elevated
coastal risks across the CONUS"**, In addition, we observed larger impacts
of flooding losses on both population (ap) and HVs (b2, b3, d) change in
these high-exposure regions (Fig. 1b). We observed steady increases in
coastal population density across CONUS despite historical flood loss
events’' hasled some to hypothesize that risk perception has been decoupled
from actual and increasing coastal hazards***. The high projected losses in
North Carolina (Fig. 2b) possibly reflect the policy uncertainty surrounding
the use of SLR in development decisions’".

The SE projections suggested that the gap between NFIP claims paid
and the uptake of NFIP policies held will continue to widen (Figs. 2d, S22d),
likely exacerbating NFIP debt. There will continue to be a shortfall of pol-
icyholders paying premiums into the program to meet the outgoing liabil-
ities. Stronger interventions will likely be required to close the insurance
coverage gap . Issues in NFIP affordability” ™ are clear in historical
OpenFEMA records and are subsequently encoded in the SE model through
calibration. Correlations between SV and SE parameters describing NFIP
uptake (Fig. 1c) may reflect that these policies, where actuarially rated or
modulated by the community rating system”, are likely to be relatively more
expensive, given the exposure to flood risk, and are thereby difficult to buy
and maintain on relatively constrained resources. The pattern of a small
immediate rise in policy purchases post-flood by more socially vulnerable
demographics followed by a larger decline in subsequent years, coupled with
greater fluctuations in population density can be linked with the barriers to
insurance purchases stemming from NFIP affordability” > concerns and
the inequitable distribution of resources for disaster mitigation and recovery
for these disadvantaged groups™".

Changes to NFIP such as Risk Rating 2.0 could exacerbate the
affordability issue. Policies across the program, including those that pre-
viously benefited from subsidization or rate grandfathering, may move in an
actuarial direction (subject to statutory limits on yearly rate increases) in the
context of generally increasing flood risks. It is hard to know how Risk
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Fig. 4 | Effect of increasing surge threshold levels on projected flood risk.

a Projected cumulative average flood loss for CONUS coastal census tracts for
2021-2100 under shared socio-economic pathways; SSP245 & SSP585 for modeled
surge threshold (water elevation threshold) and increment of 1, 2, & e m respec-
tively. Shading depicts 5th to 95th percentile distribution across all models. b same as

(a) for median active policy with shading depicting 25th to 75th percentile dis-
tribution. ¢ same as (b) for housing density (d) same as (b) for housing value. Rows
represent the current surge thresholds, +1 m, + 2 m, and +co m (i.e., no surge
losses).

Rating 2.0 will impact the overall fiscal health of the NFIP. Where possible to
do so, people may indeed drop policies that get too expensive. FEMA hopes
Risk Rating 2.0 will have the opposite effect and will shrink the insurance
coverage gap-not only by expanding risk assessment and pricing beyond
flood zones, but also by creating more opportunity for private flood insurers
to compete for NFIP business, increasing the options available to con-
sumers. But if those private insurers pick off the “best” risks and leave the
“worst” ones to the public program, this could further strain the NFIP.
We note that our SE modeling approach separates immediate damages
to properties from indirect effects such as a sustained decline in HVs™ (Fig.
S1). If a property is insured, direct damages may be covered by NFIP,
however, the sustained decline in HV could remain unaddressed. Such a
decline might limit homeowner capacity to relocate by discouraging pro-
spective buyers, or forcing sellers to sell at a loss or with too small a return to
purchase safer housing elsewhere™*’. Indirect losses are often obscure and
are derived from the community’s perception of risk, memory of past

flooding, access to flood insurance, and SV status among other factors™”.

Effect of increasing storm-surge thresholds on projected

flood risk

Given widely accepted projections of SLR and land subsidence™***,
increasing losses attributable to high water elevations, and limited his-
torical NFIP reforms” ™, it is likely that capital projects currently proposed
in several US regions (e.g., levees) may be increasingly explored as viable
options for flood risk mitigation, under the open assumption that they
reduce systemic risk®®. The predicted stabilizing effect of levees on HVs
(Fig. 4d) is likely related to changes in the frequency and severity of loss.
Repetitive inundation events (i.e., increasing frequency of tropical storm
inundation due to SLR) may prevent HVs from rebounding between loss
events’. In contrast, portions of the CONUS coastal housing market have
demonstrated a capacity to rebuild in between loss events with decadal or
longer intervals (Figs. S20, S21). Raising flood barriers above +1 m has only
a marginal benefit for flooding loss mitigation and HVs. The majority of

losses under scenarios where levees are increased above 41 m is attributable
to intense rainfall causing overland runoff and overwhelming stormwater
infrastructure’””'(Fig. 4a). We therefore highlight that levees will not serve as
a tool to completely eliminate flooding losses, but could stabilize systems to
avoid catastrophic economic collapses in the near term.

We caution that over longer time-horizons (i.e., beyond 2100), such
modifications may increase systemic risks, as observed for other structural
responses to flooding”. Structural coastal flood defenses may also have
unintended consequences of coastal ecosystem degradation, reducing the
natural infrastructures capacity to migrate and mitigate storm-surges”.
Without large public investments in coastwide infrastructure development,
sea walls are likely to be developed unevenly, exacerbating unevenness in
coastal flood exposure’”. The same is true for managed retreat and buyout
programs, whereby programs that do not explicitly engage with social equity
issues and take into account adequate spatial and temporal scales may
exacerbate uneven flood impacts and exposure’. A reliance on market
mechanisms, insurance, and cost-benefit analysis without robust and
inclusive participatory pre-disaster planning has tremendous potential to
exacerbate the environmental injustice of flooding across the US”"”*. Further
studies are needed on the effectiveness and equity of the complex mix of
policy and infrastructure responses required to mitigate our predictions of
increasing flood losses and exposure.

Limitations and extensions
The goal of the future projections presented in this research was to predict
how the NFIP and coastal housing markets may evolve under climate
change assuming no substantial policy or structural changes to NFIP or
changes to any major externalities beyond the scope of the SE model. The SE
models used to generate these predictions were trained exclusively on his-
torical conditions and therefore may not accurately simulate behavioral
changes related to exposure- and policy-change.

Through calibration to past events, the SE models inherited the
assumption that the NFIP will be able to absorb flooding losses and finance
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rebuilding in flood prone zones (i.e., continuing behavior exhibited during
past loss events) and amassing debt without limit. This assumption may be
unreasonable given that policy uptake may not occur proportionally to loss
(Figs. 2d, S22d), and public attitudes around the desirability of federal
financing of flood prone properties may shift as losses accrue (Figs. 2d, S22d,
3b). Substantial changes in NFIP (e.g.,, increases or decreases in policy
premiums, an expansion of mandatory purchase requirements, increasing
private sector participation in underwriting primary flood risk) may result
in changes to population density, HVs, and future flood losses that are
beyond the capacity of these SE models to simulate. Changes in flood
protection measures could also unintentionally change community flood
perceptions and behaviors that might actually increase total loss™™*".

Additionally, substantially raising the height of levees could separate
coastal communities from the ocean, leading to unexpected effects on the
relationships between levees, insurance uptake, and the housing market; this
might be particularly true for communities reliant on ocean-based tourism
and recreational activities. Further, there is a possibility of infrastructure
failure. Levee failure occurring after a sustained period in which risk per-
ceptions are adjusted to a “lower-risk” condition could similarly result in
greater long-term losses**. Coastal levees can also elevate water levels in
upstream rivers and tributaries, hinder natural drainage, and potentially
exacerbate inland flooding in some areas. Our SE model does not simulate
these potential human-flood dynamics resulting from infrastructure
changes.

Additional social and economic externalities that exist beyond those
explicitly considered in the SE model may affect HVs, such as perceived
coastal risks on the West Coast US following the 2011 tsunami and
Fukushima nuclear disaster, and observed relationships between HV's and
coastal water quality®. Similarly, future policy uptake may be affected by
unforeseeable factors such as significant changes in NFIP, educational
programs aimed at bridging true versus perceived risk, and other socio-
economic changes®, all of which are limitations to our analysis. We also
acknowledge possible limitations due to limited availability of dataset on
flood insurance and housing market, inherited uncertainty and biases of SV
data, and a simplistic model formulation.

Finally, the treatment of hazards used in this work neglected the role of
joint flooding where co-occurring intense rainfall and high coastal water
elevations could exacerbate water conveyance systems beyond either indi-
vidual hazard. To gain a more comprehensive understanding of human-
flood dynamics under changing climate, future research may evaluate
flooding hazards with hydrodynamic models to capture complex hazard
interaction, account for joint probabilities of surge and rainfall, explore
datasets and techniques to supplement our limitations associated with
infrastructure change, and better incorporate other non-flood mechanisms
that can impact NFIP and housing market.

Methods

Datasets of coastal hazards and socio-economic conditions
Historical observed daily precipitation totals for the period of 1970-2021
were obtained at a spatial resolution of 0.5 x 0.5 degree from CPC Unified
Gage Analysis®. Localized Constructed Analog downscaled precipitation
estimates for the period of 2021-2100 were obtained for four CMIP6 Global
Climate Models: CNRM-CM6-1, GFDL_ESM4, NorESM2-LM, &
MIROC6". These estimates are available at a 6 km spatial resolution over
North America and at 3 km over the California region. Historically observed
annual peak water surface elevations (1970-2021) were obtained from
NOAA™. Sea Level Rise (SLR) projections (2021-2100) which are inclusive
of vertical land motion were obtained from the 2022 NOAA SLR Technical
Report’. Both the precipitation and SLR projections were obtained for
shared socio-economic pathways SSP245 and SSP585. We used Monte
Carlo sampling of Gumbel extreme value distributions of future annual
maxima surge and tide heights (relative to MSL) using parameters devel-
oped for tidal gauging stations across CONUS from the CoDEC dataset™.
We sampled 1000 storm surge and tides annually, and added them on top of
SLR projections to estimate future peak water surface elevations for each

year and coastal census tract. FEMA flood insurance claims (1979-2021)
and policies purchased (2009-2021) were collected from Open FEMA™.
Housing density, median housing values (HVs), and aggregate HVs across
the coastal census tracts of CONUS (2010-2021) were obtained from the US
Census”**". It was required that all socio-economic datasets be normalized
to align with socio-environmental (SE) model state variables. This process is
detailed in the Supplementary Note 2 (Fig. S3). We obtained tract-level
social vulnerability (SV) metrics from CDC/ATSDR”.

All described datasets were collected for 2197 coastal census tracts
across the CONUS coastline. Coastal census tracts are tracts that border the
US coastline. The number of tracts was reduced to 1555 after tracts lacking
any flood insurance claims, policies, housing density or median HV data
(i.e., non-populated tracts and tracts with no documented historical flood
events) were removed from analysis.

SE modeling of historical human-flood dynamics

We quantified human-flood relationships within the context of an SE
modeling framework™ (Fig. Sla, b) fit to coastal CONUS census-tracts.
Simulated annual NFIP claims (L) was fit against reported NFIP flood loss
claims, simulated active policies (A) was fit against active NFIP flood
insurance policies, simulated population density (D) against census tract
population density, and simulated HV's against US census median HV data.

For calibration o SE parameters for each tract, all models were forced
with historical observed peak annual water elevation® & annual maxima 24-
hour precipitation totals*. US tidal gauging stations were assigned to each
census tract based on geographical proximity (Fig. S2). SE model parameters
for each tract were optimized through 100,000 simulations using the DDS
algorithm™, minimizing the Euclidean distance from the optimal solution of
normalized root mean square efficiency (NRMSE) metrics for NFIP
reported losses (NRMSE, ), the proportion of active NFIP policies
(NRMSEp,jicy), population density (NRMSEpensity), and median tract HVs
(NRMSEyp). A full list of model parameters and feasible ranges is presented
in Table S2. To screen poorly calibrated tracts from further analysis, we set
an objective function threshold to accept or reject model calibrations,
resulting in 1124 tracts (72%) with satisfactory scores. The threshold was
determined by examining a histogram of census tract objective function
values to identify where drop offs in model performance occurred (detailed
in Supplementary Note 3). The distribution of calibration metrics, along
with cutoff values, is presented in Fig. S4. Similar to prior studies of human-
flood dynamics® ™, we observed correlations between calibration metrics
and validation data (Fig. S5), suggesting that model performance is attri-
butable in some tracts due to a combination of data limitations and model
structure. Trade-offs between calibration metrics are shown in Fig. S6.
Distributions of calibrated model parameters are presented in Fig. S7. All
state-wise results are shown for those states with at least 10 census tracts that
met the calibration threshold. State-aggregated time series of calibrated loss,
NFIP policies, housing density, and median HVs is presented in
Figs. S18-21.

We examined correlations between SE model parameters (describing
tract-level behaviors) and 16 US census variables used by CDC/ATSDR”
across the CONUS coastal tracts with Spearman’s Ranked correlation test.
To address the Margin of Error (MOE) associated with these census vari-
ables, we used the provided MOE’" and generated 10,000 Monte Carlo
samples of each census variable across CONUS tracts under the reported
assumption of normally distributed errors”'. We evaluated the significance
results at the a = 0.001, 0.01 and 0.05 thresholds by using the median of the
p-value from Monte Carlo sampling (Supplementary Note 4, Figs. S8-S14).
This analysis was then repeated, aggregating tracts to the state-level.

Projecting the evolution of human-flood relationships under
climate change

The calibrated SE models were forced with climate projections (2021-2100)
of annual maxima water surface elevations”® and 24-h precipitation®” under
Shared Socioeconomic Pathways (SSP) SSP245 and SSP585 to predict future
NFIP claims, active policies, population densities, and median HVs for all
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coastal tracts. A detailed description of the projection datasets used for this
study is presented in Table S3.

We binned coastal census tracts into three groups based on overall
Social Vulnerability (SV) metrics as defined by CDC/ATSDR” to test if
projected flooding risks varied with SV. Tracts were assigned to the low
social vulnerability group (Low SVI) if they fell within the 0-25th percentile
of the SV distribution, medium social vulnerability group (Med SVI) if they
fell within the 25th-75th percentile, and high social vulnerability group
(High SVI) if they fell within the 75th-100th percentile of the SV dis-
tribution (Fig. S16). We projected flood claims, the proportion of house-
holds holding flood insurance policies, tract housing density, and median
HVs until 2100 for each tract under higher emissions climate change sce-
nario SSP585 (Fig. 3) and lower emissions climate change scenario SSP245
(Fig. S23). The differences between the median projected results among the
SV groups are compared using non-parametric Mann-Whitney U-tests.

Estimating the benefit of capital investments in future flood risk
reduction

We estimated the future risk-reduction benefits of increasing thresholds for
storm-surge driven loss (i.e., levee heights) with all tract-level SE models
meeting the calibration threshold. We repeated all simulations of future
conditions, but increased storm-surge loss thresholds by 4+1 m, 42 m, and
+co m above the threshold values derived through calibration (S) with
historical hazard and NFIP claims. Here, +-co m represents the scenario
where levees are raised to their maximum possible height, preventing any
losses from storm-surges. For each surge threshold scenario, we computed
changes in NFIP flood loss claims, the proportion of households with active
NEFIP policies, tract-level housing density, and median HVs under climate
projection scenarios SSP245 & SSP585. We also attributed total NFIP loss in
each scenario to rainfall and surge damage. When surge thresholds are
increased to infinity, the total loss is entirely attributed to rainfall. In all other
scenarios, the rainfall-attributed loss remains constant. For these scenarios,
we subtract this constant rainfall loss from the total loss to determine the
surge loss. Both surge and rainfall losses are then expressed as percentages of
the total damage. The simulation results were aggregated for the entire
CONUS coastline (Fig. 4) and for each state individually (Figs. S24-27).

Data availability

All datasets used for this study are publicly available and summarized in
Supplementary Tables S1 & S3. No new primary data were created in
this study.

Code availability
All model code is publicly available at https://github.com/snpoudel/
CoastalUS_SocioHydroModel.
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