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Abstract
Financial flood protection gaps are often reported as a single measure, masking important differences in
how protection falls short. We combine building-level estimates of rainfall, riverine and coastal flood
losses with property characteristics, FEMA flood zones and National Flood Insurance Program (NFIP)
records to trace how expected losses are distributed across the United States. We distinguish expected
losses outside reconstructed NFIP payout (“public shortfall”) from expected covered payout above the
allocated building-coverage risk-premium base (“NFIP shortfall”). Public shortfall accounts for 81% of
combined-hazard expected annual loss. Estimated NFIP participation is low for rainfall and riverine
exposure (16 and 20%, respectively), compared with 59% for coastal exposure. Yet coastal NFIP shortfall
reaches 32% of expected loss, versus about 11% inland. Across census tracts, similar financial gaps
reflect different combinations of low participation, inadequate coverage and pressure within the insured
pool. Effective policy must address these drivers differently across hazards and places.

Introduction
Flood-risk assessments combine hazard, exposure and vulnerability to estimate where damage may
occur and its severity. These measures do not show who ultimately carries the resulting financial loss.
That burden also depends on whether a property is insured, how much of the loss its coverage absorbs
and whether the associated premiums support the expected payout. Flood risk is therefore a question of
allocation as much as of exposure: who carries the expected burden when insurance participation,
coverage and premiums vary across an uneven multi-hazard landscape?

This question is increasingly consequential because flood losses are large and persistent. Globally,
flooding has produced more than $2 trillion in economic losses since 2000, including more than
$42 billion in 2025 alone1. In the United States, inland flooding in the billion-dollar disaster record caused

about $203 billion in losses from 1980 to 20242, and historical precipitation change explains roughly
one-third of the increase in national flood damages3. Continued development in exposed areas and
changes in heavy rainfall and coastal extremes are likely to sustain this pressure, increasing the
importance of the institutions through which losses are insured, priced or left uncovered3–8.

Standard homeowner insurance policies in the United States generally exclude flood, making separate
flood insurance central to who bears the loss9. The National Flood Insurance Program (NFIP) remains
the main public source of coverage, although private insurance has expanded9,10. Participation is shaped
strongly by FEMA’s Special Flood Hazard Area (SFHA), which triggers mandatory purchase for federally
backed mortgages11,12. Yet the maps defining the SFHA vary in age and coverage and do not
consistently represent pluvial flooding from rainfall, fluvial risk outside mapped zones, present-day
conditions where the underlying studies are dated, or future climate conditions9,12. Participation is
concentrated in coastal communities, while many buildings exposed to pluvial and fluvial flooding
remain outside the program10,13,14. Premiums must also reflect risk without becoming unaffordable, and
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evidence from Risk Rating 2.0 indicates that increases without affordability support can reduce
enrollment11,15–18.

Previous studies have examined flood exposure, insurance participation, coverage and pricing
separately. National exposure analyses identify substantial risk outside regulatory floodplains6,8,19,

claims-based work links many NFIP claims beyond the SFHA to pluvial flooding20, and insurance-
demand studies link participation to risk perception, information, trust and willingness to pay21–26.
Recent national work has quantified underinsurance among single-family residences10, while other

studies examine recurrent losses, pricing and pressure on NFIP finances15–17,27. However, these studies
do not trace pluvial, fluvial and coastal losses through the same national insurance structure to
distinguish burden outside coverage from pressure within the insured portfolio.

We address this gap through a building-scale reconstruction of flood losses and NFIP coverage across
the contiguous United States (CONUS). We combine pluvial, fluvial and coastal flood estimates with
building geometry, census-tract-informed replacement values, FEMA flood zones28 and spatially
redacted NFIP policy records29 active as of October 2025. Because policy files do not identify insured
parcels, observed records are allocated to likely buildings. “Reconstructed” refers to this allocation;
reported policy coverage and written costs are observed, not simulated. This reconstruction represents
the pathway observed in NFIP records and excludes privately underwritten flood insurance.

We define two burden channels from expected annual loss, uncovered loss, and covered payout. Public
shortfall is modeled loss remaining outside expected NFIP payout through nonparticipation, deductibles
or coverage limits. It falls first on property owners and communities and may later generate demand for
post-disaster assistance; it does not measure government expenditure. NFIP shortfall is the positive
difference between expected covered payout and the risk premium allocated to building coverage. It
indicates pressure within the reconstructed portfolio, not the program’s full financial balance. Premium-
funded payout accounts for the remainder; each expected loss dollar is assigned to one of three
destinations (Fig. 1).

The reconstruction covers 12.9 million exposed buildings with modeled flood inundation, including
7.5 million with positive combined-hazard (pluvial, fluvial, and coastal) expected annual loss, and 74,240
census tracts used in the regime analysis. The 30-m hazard framework has been described and
evaluated in prior U.S. applications7,30, while spatial aggregation to census tracts reduces the influence
of local prediction error. We examine how pluvial, fluvial and coastal flooding shape the national flood
protection gap through different combinations of public and NFIP shortfalls, and how these
combinations vary across places. The results show that similar expected losses can produce different
insurance problems depending on the hazard and where the burden falls.

Results
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National geography of multi-hazard flood loss
The combined hazard layer yields $25.7 billion yr⁻¹ in expected annual loss (EAL) across the processed
building inventory (Fig. 2). Pluvial flooding contributes $17.1 billion yr⁻¹, followed by fluvial ($5.3 billion)
and coastal flooding ($3.9 billion). Pluvial and fluvial losses extend widely inland, particularly in
Appalachia, while coastal loss is concentrated in fewer tracts. California accounts for 10% of combined
EAL, the largest state share. New York and Pennsylvania rank among the highest-loss states, while
Kentucky and West Virginia accumulate substantial burden almost entirely through inland hazards
(Extended Data Fig. 2; Supplementary Table S3). Similar state totals conceal different hazard structures:
Florida is strongly coastal-dominant, Washington and Oregon fluvial-dominant, and California and Texas
have large pluvial components.

The combined layer uses the maximum hazard-specific depth at each return period before loss
estimation. This prevents double counting where pluvial, fluvial and coastal layers overlap but does not
represent compound or sequential flooding. Hazard-specific totals are therefore not additive. Even so,
inland flood losses remain extensive, whereas insurance participation is concentrated along the coast
(Extended Data Table 1).

Hazard-specific pathways through NFIP participation and coverage
Reconstructed NFIP coverage differs markedly by hazard (Fig. 3a). Coverage is present for 59% of
coastal-exposed buildings, compared with 20% of fluvial-exposed and 16% of pluvial-exposed buildings.
Across the combined layer, 1.87 million of 7.51 million exposed buildings carry reconstructed NFIP
coverage. Coastal participation is higher across the expected-loss distribution, while inland participation
remains low across most loss levels. Public shortfall equals 50% of coastal EAL, 85% of fluvial EAL and
87% of pluvial EAL (Table 1). For inland flooding, low participation is the main reason expected loss
remains outside the NFIP.

Among insured exposed buildings, 23% of combined-hazard EAL remains uncovered (Fig. 3b). The
uncovered share is elevated at low EAL, where a fixed per-event deductible absorbs a larger fraction of
small losses. It declines through much of the middle range and rises sharply in the upper tail as
coverage limits bind. Hazard averages range from 18% for pluvial flooding to 33% for fluvial and 22% for
coastal flooding (Extended Data Table 1). Nationally, $1.29 billion yr⁻¹ of expected loss on insured
buildings lies above reconstructed coverage, compared with $0.10 billion absorbed by the deductible
(Supplementary Table S18). Among insured buildings, most uncovered loss lies above coverage limits,
but the larger national gap comes from exposed buildings without coverage.

The location of public shortfall relative to FEMA flood zones shows a similar inland–coastal contrast
(Fig. 3c). Of pluvial public shortfall, 78% lies outside SFHA zones, compared with 59% for fluvial and 36%
for coastal flooding. Across the combined layer, 71% of public shortfall lies outside the mapped high-risk
core. Most of that amount is in mapped non-SFHA zones: 63.1 percentage points of the combined share,
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compared with 7.8 percentage points in areas with missing or undigitized designations (Supplementary
Table S22). Higher coastal participation is therefore associated with closer alignment between coastal
loss and the mapped regulatory core, not complete or adequate coverage.

Table 1
National flood exposure, NFIP participation and shortfall by hazard.

Hazard Exposed
buildings

NFIP
participation

EAL

($B
yr⁻¹)

Public
shortfall

($B yr⁻¹; %
EAL)

NFIP shortfall

($B yr⁻¹; %
EAL)

Pluvial 4,890,253 15.7% 17.11 14.84 (86.8%) 1.87 (10.9%)

Fluvial 1,472,944 20.0% 5.32 4.53 (85.3%) 0.60 (11.3%)

Coastal 1,624,810 59.0% 3.88 1.94 (50.0%) 1.24 (32.1%)

Combined 7,506,151 24.9% 25.67 20.87 (81.3%) 3.59 (14.0%)

Burden reallocation across the expected-loss spectrum
The balance between public shortfall and NFIP shortfall changes with EAL (Fig. 4). Public shortfall
dominates at low and middle EAL, although its share initially declines as a larger proportion of expected
loss enters covered payout. Over this range, the NFIP-shortfall share increases and the gap between the
two channels narrows. However, the NFIP-shortfall share remains below the public-shortfall share across
the distribution, with premium-funded payout accounting for the remainder of EAL. The low participation
rates in Fig. 3a suggest that nonparticipation is the main contributor to public shortfall across much of
the low-to-middle EAL range (Fig. 3a; Supplementary Table S4).

The national accounting shows the scale of the two channels. Of $25.7 billion yr⁻¹ in combined-hazard
EAL, $20.9 billion, or 81%, remains as public shortfall and only $4.8 billion, or 19%, enters expected
covered payout. Within that payout, $3.6 billion is classified as NFIP shortfall and ~$1.2 billion as
premium-funded payout. These three destinations are exhaustive at the building scale. NFIP shortfall is
proportionally greatest for coastal flooding, reaching 32% of coastal EAL compared with about 11% for
pluvial and fluvial flooding (Extended Data Table 1). Because NFIP shortfall sums positive building-level
gaps, it is a diagnostic of where pressure arises, not a net program-wide deficit; premiums above
expected payout can offset gaps elsewhere.

Across the distribution, the binned NFIP-shortfall share rises to approximately 19% near $10,000 yr⁻¹ and
then declines as the uncovered-loss share turns upward. The per-event deductible contributes to
uncovered loss at low EAL, but coverage limits govern the upper-tail reversal. When an event loss
exceeds available coverage after the deductible, the uncovered portion contributes to public shortfall
rather than expected payout. The unsmoothed bin means and confidence intervals support this broad
reversal, but few buildings occupy the extreme upper tail and the precise threshold is less certain
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(Supplementary Fig. S13 and Tables S23, S25). A single coverage-deficit measure would not show this
shift between burden channels.

Spatial regimes and hazard composition of flood burden
At census-tract scale, public shortfall spans much of the country, while NFIP shortfall is concentrated
more strongly along the Gulf and Atlantic coasts (Fig. 5a,b). Three combined-hazard measures
summarize this variation: public loss absorption, the share of EAL remaining outside expected payout;
premium-deficit pressure, NFIP shortfall relative to allocated written policy cost; and total shortfall
burden, the sum of public and NFIP shortfalls. A four-component Gaussian mixture model fitted without
hazard type or geography identifies empirical regimes differing mainly in burden magnitude and how
much loss enters reconstructed coverage (Fig. 5c). The components overlap, so these descriptive
regimes do not constitute fixed actuarial classes (posterior uncertainty and model-selection diagnostics
appear in Supplementary Fig. S8 and Tables S7, S31).

The minor burden, uninsured regime contains 17,882 tracts with near-complete public loss absorption,
negligible NFIP shortfall and a median total burden of $23,950. The minor burden, some coverage regime
contains 5,747 tracts with a small reconstructed insured pool and a median total burden of $5,160.
These regimes occupy much of the lower-loss interior. A high uncovered fraction does not imply a large
dollar burden: the uninsured regime has median public loss absorption of one, but a public-shortfall
concentration ratio of only 0.39 (Extended Data Table 3).

The major burden, mostly uncovered regime contains 21,197 tracts, or 28.6% of classified tracts, and has
the largest median total burden, $214,770, with median public loss absorption of 0.927. It carries
$12.89 billion in public shortfall, approximately 62% of public shortfall among classified tracts and 2.16
times the amount implied by its tract share. The major burden, substantially insured regime contains
29,414 tracts, or 39.6% of classified tracts, with a median total burden of $54,310, median public loss
absorption of 0.457 and median premium-deficit pressure of 1.266. It carries $2.91 billion in NFIP
shortfall, approximately 81% of NFIP shortfall among classified tracts and 2.04 times the amount
implied by its tract share, alongside $5.89 billion in public shortfall (Fig. 5d; Extended Data Table 3). The
mostly uncovered regime is common across inland and Appalachian regions, while the substantially
insured regime is concentrated more strongly along the Gulf and Atlantic coasts and in other high-
participation areas.

The first major regime concentrates economically significant loss outside expected payout. The second
represents shared burden, with substantial NFIP shortfall alongside residual public shortfall. Across
these regimes, greater entry of modeled loss into coverage is associated with a mixed burden, without
eliminating uncovered loss.

Hazard composition differs across regimes (Fig. 6), although hazard type was excluded from their
definition. Shares are normalized over the separately modeled hazard-specific shortfalls within each
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regime and channel. In the mostly uncovered regime, pluvial flooding accounts for 76% of public
shortfall, fluvial flooding for 22% and coastal flooding for 2%. Inland hazards still dominate public
shortfall in the substantially insured regime, but coastal flooding contributes 27%. Its NFIP-shortfall
composition is more balanced: pluvial flooding contributes 45%, coastal flooding 41% and fluvial
flooding 14%. The mostly uncovered regime’s smaller NFIP-shortfall total is 72% pluvial and 25% fluvial.
Within the substantially insured regime, inland hazards therefore dominate public shortfall, while pluvial
and coastal flooding contribute similar shares of NFIP shortfall. Coastal concentration does not imply
that coastal flooding alone produces pressure within the insured portfolio.

Discussion
The reconstruction distinguishes two related deficits in financial flood protection under the NFIP. Public
shortfall is expected loss outside reconstructed NFIP payout, while NFIP shortfall is expected covered
payout above the allocated building-coverage risk-premium base. The first falls initially on property
owners and communities; the second indicates premium-deficit pressure within the reconstructed
portfolio, with implications for borrowing, future premiums and public finances9,13,14. This distinction
separates places where loss largely bypasses insurance from places where more loss enters coverage
but pressure remains within the insured portfolio. The hazard also matters because pluvial, fluvial and
coastal losses are filtered differently through mapping, participation and coverage.

Our national estimates are similar in scale to earlier work, although comparisons differ in scope.
Combined-hazard EAL of $25.7 billion is structure-only and excludes contents, vehicles and business
interruption; the approximately $32 billion estimate from a related national hazard framework covers a
broader property base8. A recent national analysis found roughly 70% of expected residential flood loss
was uninsured10, compared with an 81% public-shortfall share across all modeled building types here.
The reconstructed NFIP portfolio’s expected payout is $4.8 billion yr⁻¹, compared with the Congressional
Budget Office (CBO) estimate of about $3.7 billion in expected annual NFIP claims14,31. Accounting
scopes and dollar years differ, but estimates are of the same order. After netting premiums above
expected payout against deficits elsewhere, our aggregate reconstructed gap is $1.8 billion yr⁻¹, close in
scale to CBO’s $1.4 billion program estimate under a different accounting framework. CBO found
shortfall concentrated in coastal counties, consistent with our maps. However, pluvial flooding produces
the largest absolute hazard-specific NFIP shortfall nationally, and pluvial and coastal flooding contribute
similar shares within the major burden, substantially insured regime. Coastal concentration should not
be interpreted as a coastal-hazard effect alone. These comparisons support plausibility, not direct
validation.

The inland results extend claims-based evidence. A recent study20 attributed 87% of analyzed NFIP
claims outside the SFHA to pluvial flooding. In our reconstruction, pluvial flooding produces the largest
hazard-specific EAL, but only 16% of exposed buildings have reconstructed NFIP coverage, and 78% of
pluvial public shortfall lies outside SFHA zones. Mapping and mandatory-purchase rules provide
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stronger signals in mapped high-risk areas, while participation elsewhere also depends on affordability,
perceived risk, information and trust21,25,26,32. These mechanisms are consistent with the observed
contrast, although the reconstruction does not identify them directly.

Coverage is concentrated at limits in the reconstructed portfolio (Supplementary Table S23), and loss
above available coverage dominates the residual upper-tail burden (Supplementary Table S25). Because
expected payout is capped at reconstructed coverage, additional modeled loss above that cap remains
in public shortfall, consistent with the declining NFIP-shortfall share. Claims data could test this pattern
in realized events by examining whether severe building claims more often reach policy limits among
upper-EAL properties. The turning point around $10,000 yr⁻¹ is descriptive, not an actuarial or regulatory
boundary, and its location is less certain than the broader upper-tail decline33–35.

The tract regimes show why higher participation alone does not necessarily eliminate shortfalls. In major
burden, mostly uncovered tracts, economically significant loss remains outside coverage, pointing to
needs for better hazard information, affordability support and broader participation. In major burden,
substantially insured tracts, more loss enters the NFIP, but public shortfall persists alongside NFIP
shortfall. Premium support, coverage limits, mitigation and risk pooling are additional considerations
there. Risk selection may contribute if higher-risk properties more often purchase coverage where
participation is voluntary and premiums remain below expected loss26. Participation, affordability and
premium adequacy are distinct, but reforming one can affect the others. Premium increases without
affordability support may reduce enrollment, while expanded enrollment without sufficient premium
support may increase pressure within the program6,15,17.

These differences limit the usefulness of a uniform approach to insurance reform. Where public shortfall
is concentrated outside SFHA zones, continuous hazard information and affordability support are more
relevant than premium reform alone. Similar expected losses can require different combinations of
information, participation and financial capacity. This is especially important for pluvial flooding, whose
diffuse geography is poorly represented by binary mapped zones, and coastal areas, where high
participation can coexist with uncovered loss and NFIP premium-deficit pressure.

The results have several limitations. The analysis uses one national hazard model, and the division
between pluvial and fluvial flooding is model-defined because some small-channel flooding is
represented in the pluvial layer7,30. First-floor heights are assigned from Elevation Certificate strata,
basement presence is sampled from regional prevalence and below-grade damage contributes
materially to the national total. Removing the below-grade basement-damage pathway lowers combined
EAL to $15.22 billion yr⁻¹, although pluvial flooding remains the largest hazard component
(Supplementary Table S15). Events more frequent than the 5-year return period are not represented, and
the maximum-depth combined layer avoids double counting but does not simulate compound
flooding36. Removing the first 0.2 m of pluvial depth lowers combined EAL by 23%. The NFHL is not
seamless, although only 7.8 percentage points of the 71% outside-SFHA share arise from missing or
undigitized designations. Although absolute loss estimates vary, the predominance of public shortfall
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and the inland–coastal contrast persist across the tested specifications (Supplementary Tables S14–
S16).

Insurance is reconstructed from spatially redacted NFIP policies, not observed parcel-level contracts.
Fewer than one policy in a thousand can be matched by footprint containment; 69% are placed
deterministically within the reported tract and rated flood zone and 31% through stochastic allocation
within the tract (Supplementary Table S11). The reconstruction is therefore more reliable at tract scale
than for any individual building. Private and surplus-lines insurance are absent from the data and may
reduce public shortfall where they are common. The analysis also excludes disaster assistance,
household savings, credit and other recovery resources37,38. NFIP shortfall indicates where modeled
payout is high relative to the reconstructed premium base; it is not an estimate of program solvency or
portfolio-specific actuarial adequacy. The reconstruction has not been validated against event-level NFIP
claims.

Expected flood loss alone does not identify a community’s financial problem. Pluvial and fluvial losses
are concentrated mainly in public shortfall, while high-participation areas can carry uncovered loss
alongside NFIP pressure. Combining these conditions in a national protection-gap measure can obscure
the appropriate response. Future work should compare reconstructed channels with event-level claims,
examine how tract regimes align with socioeconomic vulnerability and recovery capacity, test alternative
policy-allocation rules and incorporate private flood insurance as suitable data become available.

Methods

Overview and data sources
We developed a building-scale reconstruction of flood loss, National Flood Insurance Program (NFIP)
coverage, and the resulting burden channels across the contiguous United States. The processed
dataset contains 12,932,146 buildings with modeled inundation under at least one hazard and return
period. Buildings in Alabama, Connecticut, and North Dakota were not carried through the upstream
building-to-tract assignment and are absent from the processed dataset; national totals therefore
exclude these states. Exposed buildings are defined as those with positive expected annual loss (EAL)
for the hazard layer being analyzed. Under the combined hazard layer, 7,506,151 buildings meet this
definition. Unless stated otherwise, insurance-participation shares use exposed buildings as the
denominator.

The workflow integrates hazard-specific flood depths, building geometry, tract-level census information,
Hazus replacement-cost data39, FEMA flood-zone information, surveyed first-floor elevations, and
observed NFIP policy records. These inputs are used to estimate direct event loss, EAL, expected
covered payout, public shortfall, and NFIP shortfall for individual buildings, followed by aggregation to
census tracts (Extended Data Fig. 1).
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Flood depths were taken from the Fathom U.S. flood-model framework, which simulates pluvial, fluvial,
and coastal inundation at 30 m grid resolution across the conterminous United States. The framework
has been described and evaluated in prior peer-reviewed U.S. applications7,30. Building-level predictions
retain local uncertainty, but aggregation to census tracts reduces the influence of local over- and under-
prediction on the spatial comparisons used in this study.

Building exposure was represented using footprint polygons and LiDAR-derived heights40. Tract-level
priors and housing-age information were taken from the American Community Survey (ACS), including
Tables S2504 and B2503441. Prototype-specific replacement-cost information and above-floor depth-
damage relationships were based on Hazus technical guidance, while below-grade damage relationships
were taken from U.S. Army Corps of Engineers guidance. Flood-zone information was taken from FEMA’s
National Flood Hazard Layer (NFHL)28. Designations beginning with A or V were treated as Special Flood
Hazard Area (SFHA) zones. All other and missing designations, including locations without digitized
NFHL coverage, were treated as outside the mapped SFHA in the main analysis. The NFHL is assembled
from community-level studies with gaps, overlaps, and non-digitized areas; these features were not
manually infilled, and SFHA-related results inherit the resulting limitations. Observed insurance
information was taken from spatially redacted OpenFEMA NFIP policy records29. Private flood-insurance
policies are not observed in these files and are treated as a limitation, not as evidence of zero private
coverage. The National Structure Inventory and related U.S. Army Corps of Engineers documentation
were used where needed for structure classification and inventory harmonization.

Building-scale hazard depths
Let  index buildings,  index hazard type, and  index return period. Hazard type was defined as:

where PD, FD and CD denote pluvial, fluvial and coastal flooding, respectively. The hazard fields provide
depths at the 5-, 10-, 100- and 500-year return periods. All modeled depths, building heights and first-
floor heights are expressed in feet.

For building , let  denote its footprint polygon and let  denote modeled flood depth at
location  for hazard  and return period . Building-scale flood depth was defined as the maximum
modeled depth within the footprint:

Buildings with no modeled inundation were assigned . The maximum-within-footprint
extraction preserves localized high-depth cells that may be missed by centroid-based or footprint-

i h r

h ∈ {PD,FD,CD},

R = {5,10,100,500} yr.

i Bi Dh,r (x)

x h r

di,h,r = max
x∈ Bi

Dh,r (x) .

di,h,r = 0
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average approaches.

For integrated multi-hazard loss estimation, combined depth at each return period was defined as:

This construction counts each building once where the hazard layers overlap. The combined layer is
therefore a non-additive measure of integrated multi-hazard exposure, not a simulation of compound or
sequential flooding and not the sum of hazard-specific depths.

Building geometry and gross floor area
Each building was assigned a planimetric footprint area and a LiDAR-derived maximum height40,42. Story
count and gross floor area were inferred from these quantities. Building geometry supports occupancy-
prototype assignment and provides the floor-area basis for replacement-value estimation and policy-
allocation limits. The functional forms and parameter bounds are reported in the Supplementary
Methods.

Occupancy prototype assignment by Bayesian fusion
Each building was assigned to a Hazus occupancy prototype, such as RES1I, RES3BI, COM3I, or IND2I,
through a Bayesian fusion of geometry-based likelihoods43,44 and tract-level prior information. For each
candidate prototype, a geometry likelihood was computed from reference ranges for footprint area, story
count, and gross floor area and combined with tract-level occupancy priors derived from ACS Table
S2504. The maximum a posteriori prototype was assigned to each building. This procedure allows tract
context to regularize the classification while retaining building-scale geometric information. Likelihood
specifications, prior construction, posterior normalization, and tie-breaking rules are reported in the
Supplementary Methods.

Replacement value estimation
Tract- and prototype-specific unit replacement costs were taken from the Hazus inventory39. Missing
tract-prototype values were imputed using state-level medians for the same prototype. Unit costs were
adjusted in four bounded steps: a local housing-value adjustment based on the ratio of tract- to state-
level values for the relevant age cohort; a vertical adjustment for buildings taller than the canonical story
count of their prototype; a bounded age factor; and tile-level winsorization45,46 to limit the influence of
sparse prototype assignments and extreme geometry.

The upstream valuation procedure produced an adjusted structure value  and a bounded age factor
. Because the loss model is applied to full, undepreciated structure replacement cost, the central

pipeline used:

di,Comb,r = max (di,PD,r, di,FD,r, di,CD,r) .

R
adj

i

f
age
i
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with  bounded between 0.05 and 1. The resulting value excludes land and contents. Relative spatial
patterns in selected Austin, Texas tracts were compared with the publicly available Zillow Home Value
Index as a plausibility check47. This comparison was not used to calibrate or rescale building values.

Reconstruction of building-level NFIP coverage
The OpenFEMA NFIP policy files do not identify the insured building footprint directly. Building-level
coverage and written policy cost were therefore reconstructed by assigning observed policy records to
physical buildings through a tiered spatial allocator.

Policy allocation was restricted to buildings in the processed inundation inventory. Each candidate
assignment had to satisfy a coverage-cap constraint tied to estimated replacement value and a
prototype-specific policy-count constraint scaled by gross floor area. Residential-status consistency was
also enforced. Observed policy coverage amounts already contain the NFIP building-coverage limits,
including the $250,000 residential and $500,000 non-residential limits. The allocation constraints govern
where an observed policy can be placed; they do not create synthetic coverage.

Policies were assigned in six tiers, ordered from strongest to weakest spatial evidence: direct footprint
matching, buffered footprint matching, nearest-eligible-building matching, deterministic within-tract
matching constrained by FEMA flood zone, stochastic risk-distance allocation based on proximity and
100-year flood depth, and a final within-tract high-risk fallback. Distance thresholds, sub-passes,
stochastic weights, policy-count constraints, tier-specific assignment totals, and unmatched-policy
diagnostics are reported in the Supplementary Methods.

After allocation, reconstructed building coverage and annual written policy cost were:

where  is the set of policy records assigned to building ,  is the observed building-coverage
amount, and  is the observed annual policy cost. These quantities carry observed policy records to
building scale. They are reconstructed building-level assignments, not directly observed parcel-level
contracts or optimal coverage allocations.

First-floor elevation from surveyed records
First-floor height was derived from two Elevation Certificate fields in the OpenFEMA policy records:
lowest-floor elevation and lowest adjacent grade. Their difference gives the height of the reported lowest
floor above local grade. Records were retained when both elevations were present and physically
plausible, and records whose lowest floor represented a basement, enclosure, or subgrade crawlspace
were excluded from the first-floor-height sample. Repeated policy-term records with identical tract,

Ri = ,
R

adj

i

f
age
i

f
age

i

Ci = ∑ p∈ P(i)cp, P act
i = ∑ p∈ P(i)π p,

P (i) i cp
π p
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elevation pair, occupancy class, and flood-zone family were collapsed, leaving 2,378,132 distinct
elevation records.

First-floor-height strata were constructed by county, occupancy class (residential or non-residential), and
A/V/X flood-zone family. A county-level stratum was used when it contained at least 100 observations.
Assignment otherwise fell back to state by occupancy and zone family, state by occupancy, and finally
national occupancy by zone family. The central specification uses the stratum median. The first and third
quartiles define the low and high sensitivity scenarios. Under this hierarchy, 37% of study buildings
received a county-level estimate, 38% a state-by-zone-family estimate, 25% a state-level estimate, and
fewer than 0.1% a national estimate. Because Elevation Certificates are disproportionately available for
insured and post-FIRM properties in mapped flood zones, the resulting strata may not fully represent
buildings without certificates; the quartile scenarios are used to assess this source of uncertainty.

Hazard-specific direct loss estimation
Direct event loss was estimated separately for the pluvial, fluvial, coastal, and combined hazard layers.
Let  denote the assigned first-floor height and  the building height. Effective depth above the first
floor was:

Where a valid building height was available, this quantity was capped at the available height above the
first floor:

Each occupancy prototype was mapped to a Hazus-family piecewise-linear above-floor depth-damage
curve. Let  denote the curve family assigned to prototype ,  the corresponding curve,
and  a prototype-specific multiplier. The above-floor damage ratio was:

Below-grade damage was represented using the U.S. Army Corps of Engineers EGM 04 − 01 structure-
damage functions. Because basement presence is not observed for each building, a local basement
probability  was estimated from the share of basement-type foundation records in the building’s
county-by-occupancy stratum, with a minimum of 100 records. Missing county estimates fell back to
state-by-occupancy strata with at least 50 records, followed by Census-division basement prevalence for
residential buildings and a national non-residential prevalence of 16.7%. Basement presence was then
assigned through a Bernoulli draw with a fixed random seed of 12345:

The central assignment identifies 3,110,951 buildings, or 24.1% of the processed inventory, as having a
basement. Results under an alternative seed are included in the sensitivity analysis.

ei Hi

ai,h,r = max (di,h,r − ei, 0) .

ai,h,r = min [ai,h,r,max (Hi − ei, 0)] .

f (ci) ci Df(ci) (⋅ )

η ci

δ
above
i,h,r = η ci

Df(ci) (ai,h,r) .

qi

Bi ∼ Bernoulli (qi) .
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Let  denote water level relative to the first floor, and let  and 
denote the EGM 04 − 01 with-basement and without-basement structure-damage functions for story
class . The below-grade increment was:

Buildings with first-floor heights of at least 4 ft were also assigned an enclosure, foundation, and service-
equipment component beneath the elevated floor. This component represented 10% of structure value
and increased in proportion to the fraction of the grade-to-floor space filled by water:

The total damage ratio was bounded between zero and one:

and direct event loss was:

No global rescaling was applied to the damage functions, and no parameter was calibrated to reproduce
an external national loss total.

Expected annual loss
Expected annual loss was calculated by integrating the exceedance-loss curve. Let , for

, denote the return periods on the integration grid, ordered from the most frequent to the
rarest event, and let

denote annual exceedance probability. Before interpolation, the modeled depth sequence for each
building and hazard was constrained to be nondecreasing with return period. Depths were then
interpolated between the four available return-period layers in log-return-period space onto a 33-point
grid spanning 5 to 500 years. Event loss  was evaluated for building , hazard , and grid point .

Building-level EAL was calculated by trapezoidal integration over annual exceedance probability:

zi,h,r = di,h,r − ei D
WB
s (z) DNB

s (z)

s

δ
bas
i,h,r = Bi (di,h,r > 0)max [DWB

s (zi,h,r) − DNB
s (zi,h,r) , 0] .

δ
enc
i,h,r = 0.10 (ei ≥ 4 ft) (di,h,r > 0) .

min (di,h,r, ei)

max (ei, 10−3)

δ i,h,r = min [max(δ above
i,h,r + δ

bas
i,h,r + δ

enc
i,h,r, 0) , 1] ,

Li,h,r = δ i,h,rRi.

Tj
j = 1, … , J

pj =
1

Tj

Li,h,j i h j

EALi,h = ∑
J−1

j=1
(pj − pj+1) + pJLi,h,J .

Li,h,j + Li,h,j+1

2
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The final term carries the 500-year event loss across events rarer than the 500-year return period. Events
more frequent than the 5-year return period are not represented in the hazard layers. Alternative
integration conventions, including lower- and upper-step approximations over the original return-period
layers and a specification restricted to return periods of 10 years and longer, are reported in the
Supplementary Information. These alternatives affect the absolute loss estimates but have limited
effects on burden-channel shares and tract-level spatial patterns; rank correlations of the tract-level
burden metrics against the central specification remain at or above 0.86 under every alternative tested
(Supplementary Table S16).

Expected covered payout, public shortfall, and NFIP
shortfall
For each building, reconstructed building coverage  and annual written policy cost  were
combined with hazard-specific event losses to calculate expected covered payout, public shortfall, and
NFIP shortfall.

A representative per-event deductible of  was applied before the building-coverage limit.
Covered payout at each return-period grid point was:

For buildings without reconstructed NFIP coverage, , and covered payout is zero. Expected
covered payout was annualized using the same integration grid and trapezoidal rule as EAL:

Building-level public shortfall, also referred to as uncovered loss, was defined as:

This quantity includes loss arising through nonparticipation, the portion of an insured loss absorbed by
the deductible, and loss exceeding reconstructed building coverage.

Building-coverage risk-premium base
The modeled payouts represent building damage only, while written policy cost contains premium
components associated with both building and contents coverage and may also include fees,
surcharges, and other policy components. The premium base was therefore adjusted to match the scope
of the modeled payouts.

For each state , we calculated , the ratio of total insurance premium to total written policy cost, and
, the building share of combined building-and-contents coverage. For a building located in state ,

the allocated building-coverage risk-premium base was:

Ci P act
i

D = $1,500

Qi,h,j = min [max (Li,h,j − D, 0) ,Ci] .

Ci = 0

Payi,h = ∑
J−1

j=1
(pj − pj+1) + pJQi,h,J .

Qi,h,j + Qi,h,j+1

2

S
pub

i,h
= EALi,h − Payi,h.

s ρ s

bs s (i)
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Nationally, the insurance-premium share is approximately 0.82 and the building-coverage share is
approximately 0.81. Their product places the building-coverage risk-premium base at about 66% of total
written policy cost, or approximately $  billion per year across the reconstructed portfolio.

Allocating premium in proportion to coverage assumes that building and contents premiums are
proportional to their coverage amounts within each state. The resulting base is not a pure actuarial risk
premium because the available policy fields do not separately identify every expense, underwriting, and
increased-cost-of-compliance component. To the extent that such components remain in the base, the
estimated NFIP shortfall is conservative.

Building-level NFIP shortfall was defined as the positive difference between expected covered payout
and the allocated building-coverage risk-premium base:

NFIP shortfall is used as a measure of premium-deficit pressure within the reconstructed portfolio. It is
not an estimate of program solvency because it does not include administrative costs, capital
requirements, reserves, reinsurance, or other program-level balance-sheet components.

The portion of expected covered payout supported by the allocated premium base was defined as
premium-funded payout:

Building-level burden shares were calculated for buildings with positive EAL:

where  is the uncovered-loss share and  is the NFIP-shortfall share. The remaining
share is premium-funded payout:

The public-shortfall and NFIP-shortfall shares therefore do not sum to one because the remaining
portion of EAL is premium-funded payout.

P risk
i = P act

i ρ s(i)bs(i).

3.0

SNFIP
i,h = max(Payi,h − P risk

i , 0) .

Fi,h = Payi,h − SNFIP
i,h = min(Payi,h,P risk

i ) .

ULSi,h = ,
S
pub

i,h

EALi,h

NFSi,h = ,
S
NFIP
i,h

EALi,h

ULSi,h NFSi,h

PFSi,h = = 1 − ULSi,h − NFSi,h.
Fi,h
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Aggregate net premium gap
NFIP shortfall sums positive building-level gaps and does not allow premium amounts above expected
payout for one building to offset deficits for another. For comparison with program-level estimates, we
also calculated the aggregate net premium gap under the combined hazard layer:

The premium total in this calculation includes all processed buildings with an allocated NFIP policy,
including buildings with zero combined-hazard EAL. The aggregate net gap therefore differs from:

because the net calculation allows premium amounts above expected payout to offset deficits
elsewhere in the reconstructed portfolio.

Accounting identity and incidence
Expected annual loss decomposes exactly into public shortfall, NFIP shortfall, and premium-funded
payout:

Equivalently,

and

Each expected dollar of modeled loss is therefore assigned to one of three destinations. Public shortfall
is loss that remains outside expected NFIP payout. It falls first on uninsured or under-covered property
owners and their communities and may later generate demand for post-disaster assistance. The term
does not denote government expenditure. NFIP shortfall is the portion of expected covered payout that
exceeds the allocated building-coverage risk-premium base. Premium-funded payout is the portion of
expected payout supported by that base.

A sensitivity grid varied the first-floor-height scenario, integration rule, return-period floor, below-grade
and enclosure pathways, basement assignment, premium-base definition, and pluvial-drainage treatment
(Supplementary Information, Part D). All main-text results use the central specification.

Aggregation and tract-level burden metrics

G
net
Comb = ∑ iPayi,Comb −∑ iP

risk
i .

∑ iS
NFIP
i,Comb = ∑ imax(Payi,Comb − P risk

i , 0) ,

EALi,h = S
pub

i,h
+ SNFIP

i,h + Fi,h.

EALi,h = S
pub

i,h + Payi,h,

Payi,h = S
NFIP
i,h + Fi,h.
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Building-level outputs were aggregated to census tracts. The building-level dataset spans 76,659 tracts,
while the tract-level spatial layer contains 83,954 tracts. The regime analysis includes 74,240 tracts with
positive combined-hazard EAL and the quantities required for classification.

For tract  and hazard , tract-level expected annual loss was:

Tract-level public shortfall was:

Tract-level NFIP shortfall was:

Allocated written policy cost was aggregated as:

The tract written-policy-cost total includes amounts allocated to processed buildings with zero
combined-hazard EAL. These amounts do not contribute to building-level NFIP shortfall but remain part
of the local premium volume used in the tract metric.

Three tract-level measures were constructed under the combined hazard layer. Public loss absorption
was

and measures the share of tract-level EAL that remains outside expected NFIP payout.

For tracts with positive allocated written policy cost, premium-deficit pressure was:

The denominator is the tract's allocated written policy cost, so the ratio expresses NFIP shortfall relative
to the premium volume recorded locally. The numerator is calculated against the building-coverage risk-
premium base, whereas the denominator is total allocated written policy cost; PDP is therefore a relative
indicator across tracts, not a like-for-like accounting ratio. It should not be interpreted as a break-even
threshold, an actuarial loss ratio or a measure of total program liability. Tracts with both zero allocated
written policy cost and zero NFIP shortfall were assigned a PDP value of zero. For clustering only, tracts
with zero allocated written policy cost and positive NFIP shortfall were assigned the upper value used to

t h

EALt,h = ∑ i∈ tEALi,h.

Pubt,h = ∑ i∈ tS
pub

i,h
.

NFIP t,h = ∑ i∈ tS
NFIP
i,h .

Premact
t = ∑ i∈ tP

act
i .

PLAt = ,
Pubt,Comb

EALt,Comb

PDP t = .
NFIP t,Comb

Premact
t
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limit the influence of extreme ratios. Uncapped values were retained for descriptive summaries where
the denominator was positive.

Total shortfall burden was:

Tract-level burden regimes
The tract classification used three variables:

To limit the influence of extreme values during model fitting, PDP and total shortfall burden were capped
at their respective 99th percentiles before logarithmic transformation. These caps were applied only to
the classification variables; uncapped values were retained for regime summaries. The three variables
were then centered on their medians and scaled by the difference between their 90th and 10th
percentiles.

A four-component Gaussian mixture model with full covariance matrices was fitted to a random sample
of 20,000 valid tracts and used to predict component membership for all classified tracts. The model
used three initializations, a maximum of 150 iterations, covariance regularization of , and a random
seed of 42. A four-component solution was retained because it provided an interpretable separation of
burden magnitude and insurance state. Component assignment was probabilistic. Tracts with a
maximum posterior assignment probability below 0.70 were identified as uncertain, and assignment
uncertainty is reported in the Supplementary Information.

The components were labelled from their empirical composition. The component with the largest share
of tracts combining public loss absorption of at least 0.99 with zero NFIP shortfall was labelled minor
burden, uninsured. Among the remaining components, the component carrying the largest total NFIP
shortfall was labelled major burden, substantially insured. Of the two remaining components, the one
carrying the larger total public shortfall was labelled major burden, mostly uncovered, and the remaining
low-burden component was labelled minor burden, some coverage.

These labels describe the empirical characteristics of the fitted components and do not represent fixed
actuarial thresholds. The components overlap in the classification space, and posterior assignment
uncertainty is reported in Supplementary Fig. S8 and Supplementary Table S7. Hazard type and
geographic location were not included in the classification, allowing the hazard composition and spatial
distribution of each regime to be examined separately as empirical results.

Data availability
The flood-hazard fields used in this study are from the defended layers of the Fathom U.S. flood model
and are subject to licensing restrictions; these data cannot be redistributed by the authors. National

TBAt = Pubt,Comb + NFIP t,Comb.

PLAt, log (1 + PDP t) , log (1 + TBAt) .

10−6
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Flood Insurance Program (NFIP) policy records are publicly available through OpenFEMA, and FEMA
flood-zone data are available through the National Flood Hazard Layer. Other publicly available data
sources are identified and cited in the Methods. Derived census-tract-level data supporting the analyses
and figures are available in the project GitHub repository (https://github.com/Koazizi/Flood-Insurance).
Additional supporting data, tables and diagnostics are provided in the Supplementary Information.

Code availability
The analysis code used to reconstruct building-level losses, allocate NFIP coverage and classify tract-
level burden regimes is available at the project GitHub repository (https://github.com/Koazizi/Flood-
Insurance). The repository includes environment specifications, processing scripts and supporting
tables, but does not include licensed Fathom flood-hazard fields.
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Figures

Figure 1

Sequential allocation of expected flood loss across burden channels. Each unit of expected annual loss
passes through three conditions: insurance participation, coverage adequacy and premium pricing. Loss
associated with nonparticipation, deductibles or coverage limits becomes public shortfall. Expected
covered payout above the allocated building-coverage risk-premium base becomes NFIP shortfall, and
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the remaining covered payout is premium-funded. Grey arrows show the available routes, and blue
annotations indicate the pathways most common for each hazard.

Figure 2

National geography of hazard-specific expected annual loss. Census tract-level expected annual loss is
mapped separately for (a) pluvial, (b) fluvial and (c) coastal flooding, and (d) the combined hazard layer
across the CONUS. Values are aggregated from building-level modeled losses annualized over the
return-period set used in the analysis. The combined panel uses the maximum hazard-specific depth at
each return period before loss estimation and represents an integrated multi-hazard loss layer, not the
sum of the three hazard-specific layers. Darker shading indicates higher tract-level expected annual loss,
and light grey indicates no-data tracts. Alabama, Connecticut and North Dakota are absent from the
processed building inventory (Methods) and appear as no-data areas here and in subsequent maps.
Census tracts are population-based units, so visual area is not proportional to national loss contribution;
the state-level view in Extended Data Fig. 2 summarizes the corresponding concentration and
composition.
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Figure 3

Hazard-specific pathways into and around coverage. The panels compare how flood losses enter
reconstructed NFIP coverage or remain outside expected payout across pluvial, fluvial, coastal and
combined hazard layers. Panel (a) shows the share of exposed buildings that are insured across the
expected annual loss distribution. Panel (b) shows, among insured buildings, the uncovered-loss share,
computed as summed uncovered loss divided by summed expected annual loss within each loss bin.
Panel (c) shows the share of uncovered loss located outside FEMA Special Flood Hazard Area (SFHA)
zones across the same expected-loss distribution. The panels distinguish whether hazard-specific
differences arise mainly from insurance participation, residual loss among insured buildings, or the
extent to which uncovered loss falls outside the mapped regulatory core.

Figure 4
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Burden reallocation across the expected-loss spectrum under the combined hazard layer. Panel (a)
plots the building-level uncovered-loss and NFIP-shortfall shares against expected annual loss, with each
share measured relative to building-level EAL. Curves are rolling means over windows of approximately
224,000 buildings. The two shares do not sum to one because the remaining share is premium-funded
payout. Panel (b) plots the derivative of a two-transition double-logistic profile fitted to logarithmically
binned means of the NFIP-shortfall share. Blue shading marks the range in which the NFIP-shortfall
share rises, orange shading marks the range in which it declines, and the vertical line marks the
approximate reallocation threshold near $10,000 yr⁻¹.

Figure 5

Tract-level burden regimes under the combined hazard layer. Panel (a) maps tract-level public shortfall
and panel (b) maps tract-level NFIP shortfall, both in million USD yr⁻¹. Panel (c) shows the four empirical
regimes derived from public loss absorption, log-transformed premium-deficit pressure and log-
transformed total shortfall burden. Assignment is probabilistic and overlap among components is
reported in the Supplementary Information. Panel (d) compares each regime’s share of burden among
classified tracts with its tract share; values above one indicate disproportionate concentration. Tracts
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without positive combined-hazard EAL or the measures required for classification are shown in grey.
Alabama, Connecticut and North Dakota are absent from the processed inventory.

Figure 6

Hazard composition within burden regimes. Panel (a) shows the relative contributions of separately
modeled pluvial, fluvial and coastal public shortfalls within each burden regime. Panel (b) shows the
corresponding shares for NFIP shortfall. Grey bars indicate regimes in which the displayed channel is
below $10 million and percentage composition is not interpreted. Percentages normalize the three
hazard-specific estimates within each regime and channel; they are not a decomposition of the
combined-layer totals in Extended Data Tables 1 and 3.
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