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Flood teleconnections from levees
undermine disaster resilience
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Inland levees can amplify flood risk in unprotected communities by altering floodwater levels away
from their location. While these nonlocal effects of levees, which we term flood teleconnections, have
been studied for specific river segments, their impact on flood risks along a river network remains
underexplored. By combining data-driven, hydrodynamic, and economic models, we quantify the
magnitude, spatial distribution, and economic damages associated with flood teleconnections for a
large river network system with extensive levees. We find that due to levees, the 100-year flood
inundation extent grows by 25% of the total levee-protected area regionally, and the flood inundation
depth increases by up to 2 m at specific locations. Levees also increase the vulnerability of
unprotected, marginalized communities to flooding. Our results demonstrate that flood
teleconnections are spatially widespread, involve unaccounted costs, and can lead to flood inequities.
These findings will be critical to climate adaptation efforts in flood-prone regions.

Inland levees are used for flood protection globally' ™. Although levees can
protect against flooding locally by preventing floodwaters from entering the
area behind them, they have negative unintended consequences™™. By
constricting flood waves and reducing floodplain storage, levees increase
flood water levels and velocities, negatively impacting unprotected com-
munities away from their location®’. Using both empirical*'’ and modeling’
approaches, these negative impacts have been studied for specific levee
systems and rivers, such as segments of the Mississippi River'' ™", but the
impacts on diverse towns and cities along a river network remain under-
explored. Despite the widespread adoption of levees in many parts of the
world and their application in global climate adaptation models'*"", there is
a limited evidence base of the nonlocal influence of levees on flood damages
and vulnerabilities at a system (basin) level.

Climate change is driving changes in flood patterns globally'**’. Based
on future climate projections, flood hazard is expected to increase in many
regions of the world in the coming decades™ ™. In the United States, the
severity and frequency of floods have increased over time at many
locations™ and are expected to continue to rise in the future’®”’. This implies
that the current flood protection level of levees, such as setting the height of
levees to withstand a 100-year flood, will be insufficient in the future, and
existing levees will need to be enlarged to maintain present protection levels
in the future. This flood risk management challenge is compounded by
levees that are past or approaching the end of their design life. In the United
States, of the levees listed in the National Levee Database approximately 85%

are designated as nonaccredited™, highlighting that a significant number of
levees need to be upgraded even just to meet today’s accreditation standards.

To be effective in supporting flood resilience and climate adap-
tation, infrastructure investments need to account for levees’ negative
externalities’”’, like regional flood teleconnections. We use the
concept of flood teleconnection to refer to the shift or transfer of flood
risk away from a levee, which occurs when changes in floodwater
levels and velocities caused by the presence of a levee propagate
through the river network to impact nearby and distal
communities”"’. Although hydraulic theory can explain a levee’s
nonlocal effect on flood inundation along a river segment, this effect
is substantially more challenging to untangle at broad spatial scales,
where interactions between multiple levees, floodplain development,
and the river network morphology can amplify flood risk in nontrivial
ways. Moreover, by not recognizing flood teleconnections explicitly,
previous large-scale flood inundation studies may have overestimated
the benefits of levees'>*>****. Here, we model and quantify the mag-
nitude, spatial distribution, and economic damages associated with
flood teleconnections along the river network of the Susquehanna
River Basin (SRB)—the main tributary to the largest estuary in North
America, the Chesapeake Bay. There are more than 140 major levee
systems in the SRB (Fig. 1A and Fig. S1), totaling over 180 miles of
protected floodplain and safeguarding numerous towns and cities
against catastrophic flood damages and losses.
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Fig. 1 | Susquehanna River Basin (SRB) and comparison of flood

inundation maps. A Map illustrating the spatial distribution of land cover, location
of levees, 100-year flood inundation extent along the river network, and areas
(labeled 1 through 4 and indicated with red boxes) used to evaluate the flood

Agriculture [ JFEMA

inundation simulations in the SRB. The inset map shows the location of the SRB in
the U.S. Northeast. B Visual comparison between the simulated flood inundation
extents and FEMA 100-year flood hazard maps for the areas labeled 1 through 4
in A.

Results

Flood inundation simulations for a large river network with
extensive levees

To simulate the flood inundation associated with different extreme flood
events, we combined statistical® and 1D/2D hydrodynamic models of
extreme flood™ (Materials and Methods). The statistical model was used to
determine extreme flood events of different return periods (5, 10, 50, 100,
and 500 years), which were used as boundary conditions in the hydro-
dynamic model. The hydrodynamic model was used to simulate flood
inundation for scenarios representing different combinations of return
periods and flood protection (with and without levees). For the statistical
model, we used a regionalization approach (Materials and Methods),
together with the generalized extreme value distribution, to improve the
estimation of extreme flood events.

Using daily streamflow observations for 118 gauged sites in the SRB
(Fig. S2), the regionalized statistical model augments local information at a
target location by pooling data from other regional sites with similar
hydrological characteristics to the target location (Supplementary Meth-
ods). For example, at one gauged site with only 10 years of daily streamflow
data (Fig. S2), the uncertainty was reduced by as much as 70% for the 100-
year flood compared to a nonregionalized version of the statistical model
(Fig. S3). Similar reductions in uncertainty were observed at other sites with
short records. Our methodology represents a substantial improvement over
that of previous flood inundation studies that have not considered the
uncertainty associated with the estimation of extreme flood events.

For the 100-year flood event, the flood inundation extents simulated
using our hydrodynamic model compare well against the Federal Emer-
gency Management Agency (FEMA) flood inundation maps (Fig. 1B),
which are widely used for flood plain management and to inform flood
insurance decisions. To compare the flood inundation maps, we used a
fitness statistic to measure the degree of agreement or overlap between
FEMA’s flood inundation extent and the simulated inundation predicted by
independent, locally isolated models (areas 1 through 4 in Fig. 1A) that
account for the presence of levees (Supplementary Methods). Based on these
case studies (areas 1 through 4 in Fig. 1A and Table S1), we found that the

overlap was high—greater than 85% (Fig. S4A), indicating that our mod-
eling results were consistent with FEMA flood inundation maps. In areas of
flat terrain, like the deltaic subregion of the lower SRB, the overlap was lower
—approximately 75% (Fig. S4A)—because the flood inundation simulation
became more sensitive to the terrain resolution. This was further evaluated
by testing the sensitivity of the hydrodynamic model to the terrain resolu-
tion. We also performed a comparison of the 100-year water levels between
FEMA and the model outputs at different locations (Fig. S5). This com-
parison check showed that our model can reasonably simulate water levels,
supporting the robustness of our inundation predictions.

The resolution of our regional flood inundation model for the SRB was
30 m. Comparing this model’s results against simulations with 3- and 10-m
resolutions, we found that the performance of the regional model was
comparable to that of the higher-resolution models (Fig. S4B). That is, the
overlap between the regional and 3-m resolution models was comparable to
the overlap between the 10- and 3-m models for various case studies, with
values of the fitness statistic greater than 80% (Fig. S4B). For flood inun-
dation depth, the maximum root mean square difference between the 30-
and 3-m simulations was approximately 1 m, which is comparable to the
minimum freeboard required by FEMA for levee certification”, suggesting
that our simulation error was within FEMA’’s safety factor. However, in the
deltaic subregion of the lower SRB, where flood teleconnections are negli-
gible, we found that a finer resolution markedly improves flood inundation
modeling (Fig. S6).

Flood teleconnections from levees across the river network

To model and quantify flood teleconnections, we simulated flood inunda-
tion with and without levees for different return periods. By comparing
these two flood protection scenarios against each other for a given return
period, we distinguished between protected floodplain areas (PFAs) and
teleconnected floodplain areas (TFAs). The PFA is the area behind a levee
that is safeguarded from flooding by being disconnected from the flood-
plain. TFAs are flood inundation areas that are indirectly modified by the
presence of levees, including impacted areas that are nearby or far away from
the levees. TFAs result from increases in the extent or depth of floodwaters
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due to levees. We measured TFAs using both the total flood inundation area
affected by the change in flood inundation extent and that affected by the
change in depth due to levees for a given return period, which yielded two
different estimates of TFAs. For the change in the flood inundation area
based on depth, we used a minimum threshold of 0.3 m to focus on TFAs
that can result in costly flood damages.

Our results show that the total TFA accounts for roughly 0.8%
(equivalent to 26% of the total PFA) and 9.0% of the 100-year flood inun-
dation area, based on the change in inundation extent and depth, respec-
tively, in the SRB (Table S2). The large difference in the size of TFAs based
on the change in inundation depth versus inundation extent indicates that
increases in floodwater levels due to levees are mostly confined to narrow
floodplains.

We found that TFAs can occur over long distances, negatively
impacting communities that are farther away from a levee than would be
anticipated from examining a levee’s neighboring areas alone (Fig. 2A).
Previous studies have often focused on areas in the vicinity of levees,
potentially missing these long-distance interactions. Here, these flood tel-
econnections tend to emerge from the interactions between multiple levees
and the river morphology. For instance, our results show that several
upstream levees in series drive flood inundation increases at a distant tele-
connection site 32km downstream from the levees (Fig. 2A, B), with
floodwater levels increasing by 1.3 m just downstream of the levees (Fig. 2C)
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Fig. 2 | Illustration of long-distance flood teleconnection. A Map depicting the
location of levees (yellow lines) and a distant flood teleconnection site (red box),
approximately 32 km downstream from the levees. This panel highlights the spatial
extent of levee influence on flood inundation. B Mapping comparison of 100-year
flood inundation levels with (blue line; L100) and without (purple line; U100) levees
at the distant flood teleconnection site (red box in panel A), demonstrating how
levees can alter flood dynamics far downstream. C Comparison of floodwater levels
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and by 0.6 m at the long-distance teleconnection site (Fig. 2D). These ele-
vation changes are substantiated by recent FEMA observations, which
recorded flood elevation increases for a 100-year flood event ranging
between 0.3 and 1.8 meters in the vicinity and downstream areas of these
levees™.

In our long-distance teleconnection example (Fig. 2), flood amplifi-
cation occurred because the negative effect of levees on flood inundation was
enhanced by the river morphology. The floodplain is narrower and the
banks steeper upstream, where the levees are located (Fig. 2C), than at the
distant teleconnection site (Fig. 2D), which facilitates the propagation of
floodwaters and thus the transfer of flood risk downstream. Moreover, the
increase in flood inundation depth at the distant teleconnection site was
equivalent to 40% of the increase expected from a 500-year flood (Fig. 2D).
That is, at this teleconnection site, the 100-year flood level approached the
value of a 500-year event due to the flood amplification caused by levees.
Overall, across the SRB, the increases in flood inundation depth were as large
as 2 m in floodplain areas and communities unprotected by levees.

To assess the stability of the simulated TFAs, we evaluated their sen-
sitivity to the uncertainty in the boundary condition, since this is a major
source of modeling error”. For a subregion in the eastern SRB with a high
concentration of levees (area 5 in Fig. S2), we estimated the 95% confidence
intervals of the 100-year flood events used as the boundary condition in the
hydrodynamic model (Material and Methods). Using the lower and upper
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at a floodplain cross-section just downstream of the levees in A. D Comparison of
floodwater levels at a floodplain cross-section (yellow dashed line in B) on the distant
teleconnection site (red box in A). Notably, in both C, D, the 100 year flood level with
levees (L100) closely approaches the magnitude of a 500-year flood without levees
(U500), emphasizing the impact of levees on flood risk propagation downstream.

These flood levels are shown alongside the cross-section elevations from the digital
elevation model (DEM), illustrating the shift in floodwater behavior due to levees.
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bounds of these confidence intervals as two distinct sets of boundary con-
ditions, the uncertainty of the flood estimates was propagated through the
hydrodynamic model, which allowed us to obtain a lower and upper esti-
mate of TFA. Based on the change in the 100-year flood inundation extent,
the total TFA ranged from 9.2 to 13.8 km’, which is equivalent to 28% and
33%, respectively, of the total PFA (Table S3). It also shows that our regional
estimate of the TEA—26% of the total PFA—was not unduly influenced by
the uncertainty of extreme flood events, given that this estimate is relatively
close to our uncertainty range of 28% to 33%.

We also tested the sensitivity of TFAs to the terrain resolution. Our
regional estimate of TFA was based on 30-m flood inundation simulations.
Comparing these 30-m simulations against 10-m ones for our selected
subregion in the SRB (area 5 in Fig. S2), our results showed that even though
the total PFA and TFA decreased slightly in terms of the change in flood
inundation extent (Table S4), the ratio between the TFA and PFA remained
approximately similar at 25% for both the 30 and 10-m simulations. For the
flood inundation depth, the change in TFA due to terrain resolution fell
mostly within the TFA ranges obtained from considering the uncertainty in
the boundary condition. For example, the TFA range was 20% to 23.5% of
the total 100-year flood inundation area for the 30-m simulation due to the
uncertainty in the boundary condition (Table S3), while for the 10-m
simulation, the TFA was equal to 21.5% (Table S4). This indicates that TFA
is more influenced by the uncertainty in the boundary condition than the
terrain resolution, highlighting the importance of our regionalization
approach for quantifying and reducing the uncertainty of extreme flood
events.

Cost-benefit and vulnerability analyses of the basinwide flood
teleconnections

To further assess the impact of TFAs on flood risk, we performed a cost-
benefit analysis (Materials and Methods). For flood events of different
return periods, we estimated the economic benefit as the avoided flood
damages to structures in PFAs and calculated the cost as the flood damages
associated with TFAs. This cost is typically unaccounted for in flood
inundation studies. By accounting for the immediate cost (not considering
the levees’ lifespan) associated with TFAs, we found that it increased with
the return period across the SRB from $54 million for a 5-year flood to $380
million for a 500-year flood (Fig. 3A). These costs represent 15% and 27% of
the benefit from levees, respectively. Therefore, the cost associated with
TFAs may be substantial, underscoring the need to include flood tele-
connection costs when planning to upgrade levees.

Taking into consideration the design lives, capital, and maintenance
costs of levees, we found that TFAs contribute about 14% of the total
expected annual cost, whereas capital and maintenance costs account for
57% and 29%, respectively, for a 100-year flood (Fig. 3B). For a 500-year
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Fig. 3 | Cost-benefit analysis of levees considering flood teleconnections. A Total
immediate (not considering the levees’ lifespan) cost and benefit of levees for specific
flood return periods (5, 10, 50, 100, and 500 years), illustrating the economic impact
for each scenario. B Expected annual cost (EAC) and expected annual benefit (EAB)
over a 50-year lifespan of levees for 100- and 500-year flood protection scenarios.

flood, the contribution of TFAs to the total cost is about 9% (Fig. 3B).
However, the cost associated with flood teleconnections reduces the benefit-
cost ratio by as much as 14% regionally. The benefit-cost ratio decreases
from 1.35 to 1.16 and from 0.83 to 0.75 for 100-year and 500-year floods
(Fig. 3B), respectively, due to flood teleconnections. These benefit-cost ratios
of 0.75 and 1.16 that are near or below one—and below the recommended
target of 2.5 for federal flood projects in the United States”—emphasize the
critical need to quantify and assess TFAs in future levee planning. Similarly,
low benefit-cost ratios were reported by Bradt and Aldy™ for large levee
projects in the United States.

TFAs affect communities that are already highly vulnerable to flooding.
These are communities that require attention to ensure that flood mitigation
outcomes are equitable and just. We found that the flood teleconnections
associated with levee-protected, higher-income communities could nega-
tively impact unprotected, lower-income communities (Fig. 4A). For
example, households in census block group B1 are levee protected and have
a higher income, on average, than households in block groups B2 and B3
(Fig. 4A, B), which are affected by TFAs. The households in block group B3
are below the poverty line in Pennsylvania (Fig. 4B). This represents a type of
flood inequity in which flood risk is transferred from a levee-protected area
to an unprotected one with greater flood vulnerability.

To assess the influence of TFAs on flood vulnerability (Materials and
Methods), we divided all the block groups impacted by TFAs into four
vulnerability quadrants—high, medium-high, medium-low, and low vul-
nerability — on the basis of their per capita income and race (percent Black or
African American population) (Fig. 4C). Given that TFAs can occur over
long distances, exposure to TFAs affects heterogeneous communities across
the SRB (Fig. 4C), independently of their vulnerability. The population
distribution among block groups in the quadrants with high, medium-high,
medium-low, and low vulnerability was 9.5%, 31.4%, 1.6%, and 57.5%,
respectively, of the total population affected by TFAs (Table S5), indicating
that in terms of the number of impacted individuals, low vulnerability areas
are the most exposed to TFAs, whereas medium-low vulnerability areas are
the least exposed. However, for block groups with a Black or African
American population greater than 12% (the statewide percentage in
Pennsylvania), we found that the majority of the population — 85% of them
(Table S5) - fall into the high-vulnerability quadrant (Fig. 4C), indicating
inequality in the distribution of TFAs. This suggests that historically mar-
ginalized communities are more likely to experience TFAs while also having
less capacity to cope with flooding.

Discussion

By modeling flood inundation in a regional river network with a high
concentration of levees, we found that flood teleconnections are spatially
widespread and can span longer distances than generally recognized. They
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This panel highlights that 14% and 9% of the total cost of levees for 100-year and 500-
year flood scenarios, respectively, stem from teleconnection effects. The analysis
incorporates U.S. standard capital and maintenance costs, with adjustments for
additional height requirements and no discount on capital costs over time.
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Fig. 4 | Exposure and social vulnerability to flood teleconnections. A Map illus-
trating the 100-year flood inundation extent for three neighboring census block
groups—B1, B2, and B3. The map focuses on three census block groups for clarity,
but the analysis was performed for all the census block groups in the SRB. The red
boxes indicate the areas shown in the inset flood maps (right), which highlight the
flood teleconnection for block groups B2 and B3 using the 100-year flood inundation
extent with (purple shading) and without (blue shading) levees. B Plot of the per
capita income (PCI) for the same block groups, B1, B2, and B3, in A (only three block
groups are shown for clarity, but the analysis was done for all block groups in the

SRB). The dashed line represents the poverty level in Pennsylvania. C Plot of all the
block groups in the SRB impacted by 100-year flood teleconnections as a function of
each group’s percentage of Black or African American population and per capita
income. That is, each dot in the plot represents a different census block group in the
SRB. The plot is divided into four quadrants based on a 12% Black or African
American population and $27,185 per capita income, which are the statewide per-
centage of Black or African American population and the poverty level, respectively,
in Pennsylvania. The quadrants are used to categorize the block groups into high,
medium-high, medium-low, and low flood vulnerability.

can also result in flood inequities when they affect underserved populations
that are vulnerable to flooding. Given the prevalence of levees, this type of
flood inequity is relevant to communities in river basins other than the
SRB”. We also found that the flood damages associated with flood tele-
connections may be substantial, ranging across return periods from
approximately 9% to 27% of the damage averted by levees. These results
have implications for flood resilience and climate adaptation efforts across
flood-prone communities.

Flood teleconnections from levees can diminish flood disaster resi-
lience. Our results show that the magnitude and spatial extent of flood
teleconnections increase with the return period. This means that enlarging
current levees or building new ones to offset increases in future flood
hazards will amplify the flood risk in unprotected communities. This flood
risk amplification can weaken disaster resilience since it implies that as more
levees are built in a region, the overall flood protection benefits from levees
and the region’s capacity to cope with extreme flooding would progressively
decline over time. This reduction in regional disaster resilience may manifest
in different ways. For instance, if unprotected communities affected by flood
teleconnections lack flood insurance, this will delay recovery after a flood
event and thus hamper disaster resilience.

Failing to account for flood teleconnections could result in flood risk
misattribution and overestimation of the climate adaptation benefits of
levees. For example, if levees were enlarged to protect against the current
500-year flood—a standard being considered for climate adaptation pur-
poses by the U.S. government™ - rather than the 100-year flood, the cost of
flood teleconnections would increase by more than 2-fold in the SRB based
on our results. If flood teleconnections were omitted from the analysis,

however, this cost would likely be misattributed to climate change through
the change in the flood standard. To support regional disaster resilience and
climate adaptation, it is thus critical for levee engineering design to integrate
preventive measures against flood teleconnections. For instance, con-
sideration should be given to design factors that can minimize and mitigate
flood teleconnections—such as the location, size, number, and spacing of
levees—within a regional setting.

Flood inundation maps, like FEMA’s 100-year flood hazard maps and
similar products*, fail to identify and depict flood teleconnections, even
though flood maps are an essential and widely used tool for analyzing,
managing, and communicating flood risk. For instance, nonaccredited
levees — levees that do not meet the criteria to provide protection against a
100-year flood—are often excluded from the flood inundation modeling
and mapping processes. Although this exclusion has the advantage of
capturing the residual risk (the risk associated with a levee failure)", it also
leads to the underestimation of flood teleconnections, which may result in
the misrepresentation of the flood hazard for certain communities. Using
flood inundation maps to communicate the ability of flood teleconnections
to generate flood risk may foster flood resiliency—for example, by
improving flood literacy and flood related decisions made by individuals
and communities, such as purchasing flood insurance, flood-proofing, or
advocating for a particular flood measure®.

As in any model-based study, our approach has limitations. We used
steady-state dynamics to simulate flood inundation. For a particular extreme
storm, the magnitude and range of regional flood teleconnections will depend
on the storm characteristics (duration, intensity, and spatiotemporal varia-
bility) and on unsteady flood wave dynamics, which might lead to flood
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teleconnection estimates that differ from the steady-state ones. Nonetheless,
our approach is consistent with the modeling and mapping processes used to
generate large-scale”** and regulatory” flood inundation maps, implying
that flood teleconnections would be a prevalent feature of those maps if they
were to map or identify them. Additionally, we ignored the residual risk from
levees. This mainly affected our cost-benefit calculations, suggesting that the
benefit from levees is even less than that estimated here.

Historically, extensive levee construction has been preceded by record-
breaking flooding in the SRB, peaking with Hurricane Agnes in 1972**.
The large-scale flooding associated with Agnes prompted the addition of
approximately 60 miles of levees, which account for a large proportion of the
flood teleconnections in our analysis. Thus, unless different strategies are
proactively pursued and planned, the next unprecedented flood is likely to
trigger further levee construction, compounding the flood risk amplification
caused by levees. Nature-based solutions that restore the natural storage
capacity of altered terrestrial ecosystems like floodplains, wetlands, and
forests are being pursued as a sustainable alternative to levees and flood
protection infrastructure**”’. However, their efficient design and imple-
mentation require identifying flood risk transfers along the river network
and delineating the connection between upstream interventions (such as
restoring wetlands) and downstream flood risk reductions in individual
floodplain communities, making our flood teleconnection construct rele-
vant beyond levees.

Methods

The Susquehanna River Basin

The Susquehanna River is the longest river on the East Coast of the United
States (Fig. S1), draining an area of approximately 71,000 km?, including half
of the land area of the Commonwealth of Pennsylvania and portions of the
states of New York and Maryland. The majority of the land cover in the SRB
is made up of forestlands (65% of the SRB area), followed by pastures/
croplands (22%) and urban areas (8%)*.

The SRB, with a population of 4,200,000", is one of the most flood-
prone regions in the United States, experiencing devastating floods on
average every 14 years and over $150 million in flood damages annually™.
Flooding is frequently caused by the remnants of Atlantic hurricanes,
mesoscale convective storms, and/or rapid snow melts and snowfalls fol-
lowed by heavy rains. Flood hazard mitigation is aided by over 180 miles of
levees along the Susquehanna River network™ (Fig. S1).

To focus our assessment of model performance and conduct different
model sensitivity analyses, we selected four flood prone areas in the SRB
(labeled 1 through 4 in Fig. S2 and Table S1). These four flood-prone areas
have experienced more than five significant flood events since 1950, each
exceeding a return period greater than 10 years. Flooding in these areas is
mitigated by levees mostly designed to withstand a 100-year flood event. In
addition, to assess the effect of extreme flood event uncertainty on flood
teleconnections, we selected a larger subregion with a high concentration of
levees in the eastern SRB (labeled 5 in Fig. S2).

Data

Using the U.S. Geological Survey (USGS) watershed boundary dataset™, we
delineated the SRB’s catchment boundaries and stream network at the 12-
digit hydrological unit code (HUC-12) level. At this level, the SRB is com-
prised of 911 catchments with an average area of 78.1 km?, ranging from 1.6
to 187.2 km’. The topography was represented using digital elevation model
(DEM) data from the USGS National Elevation Dataset (NED)*'. The NED
provides elevation data with a consistent resolution, coordinate system,
elevation unit, and horizontal and vertical datums™. For modeling flood
inundation, we used DEM data at 3, 10, and 30-m resolutions. Land cover
was characterized using the 2019 USGS National Land Cover Data
(NLCD)™ at a 30-m resolution. The SRB is intensively monitored through a
network of USGS streamflow gauges (Fig. S2)*. For the estimation of
extreme flood events, we used daily streamflow data from gauges with at
least 10 years of records™. A total of 173 gauges were considered, covering
the entire SRB; 25 of the gauges have records longer than 100 years.

Information about levees was obtained from the U.S. Army Corps of
Engineers (USACE) National Levee Database (NLD)™. In the SRB, over
200,000 residents and 70,000 building units with a total value of $30 billion
are protected by nearly 140 levees (Fig. 1A and S1), of which 80 (47 miles)
are classified as nonaccredited”, since they cannot provide protection
against a 100-year flood event; 37 (90 miles) are designated as accredited;
and the remaining is provisionally accredited. The average age of the levees
is approximately 60 years (Fig. S1).

For the estimation of flood damage, we used the CoreLogic ParcelPoint
database™. This database contains the characteristics of U.S. properties and
their sale transactions, with over 99% national coverage. Based on the
characteristics of each property (land code, number of stories, and type of
foundation) extracted from the CoreLogic database, flood damage functions
were obtained from the FEMA Hazus database™.

We also used socioeconomic and demographic data (population,
income, and race) from the U.S. Census at the block group level*. The data
used were for 5-year averages in 2017-2021. To define the distribution of
residents within each block group, we used the U.S. Environmental Pro-
tection Agency (EPA) dasymetric map at a 30-m resolution”. This map
redistributes the 2010 U.S. population from the census block level to a 30-m
grid according to the land cover and slope. We updated the EPA map using
the 5-year averages of the population values in 2017-2021.

Statistical model of extreme flood events

We used a regionalization approach, together with the generalized extreme
value (GEV) distribution, to improve the estimation of extreme flood events
at both gauged sites with short records (fewer than 30 years of records) and
ungauged sites™*. We refer to this statistical model as the regional GEV
(RGEV). The RGEV was applied at the HUC-12 level to estimate extreme
flood events with different return periods—5-, 10-, 50-, 100-, and 500-year
flood events with 20%, 10%, 2%, 1%, and 0.2% annual chances of occur-
rence, respectively. These flood estimates were used as boundary conditions
in the hydrodynamic model to simulate flood inundation along the SRB’s
river network. The mathematical details of the RGEV model are presented
in the Supplementary Methods.

To account for the uncertainty of flood estimates from the RGEV
model, nonparametric stratified bootstrapping was used to resample the
streamflow records. Stratified bootstrapping ensures that records in dry and
wet periods are included and that the bootstrapped samples are repre-
sentative of the climate history. To preserve the spatial dependence among
gauges in the bootstrapped samples, records were randomly drawn from
four strata (four 30-year periods, from 1900 to the end of 2021) with equal
probability and from the same years for all gauges. Figure S6 illustrates one
of the bootstrapped samples. Using the RGEV model and the stratified
bootstrapping approach, we estimated flood event magnitudes with 95%
confidence bands. This is illustrated for USGS gauge 01502632 (Fig. S3),
located in the Upper Susquehanna at Bainbridge, New York (Fig. S2).

Configuration of the hydrodynamic flood inundation model

To model and map the flood inundation depth and extent, we used the
LISFLOOD-FP 1D/2D hydrodynamic model™. This state-of-the-art model
has been used for large-scale simulations of flood inundation in a variety of
contexts™*'***, We ran the model using different DEM resolutions (3, 10,
and 30 m), with a sub-grid-scale representation of stream channels” at the
HUC-12 catchment level. To estimate the channel geometry, we used
bankfull channel dimensions from regional hydraulic-geometry scaling
relationships®. This approach is reasonable when channel bathymetry data
are not available””*’. The hydraulic-geometry relationships accounted for
the difference in channel dimensions between streams underlain by car-
bonate and noncarbonate rocks®. Using the DEM “burning” approach as
well as data (crest level and geometric attributes) from the NLD, levees
were incorporated into the hydrodynamic model”. For smaller streams
narrower than the DEM resolution, levee positions were adjusted by one
grid cell backward. Consequently, we restricted the floodplain by elevating
DEMs at the levee locations. The channel roughness values were assumed to
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be constant and equal to 0.045"*"', whereas the floodplain values varied
based on the 2019 NLCD land cover types™.

Validation of flood inundation simulations

To validate the regional hydrodynamic model for the SRB, we compared our
flood inundation results against flood inundation maps from FEMA. FEMA
provides floodplain inundation maps for 100- and 500-year floods. FEMA’s
100-year flood inundation map is the reference map for the National Flood
Insurance Program (NFIP) and flood emergency measures nationwide. To
make this comparison more meaningful, we used FEMA’s 100-year peak
flows as the boundary condition in LISFLOOD FP, rather than using the
flood estimates from our statistical RGEV model (Fig. S4A). We used a
fitness statistic to quantify the degree of agreement between the modeled
and FEMA flood maps. This statistic is provided in the Supplementary
Methods.

Sensitivity analyses

We performed three different sensitivity analyses to check the robustness of
our modeling results. First, we evaluated the sensitivity of the hydrodynamic
model outputs - flood inundation extent and depth—to the terrain reso-
lution. Second, by focusing on a subregion of the SRB with a high con-
centration of levees (area 5 in Fig. S2), we evaluated the effect of flood event
uncertainty on flood teleconnections. Third, we evaluated the sensitivity of
flood teleconnections to the terrain resolution. The modeling details asso-
ciated with the sensitivity analyses are presented in the Supplementary
Methods.

Flood damage estimation

For the two flood protection scenarios (with and without levees), we esti-
mated the flood damages associated with different return periods (5, 10, 50,
100, and 500 years) across the SRB. For the 500-year flood event, we
assumed that the levees’ crest is high enough to prevent overtopping. This
assumption represents a climate adaptation scenario in which levees are
enlarged and reinforced to meet a 500-year protection level. In the SRB, 100-
year floods are anticipated to increase in the future and lie somewhere in
between the current 100-year and 500-year flood levels. Thus, we con-
sidered the current 500-year flood as the protection level for levees against
future 100-year flood events in the year 2100”". The current 500-year flood is
also being considered as one of several national-level options for adapting
infrastructure to future climate change in the United States®.

For flood damage estimation, we used property sale transactions from
the CoreLogic database® and depth-damage functions from FEMA’s Hazus
database”. The Hazus database contains over 1200 depth-damage functions
for different residential, commercial, and industrial properties’’. Thus, we
accounted for flood damages to any structure in the flood inundation zone
but not for damages to transportation systems, utilities, crops, or ecosys-
tems. We assigned each type of building within our flood inundation deli-
neations to a depth damage function based on the building code and
structural properties (e.g., number of stories and type of foundation). If
multiple depth-damage functions were available for a specific type of
building, we estimated the percentage of damage by averaging over all the
functions. We adjusted the sale amounts using annual Consumer Price
Index (CPI) values from the U.S. Bureau of Labor Statistics’* for the sale date
and 2020. For the two flood protection scenarios (with and without levees)
and different return periods, we estimated the 2020-dollar value of flood
damages across the SRB. The benefit of levees was estimated as the avoided
flood damage in PFAs. The cost of levees was estimated as the flood damage
associated with TFAs (Fig. S8).

To estimate the expected annual benefit and cost of levees, our analysis
spanned a range of flood return periods from 5 to 500 years. We used typical
values for United States levee capital and maintenance costs, assuming $8
million per kilometer of length and per meter of height for capital costs, with
maintenance costs at 1% of the capital cost'>”. A zero-discount rate was
applied for distributing the capital cost over the levees’ standard 50-year
lifespan. Levee height was determined by the difference between the levee

crest and ground elevation. For the 100-year protection level, our model
assumes complete levee failure in the event of floods exceeding this
threshold, based on the likelihood of 100% failure in such extreme condi-
tions, thus rendering them non-protective. As a result, in these scenarios,
both the projected benefits of protection and the associated unintended
teleconnection costs are considered negligible. The same premise applies to
the 500-year protection level, where we include protection up to the
designed level but assume levee failure for more severe floods. Additional
height requirements and corresponding capital and maintenance costs were
recalculated for the 500-year scenario. The benefit-cost ratios were esti-
mated as the ratio of the expected annual benefit to the expected annual cost,
reflecting the long-term economic efficiency and impact of levees, balancing
construction and maintenance costs against the benefits of flood damage
prevention and the cost implications of flood teleconnections.

Flood vulnerability analysis

To assess the flood vulnerability, we determined the average percentage of
the Black or African American population and the per capita income of
individuals impacted by TFAs at the census block group level. Using the
ratio of the Black or African American population and the poverty level in
Pennsylvania, which are 12%”* and $27,1807, respectively, we categorized
block groups into four vulnerability quadrants: high (block groups with
more than 12% Black or African American population and income below
the poverty line), medium-high (block groups with less than 12% Black or
African American population but per capita income below the poverty line),
medium-low (block groups with more than 12% Black or African American
population but with per capita income above the poverty line), and low
(block groups with less than 12% Black or African American population and
with per capita income above the poverty line) (Fig. S9 and Table S5). The
number of people living in TFAs was estimated by the intersection of flood
inundation and the updated dasymetric population density map from the
EPA (Fig. S9). We assumed that the Black or African American population
and the per capita income of individuals were uniformly distributed in each
block group. Thus, in our vulnerability analysis, flood inequities resulted
from the transfer of flood risk from levee-protected block groups to
unprotected ones that had a relatively high Black or African American
population and/or low-income households.

Data availability

The authors will make all the data, except for the proprietary CoreLogic data,
and code available through a public data and code repository, such as
HydroShare or GitHub.
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