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About this Document

Executive Order (EO) 13690 on Establishing a Federal Flood Risk Management Standard and a Process
for Further Soliciting and Considering Stakeholder Input (2015) establishes a Federal Flood Risk
Management Standard (FFRMS) to ensure that agencies take actions to enhance the Nation’s resilience to
current and future flooding. EO 13690 modernizes EO 11988, Floodplain Management, by expanding the
floodplain area to be considered for projects funded with taxpayer dollars (Federally-funded projects) to
a higher vertical elevation and corresponding horizontal floodplain area (FFRMS floodplain) that would
address current and future flood risk due to the effects of climate change and other future changes. EO
13690 also encourages climate-conscious resilient design if there are no practicable locations outside the
FFRMS floodplain. To identify the FFRMS floodplain, EO 13690 requires agencies to use a Climate
Informed Science Approach, a Freeboard Value Approach, a 0.2-Percent-Annual-Chance Value
Approach, or the elevation and flood hazard area that result from using any other method identified in an
update of the FFRMS.

This report provides a review and update of the best-available, actionable science that can support
application of the Climate-Informed Science Approach (CISA), reflecting science and technology
advancements made since EO 13690 was issued in 2015. This report does not update the Federal Flood
Risk Management Standard (FFRMS) or amend the 2015 guidelines for implementing EOs 11988
(Floodplain Management) and 13690. The report is intended to assist Federal agencies in applying CISA
based on the latest knowledge and actionable science. This report also identifies opportunities for further
research and collaboration for assessing and addressing flood risks being influenced by climate change.
While the report is primarily intended for Federal agency staff and partners applying FFRMS, other
stakeholders may find this information useful in advancing floodplain science and management. This work
was completed under the auspices of the National Climate Task Force, including the subordinate bodies
listed below, and in consultation with agencies that participate in the Federal Interagency Floodplain
Management Task Force (FIFM-TF).
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Executive Summary

This Climate-Informed Science Approach (CISA) State of the Science report reviews and updates
the science to be considered when implementing the Federal Flood Risk Management Standard
(FFRMS) under Executive Order (EO) 13690, Establishing a Federal Flood Risk Management
Standard and a Process for Further Soliciting and Considering Stakeholder Input. On October 8§,
2015, the Mitigation Framework Leadership Group released the Guidelines for Implementing
Executive Order 11988, Floodplain Management, and Executive Order 13690, Establishing a
Federal Flood Risk Management Standard and a Process for Further Soliciting and Considering
Stakeholder Input (hereinafter, 2015 1G).! This report complements and augments Appendix H of
the 2015 IG (hereinafter, 2015 CISA Appendix?), which encourages a risk-based approach to
identifying the CISA for floodplain identification, and describes the state of the science for a more
complete suite of flooding types (coastal, riverine, pluvial, and compound). As with the 2015 CISA
Appendix, this report is intended to serve as non-prescriptive, scientific and engineering guidance
that Federal agencies, their non-Federal partners, and other entities can use in determining future
flood hazards under the FFRMS’ CISA.

The FFRMS includes four approaches for determining a future flood elevation for Federally-
funded projects—CISA, the Freeboard Value Approach (FVA), the 0.2-Percent-Annual-Chance
(500-year) Flood Approach (0.2PFA), and the elevation and flood hazard area that result from
using any other method identified in an update to the FFRMS. The FFRMS identifies CISA as the
preferred approach when data to support such analysis are available.® The 2015 CISA Appendix*
defined “best-available, actionable science” as a primary criterion for whether a particular dataset,
model, or analytical approach is appropriate for an agency to use in a CISA analysis. This report
describes additional criteria relevant to the use of actionable models and the application of climate
scenarios within the CISA, and helps users identify situations where more detailed study is needed
(e.g., complex coastal or riverine systems) or where the action requires more robust engineering
analysis.

The state of the science is described in the context of four types of flooding—coastal, riverine,
pluvial, and compound. This report introduces two flood hazard projection workflows that describe
the elements that are recommended to be considered when applying CISA for coastal- and riverine-
related flooding, the two flooding types where present understanding is most mature. These flood
hazard projection workflows also provide an overarching framework for users to understand where
new data and science, including new information on climate change, feed into the process of
assessing and projecting future flood hazards. The novel workflows provide additional detailed
guidance for five elements of a CISA analysis: project planning and agency considerations; climate
and other environmental conditions; hydrology (riverine) or stillwater (coastal) predictions;
hydraulics (riverine) or wave effects (coastal); and data sharing and visualization. These

1 See https://www.fema.gov/sites/default/files/documents/fema_implementing-guidelines-EO11988-13690 10082015.pdf

See “Appendix H: Climate-Informed Science Approach and Resources”. 2015. Guidelines for Implementing Executive Order

112988, Floodplain Management, and Executive Order 13690, Establishing Flood Risk Management Standard and a Process

for Further Soliciting and Considering Stakeholder Input. https://www.fema.gov/sites/default/files/documents/fema IGA-

appendices-a-h_10082015.pdf

3 See “Appendix G: Federal Flood Risk Management Standard”. 2015. Guidelines for Implementing Executive Order 112988,
Floodplain Management, and Executive Order 13690, Establishing Flood Risk Management Standard and a Process for Further
Soliciting and Considering Stakeholder Input. https://www.fema.gov/sites/default/files/documents/fema IGA-appendices-a-

h_10082015.pdf
See https://www.fema.gov/sites/default/files/documents/fema IGA-appendices-a-h _10082015.pdf
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workflows can also be used to evaluate multiple scenarios of change that a given site may
experience over a given planning horizon (see Section II.B). Additional workflows may be
developed as analyses of pluvial and compound flooding become more mature, and for areas that
are influenced by riverine and coastal flooding, it may be beneficial to consider both workflows
and combine them with information and knowledge surrounding compound flooding.

With the workflows as an organizing construct, this report identifies advances in understanding
and actionable science across all four flooding types. Unique considerations are captured for
specific regions, such as the Great Lakes and Alaska, along with overarching issues (e.g., land use
change) that either span flooding types or require integration across workflow elements.

CISA coastal flood-hazard projection workflow

Element 1 Element 2 Element 3 Element 4 Element 5
Velocity :
: Flood
Analyze Coastal protection/ =5
historical management e
Specify changes and impacts B
A : . Evaluate sea
efeelel oy level/lake level Determine
iy _ plafsblD —| projections and — stillwater Doiosnins S e
other key future changes P ¢ dture ol B wave effects Hazard
project in climate and imatol s Projection
details other SOy
environmental Geomorphic Coastal
drivers change |_,| erosion
hazard
map
Long-term erosion i
PROJECT
PLANNING AND DATA SHARING
AGENCY CLIMATE AND OTHER STILLWATER AND
CONSIDERATIONS ENVIRONMENTAL CONDITIONS ANALYSIS R ETS VISUALIZATION
CISA riverine-hazard projection workflow
Element 1 Element 2 Element 3 Element 4 Element 5
Determine
changes in water ~ Flood
Analyze resource Determine inundation
historical management ; ; M
Specify — inundation
g changes and 1 chanaes
projection identify ¢
horizon, " Determine CISA
o plausible future
criticality, h 7 streamflow  —— Riverine Hazard
and other changes in changes iecti
kev proiect climate and Projection
geF:aiIJs other T Determine
environmental Determine —  channel
iti Channel
conditions changes in river changes prin
corridor map
landscape
PROJECT
PLANNING AND CLIMATE AND OTHER STREAMFLOW, LAND &
AGENCY ENVIRONMENTAL STREAMFLOW CHANNEL INTERACTIONS DATA SHARING AND

CONSIDERATIONS CONDITIONS (HYDROLOGY) (HYDRAULICS) VISUALIZATION
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For coastal flooding, key advances in understanding include:
e Updated sea level rise observations and projections;
¢ Hydrodynamic flood modeling; and
e Wave effects.
New progress in understanding of riverine flooding encompasses:
¢ Climatic changes and meteorological drivers, especially precipitation;
e Comparisons of different hydrologic modeling techniques for projecting future floods;

e Nonstationary flood frequency analysis methods for detecting observed trends in the
magnitude and frequency of floods and using them to update design flood events to reflect
current conditions;

e Methods for accounting for river corridor landscape change in floodplains for regulatory and
planning purposes that have been implemented at State and regional levels; and

e Applicability of multidimensional hydraulic modeling.
New developments in understanding of pluvial flooding include:
¢ Urban flooding;
e Flooding in leveed areas or in areas with flood risk management structures; and
e Transportation assets.
Improvements in the estimation of compound flood risk are also described.

This report also provides a roadmap of needs and opportunities for improving the availability and
quality of CISA analyses across the four primary flood types. The needs and opportunities for
coastal flooding include:

¢ Ongoing and expanded monitoring of sea level rise;

e Identifying observational and research needs for the development and application of
geomorphic change models in different coastal settings; and

¢ Nonstationary flood frequency analysis
e Understanding the role of wave effects in high-hazard areas.
The needs and opportunities for riverine flooding include improvements in:

e Analysis of hydrologic impact of different climate scenarios using both statistical methods
and process-based hydrologic simulation models;

Mixed population analyses that recognize different flood-generation mechanisms in the
analysis of floods;

Evaluations of nonstationary flood frequency analysis methods for application;

Applications of multidimensional hydraulic modeling; and

Methods for quantifying channel change corridor zones based on geomorphic settings.

Xii
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Needs and opportunities for pluvial flooding focus on gaining a better understanding of this flood
risk at a national scale and integrating these risks with other flood types such as high-tide flooding
and other chronic hazards. Needs and opportunities for compound flooding include further
development of statistical models, including for modeling the seasonality of floods, and more
sophisticated numerical models that can more accurately represent the complex physics of the
systems and factors that cause these floods.

The report includes a section on areas without FEMA base flood elevations or flood insurance rate
maps. In these areas, there is a need to both better understand the challenges of implementing CISA
using existing resources, as well as opportunities to work towards a future state where
comprehensive flood hazard data are accessible everywhere.

The report highlights the need for, and calls for continued collaboration on, advances in flood
science. One potential mechanism for this collaboration could be a community of practice (CoP)
on future flooding that is embedded in an existing interagency science coordination body with the
capacity to engage non-Federal scholars and contributors. The section of the report entitled
“Roadmap: Needs and Opportunities to Improve Projections” could serve as a starting point for
future collaboration.

Xiii
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I. Introduction and Report Rationale

Flooding is the most common and costly natural hazard in the United States (Smith 2020),
inflicting damage on the Nation’s public health, safety, infrastructure, economic prosperity, and
national security. Flooding is also an important natural phenomenon; high water flows, storm
surges, and associated redistribution of sediment and nutrients during floods are critical to the
health of myriad species and their habitats, and can provide an array of societal benefits (e.g.,
improved water quality and water supply).

Flood hazards are ever-evolving, reflecting both changes in atmospheric and oceanic drivers and
as a response to natural and human modification of landforms, vegetation, and the built
environment. Climate change is expected to continue to have significant impacts on future flood
hazards, with effects varying temporally and spatially around the United States (Wuebbles et al.
2017; Reidmiller et al. 2018).

Recognizing the potential for losses caused by flooding to affect the environment, economic
prosperity, and public health and safety, in January 2015 President Obama issued Executive Order
(EO) 13690, Establishing a Federal Flood Risk Management Standard and a Process for Further
Soliciting and Considering Stakeholder Input (Executive Office of the President 2015). EO 13690
amended and built upon EO 11988, Floodplain Management (Executive Office of the President
1977) and its implementing guidelines (Water Resources Council 1978), which requires agencies
to take action to reduce the risk of flood loss; to minimize the impact of floods on human safety,
health, and welfare; and to restore and preserve the natural and beneficial values served by
floodplains. When Federal actions cannot be practicably located outside of a floodplain, EO 11988
and follow-on guidance issued by the Federal Interagency Floodplain Management Task Force
(FIFM-TF 1988) required agencies to ensure that those actions were resilient to the base flood (or
the 1-percent-annual-chance or 100-year flood), or the 0.2-percent-annual-chance flood (500-year)
flood for critical actions.” EO 13690 established a Federal Flood Risk Management Standard
(FFRMS) to address current and future flood risk and ensure that project funded with taxpayer
dollars last as long as intended. The FFRMS requires agencies to expand management from the
current base flood level to a floodplain based in one of four approaches:

1) Climate-Informed Science Approach (CISA) — The elevation and flood hazard area that
result from using the best available, actionable hydrologic and hydraulic data and methods
that integrate current and future changes in flooding, including climate change and other
physical processes (e.g., land use change).

2) Freeboard Value Approach (FVA) — The elevation and flood hazard area that result from
adding an additional 2 feet to the base flood elevation (BFE) for non-critical actions and by
adding an additional 3 feet to the BFE for critical actions.

3) 0.2-Percent-Annual-Chance (500-year) Flood Approach (0.2PFA) — The area subject to
flooding by the 0.2-percent-annual-chance flood.

5 “Critical action” means an action for which even a slight chance of flooding is too great. These actions include construction,
substantial rehabilitation, or repair of facilities such as hospitals and nursing homes (which are likely to contain occupants who
may not be sufficiently mobile to avoid the loss of life or injury during flood and storm events), emergency operation centers,
power generating plants, and water supply and treatment facilities. For more information, see 44 Code of Federal Regulations
§9.4.

1
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4) The elevation and flood hazard area that result from using any other method identified in an
update to the FFRMS.

While EO 13690 gives Federal agencies discretion to select from among the four approaches, the
FFRMS states that the CISA is preferred when data to support such analysis are available.® Federal
agencies are presently developing policies and procedures to implement the FFRMS in the context
of their authorities and programs; these policies and procedures may specify which of the FFRMS
flood determination approach(es) will apply. This report is informational in nature, and does not
supersede any Federal department or agency policy or procedure on FFRMS application.

A. What Is the CISA?

In October 2015, the Water Resources Council issued updated interagency implementing
guidelines for EOs 11988 and 13690, including Appendix H, which provided details on which
data, models, and methods constituted the CISA” (herein referred to as the 2015 CISA Appendix)
(Water Resources Council 2015). That document reflected the state of the science on the
anticipated impacts of climate change, current up through the Third National Climate Assessment
(NCA) (Federal National Climate Assessment and Development Advisory Committee 2014), and
provided information on other non-climatic physical processes that can affect future flooding (e.g.,
land use change, landform change). Critically, the 2015 CISA Appendix defined “best-available,
actionable science” as a primary criterion for whether a particular dataset, model, or analytical
approach would be appropriate for an agency to use in a CISA analysis. The document stopped
short of prescribing or directing agencies to use specific resources or methods.

Since October 2015, the state of science in assessing future flood hazards has evolved
considerably. This CISA State of the Science report provides updated scientific concepts, data
sources, methods, and considerations that complement and augment the material published in the
2015 CISA Appendix, including generalized flood risk projection workflows showing the key
components of coastal and riverine future flood analyses. This report also identifies critical gaps
in current understanding or capabilities to project future flood hazards, which can inform new work
by the research and applied science communities and ultimately result in expanded availability and
enhanced quality of CISA data to support FFRMS implementation.

As with the 2015 CISA Appendix, this report is intended to serve as non-prescriptive, scientific
and engineering guidance that Federal agencies, their non-Federal partners, and other entities can
use in determining future flood hazards under the FFRMS’ CISA option. The technical
competencies and capabilities needed to apply the CISA will likely exceed those available in most
Federal agencies and to many non-Federal users; see content on “Analysts’ experience and
training” in subsection C below for more information. The Federal Government is working to
develop additional guidance and decision-support tools to increase access and understanding of

¢ See “Appendix G: Federal Flood Risk Management Standard”. 2015. Guidelines for Implementing Executive Order 11988,
Floodplain Management, and Executive Order 13690, Establishing Flood Risk Management Standard and a Process for Further
Soliciting and Considering Stakeholder Input. https://www.fema.gov/sites/default/files/documents/fema IGA-appendices-a-

h_10082015.pdf

See “Appendix H: Climate-Informed Science Approach and Resources”. 2015. Guidelines for Implementing Executive Order
11988, Floodplain Management, and Executive Order 13690, Establishing Flood Risk Management Standard and a Process for
Further Soliciting and Considering Stakeholder Input. https://www.fema.gov/sites/default/files/documents/fema IGA-
appendices-a-h_10082015.pdf
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best-available, actionable climate data and flood science to users applying the FFRMS to their
projects.

B. Report Scope and Structure

As with the 2015 CISA Appendix, this report uses a risk-based framing approach (i.e., how
agencies may consider current and future flood risks over the lifetime of the investment or project)
and assesses best-available, actionable science for different flood sources. Following this
introduction, key overarching concepts of flood sources and a generic CISA workflow for all
considered flood sources are introduced. Section II (Overarching Technical Considerations)
addresses the adopted definitions of best-available data and actionable science. Each flood source,
coastal (including the Great Lakes) (III. Assessing Future Coastal Flooding) and riverine (IV.
Assessing Future Riverine Flooding), are then discussed in more detail. The report introduces
consideration of pluvial flooding (V. Assessing Future Pluvial Flooding) and more in-depth
considerations for concurrent or compound hazards (VI. Assessing Future Compound Flooding).

For each flooding source (including compound hazards), the initial discussion covers key scientific
principles, data sources, models, and methods, updating or expanding upon information provided
in the 2015 CISA Appendix. The report provides two flood risk projection workflows, one each
for coastal and riverine flooding. These workflows illustrate the key components of each type of
analysis and show where specific datasets (including climate data), models, and other technical
materials are incorporated in a multi-step (and sometimes iterative) process to ultimately deliver
actionable hazard information—that is, in a form that supports a decision or action, such as a design
flood elevation, a mapped inundation extent, or other mapped hazard.

This report focuses on where and how climate data factor into future flood analyses, but does not
attempt to describe all potential applications of climate data or go into detail on how such data are
developed. Section II.B. (Use of Climate Scenarios within CISA) below provides some key
considerations for use of climate scenarios in analyses of future flood hazards and ways to address
associated uncertainty.

C. Common CISA Concepts and Workflows

Two workflows, each tailored to the two major flooding sources (coastal and riverine), are
introduced to provide agencies with the key considerations in an assessment of future flood risks.
The workflows are not intended to be prescriptive; they are intended to help Federal agencies
organize and understand these considerations and facilitate the identification of actionable science
and methods. Although the elements within the workflows are identified discretely, there is
significant interplay between and among them. During the CISA, iterations that require revisiting
decisions made in early elements and investigating alternative paths are possible, even likely.
While there are necessary and specific process differences between the coastal and riverine
workflows, there are common elements and similar structure. The subsequent sections will
describe the workflows in detail. Figure 1 provides a common framework for how each workflow
is structured.
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Figure 1: General CISA Workflow

Element 1: Project Planning and Agency Considerations

There are multiple approaches to modeling coastal and riverine flooding and geomorphic
processes, including the impacts of climate change. Selection among them depends on many
factors, including project requirements, agency policies, the experience and training of the
analysts, and the availability of data needed to perform the site analysis.

Project requirements: Project requirements include constraints or limits on project location,
ground elevation and constructed elevation (e.g., first habitable floor, basements, utilities), service
life, structural vulnerability, service criticality, size, and likely environmental consequences that
may accompany exposure to flood waters. These requirements will translate into the identification
of flood vulnerabilities (including the potential consequences of project failure or inaccessibility)
and the time horizon over which potential changes in flood risks must be considered, all of which
is important input for Elements 2 and 3 of the workflow. For example, depending on the service
life of the project, multiple planning horizons may be necessary for defining the FFRMS floodplain
when assessing flood risks. Multiple scenarios might be used as part of a broader risk management
approach and considered, as possible, in project planning to evaluate risks across a range of
conditions and to identify trigger points and thresholds that guide alternative solutions.

When assessing the vulnerability of a project to future flooding, a risk management approach
should be taken. The identification of future changes in flood levels to inform project decisions
should be guided by the risk inherent in planning, designing, and implementing particular types of
projects and by their location. For example, projects with high consequences from failure may
require more risk-averse criteria than projects with lower consequences of failure. Therefore,
scenarios should be communicated in the context of risk tolerance (even if just qualitative) to
improve transparency and credibility (see Box A).

Box A. Risk Tolerance

Agencies evaluate action time horizon and the ability to revisit an action over time. For actions
in which the consequences are low (high tolerance for risk) and the decision can be revisited
over relatively short timeframes, a narrow range of less extreme scenarios may suffice for risk
management. For an action in which the consequences are significant (low tolerance for risk)
and which may constitute an irreversible decision that needs to operate over a relatively long
timeframe, a wider range of scenarios or at least a consideration of the higher-end scenarios
may be appropriate. A hybrid approach also may be considered in which a decision can be
phased in over time, such that a lower set of scenarios can guide decision-making in the near-
(5 to 20 years) to moderate-term (20 to 35 years), while not precluding the capability to
respond to the more extreme scenarios in the longer term (Hinkel et al. 2015).
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Agency policies: Agencies have commonly invested in analytical tools and models or use
approaches developed or endorsed by other agencies that detect, attribute, and model climate-
change impacts on their investments. In addition, some agencies are regulatory in nature and thus
require rulemaking, and others will implement FFRMS as a matter of policy in environmental
compliance procedures. Agency policy may influence or require a CISA workflow, as supported
by the 2015 IG (Water Resources Council 2015) and informed by the new understanding and
approaches contained in this State of the Science report. In all cases, the 2015 CISA Appendix and
this State of the Science report were developed to promote consistency while allowing flexibility
in implementation based on individual agency criteria, including capturing what would be most
scientifically credible when there are options among approaches, datasets, or models. For example,
it states that future coastal flood hazard analysis should combine changing climate conditions (e.g.,
sea level/lake level change) with surge, tide, and wave data using methods appropriate to policies,
practices, criticality, and consequences. The 2015 CISA Appendix is also clear that changes in
land use (particularly the impacts of urbanization and increases in imperviousness), in water
management practices (such as the altered operation of dams), and in the presence of burned areas
should be considered in projections of future riverine flood hazards.

Analysts’ experience and training: The experience, training, and preferences of project analysts
may also affect CISA implementation. Full implementation of the coastal workflow requires
extensive hydrodynamic modeling experience; familiarity with flood frequency statistics; and
coastal geology, engineering, and geographic information system (GIS) expertise. Implementation
of the riverine workflow requires expertise in hydrologic, hydraulic, statistical, and geomorphic
modeling. In both cases, workflow implementation can be scaled to meet resource level and project
requirements. Some agencies have established centralized units that are responsible for climate
studies and are well-positioned to conduct and/or evaluate CISA analyses. Other agencies could
consider collaborations with agencies with technical skills and experience in CISA techniques.

Data availability: Data availability greatly influences the feasibility of various analytical
approaches and the scope of model simulation. Data availability challenges can include in situ
measurements/observations (gauges) that only capture processes at a point/small area and are often
not dense enough to capture regional differences. Climate modeling is often done at a coarse spatial
resolution, requiring downscaling for regional or local analysis. Remote-sensing techniques have
limitations (e.g., light detection and ranging [LiDAR] sensors will not see through turbid water,
and interferometric synthetic aperture radar [[nSAR] cannot see through tree canopy). Many areas
are remote and inaccessible, making it cost-prohibitive to collect data. Some locations lack tidal
datums or convenient access to geodetic control for consistently tying in situ or remote
observations into the National Spatial Reference System (NSRS). Data priorities often focus on
more accessible/populated areas, making remote, rural, and/or uninhabited areas data-poor. In all
cases, monitoring data will improve calibration and validation of remote sensing models.

Examples of data issues include the availability of historical coastal water level data due to spatial
resolution (only at tide gauges or buoys) and length of records (e.g., 30 years of data needed for a
trend analysis—38 preferred for more statistical robustness), wave climatology records, accurate
digital elevation models, land use information for frictional coefficients and change analyses, and
surveyed shore normal cross sections. Examples of data issues for riverine flooding include future
rainfall intensity-duration-frequencies (IDFs), length and relevance of nearby precipitation or
streamflow data, land use information, and geomorphic histories.
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Element 2: Climate and Other Environmental Conditions

This element aims to determine whether there are substantial changes (e.g., nonstationarity)
observed in the historical record and if projected physical change processes will change flooding
over time. In most instances, substantial changes in climate variables (heat, precipitation, sea level
rise [SLR]) have occurred or are projected. These changes likely warrant analysis using CISA
methods that characterize changes in the flood elevations and extent over time (with attribution to
identified drivers, if possible). Identifying and correlating potential drivers of change in flooding
increases confidence that the change is not due to natural variability (Hodgkins et al. 2019;
Woodruff et al. 2013). Drivers of change that have been attributed to observed and projected
changes in flooding include both changes in climate and land use.

Elements 3 and 4: Hydrology, Hydraulics, and Hydrodynamics

These elements are specific to the workflow of interest and are addressed in detail within the
coastal and riverine sections.

Element 5: Data Sharing and Visualization of Flood Hazard Data

This final element of the workflow addresses the visualization of predicted flood hazards (depths
and inundated areas) and geomorphic hazards identified in Element 4. Common methods for
communicating inundation hazards include tables with flood elevations by location based on
transects or cross sections, and maps with discrete flood zones or graduated risk zones based on
probability. Required regulatory and floodplain management decisions necessitate use of those
existing zones of special flood risk. However, the intended workflow outcomes seek to identify
future flood risk zones to inform future Federal investments. FEMA Flood Insurance Rate Maps
(FIRMs), one of the most visible and well-known mapping products, though not available
nationally, provide specific flood zones and base flood elevations (BFEs).® Details of inundation
and geomorphic hazards mapping as they relate to both the coastal and riverine workflows are
addressed in more detail in subsequent sections.

Roadmaps

The Appendix of this report summarizes conceptual roadmaps identifying needs (gaps) requiring
improved science and methods for the four flood types and illustrating the relationships among
many of these needs. Indeed, many of the science gaps have cascading implications, while many
of the suggested improvement actions are mutually reinforcing. The roadmap also reveals the
multi-agency character of these needs in which tools and data from multiple agencies need to come
together to permit actionable CISA applications. The roadmap indicates an approximate timeline
for investments including short-term (less than 1 year), medium-term (1-5 years), and long-term
(more than 5 years). The temporal banding is based on assessments by agency representatives,
informed by existing and planned agency capabilities, and subgroup consensus.

8 A BFE is “the elevation of surface water resulting from a flood that has a 1% chance of equaling or exceeding that level in any
given year.” FEMA, 2020. “Base Flood Elevation (BFE).” https://www.fema.gov/node/404233
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II. Overarching Technical Considerations

A. What Is “Best-Available, Actionable Science” for CISA?

The 2015 CISA Appendix established the terms “best available” and “actionable” to help Federal
agencies identify what data or science should be applied in the CISA. As stated in the Appendix:

Best-Available Data and Science are:

Transparent — clearly outlines assumptions, applications, and limitations.

Technically credible — transparent subject matter or more formal external peer review, as
appropriate, of processes and source data.

Usable — relevance and accessibility of the information to its intended users. For the CISA
approach, usability can be achieved by placing climate-related scenarios into appropriate
spatial, temporal, and risk-based contexts.

Legitimate — perceived by stakeholders to conform to recognized principles, rules, or
standards. Legitimacy might be achieved through existing government planning processes
with the opportunity for public comment and engagement.

Flexible — scientific, engineering, and planning practices to address climate change-related
information are evolving. To respond, agencies need to adapt and continuously update their
approaches consistent with agency guidelines and principles.

Actionable Science consists of theories, data, analyses, models, projections, scenarios, and tools
that are:

Relevant to the decision under consideration.
Reliable in terms of its scientific or engineering basis and appropriate level of peer review.
Understandable to those making the decision.

Supportive of decisions across wide spatial, temporal, and organizational ranges, including
those of time-sensitive operational and capital investment decision making.

Co-produced by scientists, analysts, and decision makers, and meet the needs of and are
readily accessible by stakeholders.

Although models were included as a dimension of actionable science above, additional criteria
may be helpful to those weighing whether a particular model or modeling approach would be
appropriate or advantageous in a CISA analysis.

Actionable models are well-established in practice, meaning reviewed, tested, well-
documented, and accepted by each agency's criteria and/or approved by FEMA (2022a). This
criterion ensures that it is relatively less likely that revisions to address errors or unexpected
behaviors are required, and that results should have a longer useful life and be less subject to
retraction.

To the greatest extent practicable and as appropriate, actionable models should rely on
representation of physical processes in ways that are not oversimplified and based in
scientific understanding of those processes. This process fidelity helps ensure that models
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produce the right answers for the right reasons, which is particularly important when
simulating events outside the domain of the training data, as is often the case for events
affected by climate change.

e Actionable models, used appropriately, should not extrapolate results into areas beyond
those where the underlying mathematical relationship (or forcing independent
variables) can reasonably be expected to apply. Empirical functions or statistical models
used for simulation should be constrained to combinations of conditions where their outputs
can plausibly be considered reliable. Constraints for modeling approaches without strong
process fidelity will typically not extend beyond the limits of the training data used to fit the
statistical model or parameterize the empirical function.

e Actionable models should explicitly display information about the uncertainty of results,
as well as the expected value of those results. Information about uncertainty may be in the
form of confidence intervals, prediction intervals, probabilities of assurance, credible
intervals, or other established approaches.

e Actionable models should be well-calibrated to observed data, and validated using
independent datasets. Bootstrapping or other techniques should be used to ensure that model
performance does not rely on the same data used to train the model, to avoid overfitting.
Validation statistics will typically use well-known and understood measures of error or
efficiency, or statistical hypothesis tests of goodness-of-fit between observed and modeled
data.

e Actionable models should not produce outputs that indicate a failure to represent
physical processes appropriately, even if the overall outputs show good performance
compared to observed data. For example, simulated floods should occur in their appropriate
seasons of the year, regardless of whether flood magnitudes show good agreement with
observed measurements.

e Actionable models should provide outputs that are understandable to the intended
audience.

e Actionable models should be evaluated through an expert elicitation or peer-review
process that can assess and characterize the models’ actionability.

B. Use of Climate Scenarios within CISA

No one can precisely predict the future flood conditions that may result from global climate
change. Indeed, nations around the world are actively debating, and in some cases adopting,
policies and practices designed to reduce the principal driver of anthropogenic climate change,
greenhouse gas (GHG) emissions. For this reason, and because of uncertainties in the response of
the climate system to a given GHG emissions pathway, future flooding conditions will remain
highly uncertain. Thus, for the foreseeable future, the best approach for assessing future hazards
associated with all types of flooding examined in this report (riverine, coastal, pluvial, compound)
usually is to rely on analysis of multiple plausible and decision-relevant climate scenarios. Below
are a few considerations for climate scenario selection, with references that can provide more
details.



FEDERAL FLOOD RISK MANAGEMENT STANDARD CLIMATE-INFORMED SCIENCE APPROACH (CISA) STATE
OF THE SCIENCE REPORT

The rapid expansion of computational power has enabled the development of Global Climate
Models (GCMs), which simulate climate impacts of different atmospheric GHG concentration
trajectories. Many recent climate-impact studies, including NCA reports (e.g., Reidmiller et al.
2018), have used scenarios of climate change resulting from different GHG emissions pathways,
that are derived from the GCMs evaluated in the Coupled Model Intercomparison Projects
(CMIPs) sponsored by the Intergovernmental Panel on Climate Change (IPCC). Still, the mesh or
grid size remains an issue for use of these GCM outputs to evaluate flood risk. Using a 60 x 60-
km grid does not yield sufficient resolution to capture most project-level watershed or drainage
areas. Various “downscaling”® and “bias-correcting”!? algorithms have been developed to extend
estimates to smaller scales and basins and more localized climates. The Bureau of Reclamation
provides access to compilations of multiple downscaled and bias-corrected GCM datasets (World
Climate Research Programme 2007).

In many cases, both raw and post-processed (i.e., downscaled and bias-corrected) simulations from
given GCMs may not produce reasonable climate statistics during a historical period or may not
simulate the primary atmospheric circulation mechanisms well; for example, they may not have
the ability to characterize the frequency and intensity of storms which would be of particular
importance to the impact of flooding (Thibeault and Seth 2014; Srivastava et al. 2020). In such
instances, a model selection process may be undertaken to reduce the ensemble of GCM-derived
scenarios to ones that best reproduce historical statistics and atmospheric circulation mechanisms.
However, there is no consensus standard for model culling or selection. Both are best left to expert
climate modelers who understand the behavior of specific models and the risks and benefits of
including or excluding specific candidate models.

On the other hand, GCM-derived climate scenarios do not represent an exhaustive set of potential
climate futures. In some instances, the omission of other more extreme—yet plausible—changes
in climate can obscure important climate tipping points, leading to undesirable planning decisions.
To curtail this risk, some studies have recommended “bottom-up” or “stress-testing” approaches
(Brown et al. 2012) that examine the response of systems, including floodplains (Spence and
Brown 2018), to a large number (dozens to thousands) of plausible climate futures. These large
sets of plausible climate futures may be informed by GCM-derived scenarios but, importantly, are
not limited to them.

Selecting a set of plausible GCM-derived climate scenarios for a region—whether derived solely
from GCMs or from “bottom-up” stress-testing approaches—is just one step of the process for
identifying the “best-available, actionable” climate information for a CISA application. Critically,
identifying the best-available, actionable climate information also involves the consideration of
climate change uncertainty.

Floodplain managers and stakeholders often evaluate tradeoffs between the over-design and under-
design consequences of their potential decisions under a range of plausible climate futures (e.g.,
Rosner et al. 2014; Spence and Brown 2018; Hecht and Kirshen 2019). Complicating matters

° Downscaling refers to methods and techniques used to process and refine GCM outputs to finer levels of spatial resolution. See
NOAA Geophysical Fluid Dynamic Laboratory. N.d. “Climate Model Downscaling”. https:/www.gfdl.noaa.gov/climate-
model-downscaling/

10 Bias correction refers to methods and techniques used to account for the ways GCM outputs deviate from observed data due to
their limited spatial resolution or simplified physical or climatic processes with the aim of making these outputs more realistic.
See Copernicus Climate Change Portal. N.d. “What is Bias Correction?” https://climate.copernicus.eu/sites/default/files/2021-

01/infosheet7.pdf
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further, experts are commonly hesitant to assign probabilities to individual climate scenarios
(Dessai and Hulme 2004). However, in recognition of this “deep uncertainty” (Hallegatte et al.
2012), numerous “robustness” metrics that can compare the range of potential over- and under-
design consequences of projects under a set of different climate scenarios, such as minimax regret,
robust decision making, and adaptive pathways approaches, have been advanced (e.g., Haasnoot
et al. 2013; Herman et al. 2015; McPhail et al. 2018).

The selection of such metrics for future flood hazard evaluation often reflects the degree of risk
aversion associated with the criticality of a project.!! Importantly, the use of scenario simulations,
robustness metrics, and low-regret design strategies is becoming an increasingly accepted and
commonly employed design evaluation practice even in engineering fields unconcerned with
climate change. Used properly, they may reveal project susceptibility to extreme events and then
provide an opportunity for their associated consequences to be mitigated.

Adding consideration of the relevance of climate change scenarios to flooding is an important and
challenging advancement, but it is well within the realm of expert analysis. Additional guidance
regarding the incorporation of agency considerations and project characteristics into climate
scenario selection is presented in later sections focused on specific flood hazards.

C. Considerations for Non-Climatic Drivers of Changing Flood Hazards

Changes in the use, cover, and management of land have all been associated with changes in
flooding (e.g., Leopold 1968; Wagenbrenner et al. 2021). These changes can affect the magnitude
and timing of runoff generation, the routing of flow to channels, overland wave generation and
attenuation, and the depth of inundation in riverine and coastal floodplains.

Land use refers to the change in the activity for which land is being used (for example, agricultural
versus urban). Land cover refers to biophysical properties of the land surface. For example, a
recently burned forest will have different soil properties and much less canopy cover than a mature,
old-growth forest. Land management refers to practices that may affect the land cover (e.g., cover
crop on a field) or subsurface drainage of the land (e.g., tile drains for agricultural land or
stormwater infrastructure in urban areas).

Hereafter in this report, the term “land use” is used to encompass this full suite of hydrologically
relevant landscape properties. In contrast, large-scale water resources infrastructure, such as dams,
diversions, and levees, are considered in a separate water resources management category.
Hydrologically relevant land use metrics that could be relevant to specific elements of the CISA
coastal and riverine workflows, such as impervious cover or burn severity metrics, are discussed.
Most importantly, CISA provides a framework for considering the potential effects of land use
change on current and future flooding.

D. Interpretation of Flood Risk Under Nonstationary Conditions

In its definition of the CISA, EO 13690 refers to “methods that integrate current and future changes
in flooding based on climate science.” While the word “integrate” is normally understood to mean
“bring together” or “combine,” it also has a mathematical definition. As a result, the phrasing of

' See McPhail et al. (2018) for a comparison of the implications of these robustness metric choices for a stylized flood
management case.
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the order is somewhat ambiguous, and at least two possible interpretations of CISA methods are
possible. The main body of this document interprets the order to mean that when conditions are
changing over time, the CISA will yield the elevation and flood hazard area corresponding to the
worst-case conditions over the period of analysis. This ensures that as conditions change over the
period of analysis, projected risk will never exceed the hazard developed under the CISA. In
certain cases, however, it may be preferable to depict a flood hazard area that represents the
expected value of flood hazard over the period of analysis. The distinction between these two
interpretations, and methods for assessing risk under the second definition, are explored in detail
in Appendix B.

II1. Assessing Future Coastal Flooding

This section describes the elements of future coastal flood analyses using a coastal workflow
(Figure 2) as a conceptual framework for describing the hazard-projection process, to report on
new applicable science, and to identify a roadmap for bridging science and methodology gaps.

A. Coastal Workflow

Element 1 Element 2 Element 3 Element 4 Element 5
Velocity }
: Flood
Analyze Coastal protection/ e
historical mgnagement i
S|:_~eC|fy chgnge_s and Evaluate sea IRACE
2l SR ety levelllake level | [ Determi
horizon and plausible = - n ?I?rmtlne Determine CISA Coastal
other key future changes prfo Jtec S Shl yviter wave effects Hazard
project in climate and ul'uretV\I.'ave Elfgjnes Projection
details other SRl
environmental Geomorphic Coastal
drivers change |_,| erosion
hazard
map
Long-term erosion i
PROJECT
PLANNING AND DATA SHARING
AGENCY CLIMATE AND OTHER STILLWATER AND
CONSIDERATIONS ENVIRONMENTAL CONDITIONS ANALYSIS WAVE EFFECTS VISUALIZATION

Figure 2: Workflow for CISA coastal flood analysis

The initial coastal workflow element requires the analyst to consider project requirements such as
location, criticality, service life, consequences, design or project evaluation criteria, and site and
structure elevations, all of which inform decisions made in subsequent elements of the analysis.
The second element on climate and other environmental conditions includes likely changes in
mean sea or lake level, vertical land motion (VLM) rates, changes in wave climate, and sea ice
reduction in cold regions. As part of this element, analysts will need to establish a strategy for
analyzing historical changes and determining potential future changes in climate and other
environmental drivers. This may include evaluating flood frequencies (e.g., 1-percent-annual-
chance-flood) and determining how that frequency will change in the future (e.g., 1-percent
becomes the 10-percent-annual-chance-flood). Dynamic, process-based models typically require
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input on potential future changes to sea or lake levels as well as any potential changes to the wave
climate and land use.

For Elements 3 and 4 of the coastal analysis, analysts should factor in the impacts of both natural
and human-made geomorphic changes. A variety of 1D, 2D and, 3D coastal process models are
available for efficiently modeling hydrodynamic (stillwater) and wave setup effects (Figure 3).
Dynamic stillwater level as shown in Figure 3 is consistent with the way in which FEMA includes
wave setup in stillwater modeling, but a user should determine whether wave setup is included in
the data source being used. Project details inform whether changes in coastline morphology,
vertical land level, coastal management plans or structures, or site-specific wave conditions that
may affect overland propagation, runup, overtopping, or episodic erosion should be considered
and integrated. Finally, the last element, if it is needed for the project, is to communicate (e.g., via
inundation/hazard maps or flood elevations) the flood extent, depth, wave impacted velocity zones,
and erosion hazard areas.

Crest of
dune/structure

vtk Non-tidal residual MSL  Mean sea level DSWL  Dynamic still water level
Ma  Astronomical tide SWL  still water level R Wave run-up
7 Wave set-up 5 Swash TWL Total water level

Figure 3: A profile depiction of the component approach to coastal flooding (Moritz et al. 2015)

Element 1: Project Planning and Agency Considerations

Under EO 13690, agency actions and project designs need to consider adaption to future flood
risks that may require modeling. There are multiple approaches to modeling coastal and nearshore
processes to determine flood and erosion hazards. In addition to project requirements and agency
policies, modeling in either coastal or riverine situations will require consideration of the
availability and relevance of data.
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Element 2: Climate and Other Environmental Conditions

This element aims to determine whether there are substantial changes (e.g., nonstationarity)
observed in the historical record and if projected physical changes in coastal water levels and
processes will increase coastal flooding over time. In most instances, substantial changes in climate
variables (heat, precipitation, SLR) have occurred and/or are projected to occur. These changes
likely warrant analysis using CISA methods that characterize changes in the flood elevations and
extent over time (with attribution to identified drivers, if possible). Identifying potential drivers of
change in flooding can avoid falsely diagnosing apparent changes in flooding due to natural
variability as trends (Woodruffet al. 2013). Drivers of change that have been attributed to observed
and projected changes in flooding include both changes in climate and land use/management.
Changes in coastal flooding due to coastal management and protection—such as sea walls,
revetments, groins, wetland or coral reef construction and restoration, and beach nourishment—
are good examples and considered more in subsequent elements.

Element 2a: Historical Changes

Changes in many indicators, especially metrics of change in sea and lake levels, have been
associated with observed historical changes in coastal flooding. At any given moment, water levels
observed along U.S. coasts and lakes vary in response to a variety of astronomical, meteorological,
climatological, geophysical, and oceanographic forcing mechanisms (Nicholls et al. 2007). The
analyst must try to evaluate historical changes to these mechanisms to determine how they have
changed and if what was recorded in the past will persist into the future. This process, evaluating
stationarity, involves statistical methods to determine if changes are linear or non-linear and what
is the cause (natural variability or long-term multi-factor changes associated with climate change).
The following is a list of variables that the analyst should evaluate for historical changes:

¢ Global and relative sea level/lake level trends or long-term averages — Long-tide and
water level gauge records provide information on local sea level/lake level change variations.
These data can be obtained from NOAA (NOAA n.d.d).

e Extreme water levels — Similarly, using long-term average water levels, extreme water level
statistics can be developed and used for model validation (NOAA n.d.a). New gridded
extreme water level data based on regional frequency analysis is now available from Sweet
et al. 2022. The USACE (2022) Coastal Hazards System also provides extremes based on
synthetic models vs. historical data.

¢ Significant wave heights — Wave buoy data are archived at the NOAA (2021) Data Buoy
Center, which include both NOAA buoys and many partner entities.

e Long-term erosion rates — USGS (2017) has a national shoreline erosion product that can
be used to assess long-term erosion rates on a consistent basis nationally. Individual State
coastal management programs also monitor local erosion rates. Where available, these data
can be used for finer spatial and temporal resolution.

e Changes in elevation control — The National Spatial Reference System (NSRS) enables
access to heights on vertical control (benchmarks and Continuously Operating Reference
Stations) across the country. Leveraging NSRS datums (e.g., NAVD 88, IGLD 85) allows for
the consistent alignment of data nationwide. This accurate linkage of coastal water level data
and models to the land surface and to existing and proposed infrastructure is critical at climate
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timescales, and particularly in areas undergoing vertical land level change (see Box B).!?
Accounting for changes to vertical datums over time (e.g., local tidal datums based on past
National Tidal Datum Epochs) facilitates the evaluation of historical changes.

¢ Sea and lake ice extent — Sea and lake ice protects the coastline of many cold regions of the
United States, and changes in ice extent, concentration, and character (e.g., slush
concentrations) can alter wave energy conditions at the coast, influencing flood hazard extents
and potentially causing higher erosion rates or changes in ice shove potential. The Sea Ice
Index (National Snow and Ice Data Center 2022) provides historical trends of sea ice.

e Land use changes — Historical changes in land use, as well as changes to the coastline from
human activities, may need to be evaluated to determine if they are potential causes of changes
in any of the variables described above. For example, periodic dredging and beach
renourishment may impact coastal erosion response and impact tidal dynamics and wave
impacts. Land cover datasets such as the National Land Cover Dataset from USGS or the
Coastal Change Analysis Program can assist with detecting change over time. Higher
resolution land cover data (1-m) are becoming more available, which have enough detail for
quantifying small-scale changes.

12 Forthcoming updates to tidal (NOAA n.d.b) and orthometric datums (NOAA n.d.c) will include enhanced time-dependency
that can help characterize non-uniform vertical land motion at the watershed scale for more accurate flood hazard assessments.
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Box B. Vertical Land Motion (VLM) Considerations

Areas subject to ground subsidence or uplift require the use of best available positional data
throughout the recommended CISA workflows. Physical changes in the elevation of the land
surface may include topographic variations that affect hydraulic flow patterns as well as
movement that can impact the relative heights of obstruction features, project site elevations,
and local vertical datums. For areas in motion, the use of epoch-specific datums and the
consideration of supplemental VLM information is therefore critical to flood risk
determination. These considerations are especially important when the vertical motion is
non-uniform at the watershed scale or non-linear over time (e.g., due to glacial isostatic
adjustment, tectonics, sediment compaction, groundwater and fossil fuel withdrawals,
volcanic activity, permafrost loss, and other non-climatic factors).

In coastal areas, long-term sea level trends observed in tide station records include estimates
of VLM (Sweet et al. 2022). If VLM rates in the proximity of a project site are suspected to vary
from regional trends, sea level trend projections can be localized by replacing the estimated
regional VLM component with a user-defined value based on hydrology and hydraulics (H&H)-
based rates at Continuously Operating Reference Stations or via InSAR. Such substitutions
require a critical assessment of the drivers behind observed motion to evaluate assumptions
of rate projections that may vary with land use changes or as a result of fixed factors like total
ice mass.

In tectonically active areas, projects with low risk tolerance can also benefit from an additional
elevation to compensate for uncertainty in potential VLM based on any records of historical
VLM. After large seismic events, flood hazard assessments may need to be updated based on
changes to the relative vertical positions of flood sources, project sites, and other topographic
differences.

Element 2b: Future Changes in Climate or Other Environmental Drivers and Evaluation of
Sea and Lake Level Projections and Future Wave Climatology

As described in Section II. B. Use of Climate Scenarios within CISA, the primary driver of climate
change is the unprecedented levels of GHGs in the atmosphere and the resulting response of both
atmospheric and oceanic heating. Both of these processes directly impact coastal processes and
thus coastal flooding. Increases in global temperature will continue to warm the oceans, which will
cause them to expand their volume. At the same time, ice in the form of land-based glaciers and
continental ice sheets (Antarctica and Greenland) will continue to melt and redistribute their mass
(ice sheet fingerprinting), further raising sea levels. For the Great Lakes, changes in precipitation
and evaporation rates will continue to change lake levels. After an analysis of historical change as
part of Element 2a, the analysis should investigate future climate change scenarios and their impact
on coastal flooding. Many of the same variables need to be evaluated for projected change and
provided as input into coastal hazard projection modeling. Below is a list of projection information
that will be needed as input into change modeling; Section III.B below will discuss the advances
in the understanding and actionable science in each:

¢ SLR extrapolations and scenarios — As part of the NCA process, new actionable and usable
sea level science is updated and scenarios provided via the Federal Interagency Sea Level
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Rise and Coastal Flood Hazard Scenarios and Tools Task Force (Task Force). There have
been three iterations of SLR science updates as part of NCA3 (Parris et al. 2012), NCA4
(Reidmiller et al. 2018), and NCAS (Sweet et al. 2022). Guidance in the 2015 CISA Appendix
was based on the NCA3 scenarios. The latest projections have also been enhanced with
historical data and extrapolations out to 2050.

e Great Lakes water level projections — Better historical information is now available and
new science is currently being developed to improve future lake level projections. Known
variables, such as high water levels that contribute to coastal flooding, can be incorporated as
scenarios into future conditions flood studies.

e Future VLM — VLM can be an important contributing factor to local sea level changes and
associated flood risk. This information is primarily incorporated into coastal flood
assessments at present as a component of relative sea level changes recorded at long-term tide
stations, and it is often assumed to be a constant when projecting sea level rates. However,
there is known variability both spatially and temporally that is not fully captured by existing
tide gauges, is non-linear (e.g., seismic and post-seismic adjustments), or is highly non-
uniform at the watershed scale (e.g., subsidence associated with groundwater extraction).
Actionable guidance for areas with known VLM complexity are captured within the Alaska
guidance below, and new research is being completed to evaluate satellite technology
(InSAR) to develop gridded regional-scale VLM rates that could be used to improve coastal,
riverine, or pluvial flood risk projections in the future (see Box B above).

¢ Sea and lake ice extent projections — Future sea ice extent projection is an ongoing area of
research. There is limited actionable science at this time to use for assessing the potential
coastal flood risk impacts of changing sea ice duration, extent, and other characteristics.

¢ Future wave climatology — The new generation of CMIP6 climate models is now available
as part of IPCC’s ARG6. There is ongoing research to use these data to project future wave
energy that could then be used for modeling (see sections B. Use of Climate Scenarios within
CISA and C. Considerations for Non-Climate Drivers of Changing Flood Hazards).

e Point versus gridded data— When the 2015 CISA Appendix was issued, sea-level
projections and other water level frequency datasets were only available at individual tide
gauges, limiting geographic coverage. SLR scenario updates by federal interagency groups in
2017 (e.g., USGS n.d.) and 2022 (Sweet et al. 2022) provided data in a one-degree grid as
well as at tide gauges, enabling actionable use of the data for locations between gauges.

Element 3: Stillwater Analysis

“Stillwater” is the term used in FEMA guidance as coastal stillwater levels and stillwater elevation.
A stillwater level is the coastal water surface resulting from mean sea level, astronomical tides,
and non-tidal residuals, such as storm surge. The stillwater elevation is the statistical elevation of
the stillwater level relative to a specific datum. These values can be derived from historical or
projected data, like the gridded Regional Frequency Analysis described earlier (Sweet et al. 2022)
or from 2D or 3D coastal hydrodynamic and wave models, depending on the project requirements.
This coastal flood scenario could be based on a specific design event, or could be based on a return
period or frequency of interest.
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To derive the stillwater response from a model, the first step is to define the base topography.
Collaboration between Federal, State, Tribal, territorial, and local governments via programs like
3DEP (USGS 2016a) can be done to compile and develop the best available topographic and
bathymetric Digital Elevation Models (DEMs). Because the coastal environment is constantly
changing on a yearly, if not a daily, basis, up-to-date bathymetric and topographic data are very
important. Future conditions studies may also require changing the DEM to a future projected state
(e.g., include or remove coastal inlets, channels, dunes, and offshore sand features). The DEM
serves as the basis for the 2D hydrodynamic modeling grids. It is also important to collect up-to-
date and projected land use data if considering updated coastal modeling, as this has influence on
things like the seabed and land surface roughness.

The next step is to use a coastal model to derive stillwater data. A model framework will need to
be decided on and model geometry built. The model should be able to simulate the propagation of
storm surge and tides and should also be able to incorporate wind stress, atmospheric pressure
differentials, and the effects of wave radiation stresses. Model geometry should be sufficient to
define the storm surge propagation pathways of interest to the site. FEMA (2021b) has a list of
approved coastal models for use in flood studies conducted for the National Flood Insurance
Program (NFIP), but these are not the only options.

A model is only useful if it is properly validated. This is typically done by looking at historical
storm events. This requires the development of historical wind fields, in addition to gathering
appropriate water level and wave measurements to compare.

Finally, the properly validated model can be used to derive the stillwater response of interest. In
order to account for future SLR scenarios, the model setup should be changed to reflect these
conditions (via the DEM, land use, initial and boundary conditions). At this phase, the analyst
should examine whether the project is considering future “events” or a future response frequency,
as these will require different levels of model setup and implementation. To derive future response
frequencies in a modeling framework, large numbers of ensemble realizations may be required.

For a fully modeled approach to future conditions, the change scenarios should be directly
integrated into the modeling system. This approach has significant technical and computational
burdens that may not always be achievable in every project. Useful references and processes on
the development of coastal stillwater data can be found in FEMA (2022b) mapping guidance as
well as the USACE (2022) Coastal Hazards System.

Element 3a: Geomorphic Change (Long-Term Erosion)

Long-term coastal erosion (LTCE) that occurs over a period of decades fundamentally alters
coastal landscapes over time and can lead to substantial shifts in flood hazards. Although
influenced by SLR (among many physical processes) and a major contributor to coastal flood
hazards in some places, LTCE is typically depicted and managed as a separate hazard (USGS
2017). LTCE is typically represented by a shoreline location (e.g., high-water line, Mean High
Water, or other proxy) and can be projected into the future based on historical erosion trends and/or
modeling. Methods for determining long-term erosion rates and future shoreline locations are
known as historical shoreline mapping and erosion rate analysis. Common methods such as linear
trend forecasting or data assimilation techniques generally assume stationarity; that is, the
predicted rate of shoreline change does not consider potential acceleration or deceleration caused
by physical processes, such as changes in the rate of relative SLR (USGS and NOAA n.d.). The
scientific understanding of historical shoreline mapping is very mature, and results are robust and
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support current development of more advanced statistical (Montafio et al. 2020) and numerical
modeling methods. States and commonwealths commonly establish coastal setback lines or
erosion hazard areas based on 30-year, 60-year, or other multiples of historical LTCE (e.g.,
Crowell et al. 1999; USACE et al. n.d.).

With regard to coastal flood mapping, two categories of erosion can be defined: storm- or event-
driven erosion; and long-term erosion. Storm- or event-driven erosion is the erosion that occurs
during a storm event (USGS and NOAA n.d.). Such events may have temporary or permanent,
cumulative impacts on coastal flooding, depending on natural or anthropogenic processes such as
beach and dune recovery, beach nourishment, or other coastal engineering. Approaches are being
developed that resolve the cumulative short-term impacts of storms on LTCE using statistical
methods (Vitousek et al. 2017) and numerical models (Mickey et al. 2020).

Element 3b: Coastal Protection/Management Impacts

Human response to rising water levels likely will also have a significant impact on future coastal
flood hazards. Local shoreline decisions or policies to maintain the current shoreline location
through beach nourishment and/or shoreline hardening, for example, versus a managed retreat
from the most highly erodible areas, will have major impacts on the extent of the future conditions
floodplain (Wang et al. 2017a). Current engineered structures, such as buildings, seawalls,
revetments, and, in some cases, practices such as beach renourishment, are considered within
FEMA studies through the 1D-transect-based analyses for storm-driven erosion, runup and
overtopping. However, these 1D-transect-based analyses may only consider/apply the 1-percent-
annual-change storm condition for a single event using response-based methods. The analyses do
not consider the temporal and cumulative effects upon such structures from these erosion, runup,
and overtopping constituents. The long-term condition of coastal areas very much depends on the
human response, and this is difficult to model. A scenario approach may be most appropriate to
look at future build-out of coastal areas and combinations of gray and green infrastructure and hard
and soft stabilization methods for shore protection. This information can be incorporated into
future conditions models in addition to the physical process variables mentioned in the above
sections.

Element 4: Determine Wave Effects

In many coastal flood studies, wave effects are handled in two parts. Wave setup is usually
included in the stillwater analysis. If the stillwater analysis is based on historical or projected data,
the wave setup is inherently incorporated in the data. If the stillwater analysis is derived from a
model system, the setup would be derived from coupled nearshore 2D wave models. These models
can also provide output and insight into wave conditions such as height or period.

However, wave conditions in coastal areas often include a number of other components that may
be important to an individual project. For example, FEMA coastal flood studies and BFEs may
include components due to wave, runup, overtopping, episodic erosion, overland wave propagation
for the I1-percent-annual-chance exceedance, and in some cases, other limited frequency
conditions, when it would be appropriate to do so. These are separate analyses, more typically
conducted with transect-based 1D models or empirical formulations. Natural features, such as
dunes and bluffs, and engineered features, such as seawalls, revetments, beach renourishment, and
well-established human-made dunes, can be incorporated directly through these types of analyses.
FEMA (2021a) mapping guidance can provide details on these analyses, as can the USACE (n.d.a)
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Coastal Engineering Manual. As with the stillwater analysis, projections of future scenarios may
require direct integration with these transect-based assessments and will be dependent on future
scenarios due to the change in stillwater level, the change in wave climate, and any potential
changes due to land use or future coastal protection or management projects.

Element 5: Data Sharing and Visualization

This final element of the workflow addresses the communication of predicted flood depths, flood
hazard maps, and coastal erosion hazard zones made in element 4. Common methods include
tables with flood elevations by location based on transects or cross sections, maps with discrete
flood zones or graduated risk zones based on probability and wave heights, and maps that depict
long-term erosion areas or probabilities of erosion. Mapping of current flood zones is necessary
for community-based regulatory and floodplain management decisions. Zones or probabilities of
erosion hazards are needed for longer-term beachfront management decisions. The outcomes of
the coastal workflow are to identify future flood and erosion hazards to provide a projection of
future coastal hazards.

One of the most well-known mapping products depicting flood hazards are FEMA FIRMS, which
provide specific flood zones and BFEs. The following paragraphs describe the coastal components
of these maps as a reference (see Box C for additional information).

FEMA coastal BFEs include a number of drivers related to coastal flooding. Flood hazard studies
are considered coastal studies when the flooding being evaluated is a combination of elevated
water levels, typically due to storm surge and wave action. Methodologies for developing coastal
flood hazard elevations vary by drivers and geographic areas. Coastal flood hazards along the
Atlantic and Gulf are associated with large coastal storms and storm surge derived from both
tropical and extratropical storms. The dominant coastal flood hazards differ substantially for the
Pacific Coast from those on the Atlantic and Gulf coasts. The narrow continental shelves of the
Pacific Coast preclude storm surges greater than a few feet, and coastal flood hazards are
associated with large waves with long periods. Coastal flooding in the Great Lakes can arise due
to elevated stillwater level and/or storm waves, with energetic storm waves occurring concurrently
with elevated water levels.
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Regardless of geographic area, FEMA BFEs include the assessment of 1-percent-annual-chance
stillwater (storm surge and wave setup) coastal flooding, wave assessments (wave setup and runup,
overtopping, overland wave modeling), coastal episodic (storm-induced) erosion, and, if
applicable, the delineation of a Primary Frontal Dune. The BFE represents an elevation that
includes contributions from all of these assessments. For example, the BFE in an area influenced
by overland wave propagation will include contributions from the stillwater, wave setup, and the
component of the overland wave height that contributes to the total water level. In an area where
runup is the dominant coastal hazard process, the BFE will be the 2-percent-annual-chance wave
runup elevation. Methodologies associated with the development of coastal flood hazard data can
be found through FEMA (2022b) guidance.

Box C. FEMA Coastal FIRMs BFE Zones

Current FEMA mapping represents a static view of flood hazard for current conditions and
does not provide information on future conditions. Coastal flood BFEs are mapped in terms
of zones VE, AE, AH, AO, and X on a FIRM. In addition, the Limit of Moderate Wave Action is
typically identified. VE zones are coastal high-hazard areas where wave action and/or high-
velocity water can cause structural damage during the 1-percent-annual-chance flood.

VE Zones are identified using criteria for the 1-percent-annual-chance flood conditions based
on the following assessments:

e Breaking wave height zone for overland wave propagation
e Primary Frontal Dune zone

e \Wave runup zone

e Wave overtopping splash zone

e High velocity zone (landward of the overtopping splash zone)

AE Zones are areas of inundation by the 1-percent-annual-chance flood, including areas with
wave heights less than 3.0 ft and runup elevations less than 3.0 ft.

AH Zones are areas of shallow flooding or ponding.

AO Zones are areas of sheet-flow shallow flooding, or where the potential runup is less than
3 feet above an overtopped barrier. The barrier of A zones represents the limits of the Special
Flood Hazard Area. Outside of the Special Flood Hazard Area, the 0.2-percent-annual-chance
stillwater value can be mapped as a shaded X zone. Additional data may be available from
FEMA coastal studies, such as stillwater depth grids and multi-frequency stillwater raster data.
Information on the methods used to develop mapping products can be found in FEMA (2021a)
mapping guidance documents.

Examples of some existing mapping products depicting erosion hazards are available via the USGS
(2017) Coastal Change Hazards Portal. Historical shoreline positions, short- and long-term
shoreline change maps, vulnerability maps, and future change forecasts and response likelihoods
are available. In addition, many State coastal management agencies monitor coastal erosion and
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map long-term accretion and erosion rates, which are used to determine regulatory baselines and
setbacks.

B. Advances in Understanding and Actionable Science

Since the 2015 CISA Appendix was written, the Fourth National Climate Assessment (NCA4) has
been conducted with updated actionable science, and newer science is available that will be
included as input to NCAS5 by 2023. Included in the updated science is a better understanding of
relative SLR based on regional influences of oceanographic currents, ice sheet fingerprinting, and
VLM, as well as improved historical trend analysis and extrapolations out to 2050. The result is
the availability of updated SLR scenarios that enable a risk management approach to future flood
risk. In addition, more robust process-based coastal modeling is now available that includes the
increase in SLR as part of the dynamic modeling input, thus accounting for nonstationarity/non-
linear responses (for example, wave runup, which impacts Zone V areas). Also, there are better
methods for accounting for special regional considerations, such as for the Great Lakes and in
Alaska, that can be included in the analysis. This section describes these changes as they relate to
the 2015 CISA Appendix and provides recommended changes and justification for doing so. These
developments also motivated many revisions to the FEMA Technical Mapping Advisory Council
(TMAC) 2015 recommendations and sub-recommendations and subsequent annual reports
(TMAC 2022) and recommendations, including Future Conditions Recommendations FC-3 and
FC-7.

Project Horizon and Key Project Details

The diverse purposes and needs associated with Federal actions and projects provide the primary
impetus for determining the appropriate, associated, and actionable temporal period. The actual
period might depend on the design standards directing the service life of a project. For example,
highway bridge design standards apply a service life of 75 to 100 years (American Association of
State Highway and Transportation Officials 2020). The associated project horizon would
correspond to capturing projections to 2120. Different considerations may align the project horizon
with some risk or consequence of failure; for example, an evacuation route might necessitate a
longer horizon than a secondary roadway.

Element 2b: Future Changes in Climate or Other Environmental Drivers and Evaluation of
Sea and Lake Level Projections and Future Wave Climatology

Observations and models that support dynamic flood modeling are increasingly available and
continue to improve. As sea levels change, tidal and other coastal process dynamics will also
change, creating a challenge to integrate subaerial and subaqueous landscape change. For example,
flood and ebb tides may change in magnitude, causing more intense currents and thus erosion
(Passeri et al. 2016). Statistical methods are further being explored and utilized (e.g., Bayesian
probabilistic models) to better predict changes over time with a host of initial inputs that can vary
over time (Lentz et al. 2016; Lentz et al. 2021; Plant et al. 2016). Dune heights and tidal hydraulics
are known to be impacted by changes in sea level. Coupling historical shoreline change rates to
SLR and coastal morphology has also resulted in correlations between dune height and erosion
rates (Plant et al. 2016). Machine learning and physics-based models (Delft3D and XBeach) have
been used to show that SLR and geomorphic change will also impact future habitat and migration
of barrier islands. These models enable many different scenarios to be run with varying inputs
(Enwright et al. 2021), allowing researchers to change parameters to determine which ones are
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most important for impacting habitat and erosion and helping to guide decision making for using
natural and nature-based barrier island restoration techniques.

Mean Sea Level Rise

Two new, major, authoritative global and regional SLR assessments have been published since
2015, which are the basis for mean SLR guidance under this 2023 CISA Report. Sweet et al. (2017)
provided regional SLR projections for the United States for the first time on a 1-degree grid and
at tide gauges. In addition, these projections were given exceedance probabilities associated with
the Representative Concentration Pathways (RCPs) to assist with determining more likely
scenarios. Sweet et al. (2022) updates the global mean SLR scenarios from Sweet et al. (2017)
using output drawn directly from [IPCC AR6. The underlying SLR science reported in ARG is also
used to calculate exceedance probabilities for each Sweet et al. (2022) global mean SLR scenario
around the shared socioeconomic pathways (SSPs), global mean temperature targets, and the
inclusion (or not) of lower-confidence ice sheet processes in the model-derived AR6 SLR
projections (Working Group 1 2021; Working Group II 2022; Working Group III 2022).

The report updates previous reports (Parris et al. 2012; Sweet et al. 2017) and gives actionable new
data for use in coastal flooding analysis.

o Sea level along the U.S. coastline is projected to rise, on average, 10—-12 inches (0.25-0.30
meters) in the next 30 years (2020-2050), which will be as much as the rise measured over
the last 100 years (1920-2020). SLR will vary regionally along U.S. coasts because of
changes in both land and ocean height (Sweet et al. 2017).

e SLR will create a profound shift in coastal flooding over the next 30 years by causing tide
and storm surge heights to increase and reach further inland. By 2050, “moderate” (typically
damaging) flooding is expected to occur, on average, more than 10 times as often as it does
today, and can be intensified by local factors (Sweet et al. 2022).

The report and accompanying datasets provide:

e Updated global and regional SLR scenarios from today to 2150 by decade for all U.S. States
and Territories, including exceedance probabilities across a wide range of scenarios of GHG
emissions, associated future climate warming, and the potential contributions from physical
processes associated with rapid ice sheet melting for which the IPCC has indicated lower
confidence (but which could lead to large and rapid increases in global mean sea level);

e Extrapolated regional sets of tide gauge and satellite altimetry observations (since 1993) from
the last 50 years (1970-2020) to project SLR out to 2050 and regionally-averaged projections
for 11 different regions around the United States and Minor Outlying Islands (defined in Fig.
Al.1 of Sweet at al. (2022)); and

¢ A new set of extreme water level probabilities to assess coastal flood exposure today and out
to 2050 for all U.S. States and Territories.

Federal agencies should apply this latest interagency Federal guidance for regionally-based SLR
projections. Scenarios and time horizons should use a consistent national approach based on risk
tolerance and criticality. The regional scenarios, based on the appropriate scenario at the closest
tide gauge location or 1-degree grid, should be combined with the coastal hazard projection
workflow using methods appropriate to policies, practices, criticality, and consequences. Agencies
should be aware that updates to the scenarios will continue to be made through the Interagency
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SLR Task Force process, in partnership with the NCA. Each agency should factor projected
regional/local sea level change into Federal investment decisions located as far inland as the extent
of estimated tidal influence, now and in the future, using the most appropriate methods for the
scale and consequence of the decision. Using the regional SLR scenarios will account for regional
differences based on VLM, oceanographic processes, and ice sheet fingerprinting.

In addition, Federal agencies should use the extrapolated regional tide gauge observations to
inform SLR scenario selections for time periods out to 2050, as well as the extreme water level
probabilities to inform stillwater and wave effects analysis over that time horizon. For longer-term
scenario needs, out to 2150, Federal agencies should use the model-generated scenarios from the
Task Force report appropriate for the given risk tolerance and other critical aspects of the decision
context, as discussed below.

For “near term” (out to 2050), the scientific advancements captured in the new SLR Task Force
report (Sweet et al. 2022) provide an opportunity to recommend a single consensus projection
(with appropriate margin of error/safety) for each region/tide gauge/grid cell based on a
combination of (a) the observational extrapolation curves and (b) the model scenarios that bound
those curves for that particular region/location. A further refinement of this would be to create an
“equivalent freeboard” table for each location associated with that single consensus projection. For
“long-term” (beyond 2050), agencies can adopt an approach articulated in both Sweet et al. (2017)
and Sweet et al. (2022) about using at least two scenarios to ensure that lower probability but high-
impact SLR futures are considered in the planning process.

The updated scenarios in the report are grounded in the principles of risk-based framing for climate
assessment (King et al. 2015; Weaver et al. 2017; Sutton 2019; Kopp et al. 2019) and are consistent
with adaptation pathways approaches for long-term planning that help a community plan for a
range of uncertain futures while only investing in adaptation strategies when necessary (e.g.,
Haasnoot et al. 2013; Bloemen et al. 2018; Hall et al. 2019; Werners et al. 2021). They provide
screening-level (suitable for first-order assessment) products appropriate for framing and bounding
important Federal investment projects and coastal risk assessment and management. The
extrapolations out to 2050, and associated model-derived curves, provide planning scenarios
intended to frame near- to mid-term decision contexts and/or longer-term decisions with high-risk
tolerance or ability to adjust plans, which address the question of what is most likely to happen.
The projections out to 2100 and 2150 provide bounding scenarios designed to set the envelope of
possible future outcomes, which can be used to stress-test long-term objectives, gauge the “when,
not if” a given level of SLR might be reached, and address the question, “How bad could things
get?”

For short-term actions (~30 years to 2050), agencies should use the extrapolated trends in 2050,
and then choose the SLR scenario curve immediately above the observational extrapolation to
account for uncertainty, as follows:
e For a given location (tide gauge or grid cell), select the regional tide gauge extrapolation
associated with that location (i.e., the region that the tide gauge/grid cell falls within).

e Identify the local (for the tide gauge/grid cell) model-derived scenario (e.g., Low,
Intermediate Low, Intermediate, Intermediate High, High).

e That particular local model-derived scenario then becomes the planning curve or equivalent
freeboard for the upcoming 30-year time horizon.
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e If more accurate VLM rates are available or if VLM rates at the tide gauge closest to the
action are more appropriate, then they should be applied.

For example, for a Federal action near Savannah, GA (which falls in the Southeast Coast region)
with short-term design requirements, the Southeast Coast region is the most appropriate
extrapolation to use. The extrapolated Southeast Coast region observation out to 2050 is 1.34 ft.
This value is between the Intermediate and Intermediate-High scenarios. Agencies should choose
the scenario higher than the extrapolation, in this case the Intermediate-High scenario (1.40 ft).
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Figure 4: Southeast Coast regional extrapolated observation to 2050 (NASA 2022)

With Figure 4 above, agencies should use the scenario higher than the extrapolated value at 2050
for short-term (~30-year actions). In this case, this is the Intermediate-High (1.40 ft) scenario.

If planning and designing beyond 2050, agencies should, when possible, choose at least two
planning scenarios to accommodate different risk tolerances. For highly critical actions, a higher
than observational extrapolation scenario should be used. Using the previous example, if the same
Federal action in Savannah, GA has a much longer design life (2080 [~60] years is used in this
example but depending on service life, longer time frames may be considered out to 2150),
agencies would use the same higher scenario curve selected at 2050 (in this case the Intermediate-
High scenario) at 2080 (3.40 ft) for critical actions and the scenario lower than the extrapolation
at 2050 (in this case the Intermediate scenario) at 2080 (2.41 ft) for non-critical actions. The
purpose of using at least two scenarios is to make sure agencies are addressing potential low-
probability, high-impact plausible outcomes for more critical actions that cannot fail, and higher-
probability, lower-impact outcomes for less critical actions with lower consequences upon failure.
This strategy will reduce potential overdesign consequences and give agencies the flexibility to
decide which scenario is best, based on agency methods for determining the scale and consequence
of the action.
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Figure 5: Southeast Coast regional extrapolated observations to 2050 and scenarios out to 2100
(NASA 2022)

With reference to Figure 5 above, agencies should use the same higher scenario curve selected at
2050 (in this case the Intermediate-High scenario) at 2080 (3.40 ft) for critical actions and the
scenario lower than the extrapolation at 2050 (in this case the Intermediate scenario) at 2080 (2.41
ft) for non-critical actions.

The 2015 CISA Appendix gives agencies options to use other sea level scenario curves that meet
peer review criteria. Examples such as USACE SLR scenarios are outlined in the 2015 CISA
Appendix, as are criteria defining appropriate scenarios. Upon deciding what scenarios to use,
agencies should consider the following:
e Ideally, the presented guidance (and simplified data products and tools) provided in this
workflow for using the Sweet et al. (2022) projections/scenarios is simple enough that it
incentivizes agencies using them off the shelf, instead of coming up with a custom method.

e There are other Federal- and State-level SLR scenario planning approaches. Using locally
derived scenarios based on more local data (e.g., VLM rates) is appropriate as long as they
meet the 2015 CISA Appendix criteria.

e Custom approaches might be subject to extra scrutiny, especially if they lead to less protection
than the consensus Federal approach.

Great Lakes

The 2015 CISA Appendix stated that in 2015 there was too much uncertainty in projections of
future Great Lakes water levels to support guidance to add or subtract freeboard to current flood
risk elevations along their shoreline. More information is now available on changing lake levels,
and guidance now exists. Borrowing from the NCA 4 (Reidmiller et al. 2018), the following is an
update on Great Lakes water-level science.
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Great Lakes surface temperatures are increasing, lake ice cover is declining, the
seasonal stratification of temperatures in the lakes is occurring earlier in the year, and summer
evaporation rates are increasing. Water levels in the Great Lakes fluctuate naturally, though levels
more likely than not will decline with the changing climate. A period of low water levels persisted
from 1998 to early 2013, likely due to a single warm winter in 1997-1998 (corresponding to a
major El Nifio event) and ongoing increases in sunlight reaching the lake surface (due to reduced
cloud cover). Water levels rose rapidly after 2013: between January 2013 and December 2014,
Lake Superior’s water rose by about 2 feet (0.6 meters) and Lakes Michigan and Huron rose by
about 3.3 feet (1.0 meter). Record-high levels were recorded in Lake Ontario in 2019. Recent
projections using updated methods of lake levels for the next several decades under 64 global
model-based climate change simulations on average show small drops in water levels over the 21st
century (approximately 6 inches for Lakes Michigan and Huron and less for the other lakes), with
a wide range of uncertainty.

Because of the more recent variability in water levels in the Great Lakes, flooding and coastal
erosion have become more prevalent (Theuerkauf et al. 2019). As higher water levels generally
worsen coastal flooding, it is important for agencies to include higher water scenarios when
working through the coastal workflow. Therefore, each agency should construct or use a scenario
approach for modeling high- and low-water level conditions in the Great Lakes to determine future
flood hazard changes.

Alaska

Unique considerations for employing CISA in Alaska arise from notable limitations in data
availability, geographic isolation from many national modeling efforts, and an outsized role of sea
ice and VLM in flood risk assessments. When the 2015 CISA Appendix was developed, there was
minimal actionable science to inform guidance for Alaska and areas sharing its characteristics.
Guidance is provided here in the interest of enabling CISA adoption in areas not fully suited to
national workflow considerations.

Alaska experiences extreme changes in regional vertical land level, which include rapid seismic
displacement events; multi-year non-linear change associated with post-seismic adjustment;
decadal uplift associated with the loss of terrestrial glacial ice mass; and areas of subsidence due
to deltaic and volcanic mass loading. At a more local scale, changes in permafrost extent contribute
to highly non-uniform ground subsidence patterns. Recent gridded sea level projections capture
some of the long-term regional land motion, but analysts are encouraged to augment or validate
these trends with assessments of local VLM, when possible, at areas of interest. Location-specific
VLM data may be obtained from repeat surveys on benchmarks, from observed motion at
Continuously Operating Reference Stations, or from InSAR surveys. In tectonically active areas,
any record of past vertical displacement events should be calculated into added factors of safety in
design elevations.

Element 3a: Geomorphic Change

As described in Section III. Assessing Future Coastal Flooding A. Coastal Workflow, resources
are available to aid agencies needing to assess the severity of LTCE hazards along U.S. shorelines;
however, the spatial and temporal resolution may not be sufficient to support detailed (i.e., parcel-
scale, timescales of years to a decade) assessment. The national and international community of
coastal researchers and analysts have understood the need to incorporate the impact of physical
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processes that drive LTCE in the assessment and predictions that are used to manage flooding at
Federal, State, and local levels (Elko et al. 2015). These processes include SLR, as well as changes
in sediment supply, ecological feedbacks, and human activity, both in terms of restoration and
coastal protection. Specific research areas that were identified for investment included: (1) What
are the most important factors influencing long-term sediment budgets?; (2) What are the
feedbacks and interactions between processes at short time-scales, such as storms, and long time-
scales, such as SLR?; (3) How can useful models of LTCE be developed from models that resolve
short timescale processes?; and (4) What drives human interventions, how do mitigation strategies
coupled with natural processes, impact system dynamics and long-term sustainability, and how
might these factors evolve as physical, economic, and policy changes?

Thus, at the time the 2015 CISA Appendix was written, the scientific community had not
developed consensus and minimum standards on nationally consistent ways to integrate LTCE and
SLR into modeling of coastal flood hazards and coastal floodplain mapping. Since 2015, several
pilot studies (outlined in the TMAC 2022 Annual Report) have included approaches for combining
analysis of SLR and LTCE with flooding in the context of FEMA’s coastal flood study process.
In addition, non-traditional datasets such as satellite shoreline measurements are now available.
Minimum standards for providing two shoreline scenarios (extreme shoreline excursions and daily
conditions) are now needed, as well as secured funding for national LTCE monitoring for periodic
updates. While more research is needed before prescribing national guidelines that quantitatively
account for geomorphic changes, agencies should encourage efforts that take them into account in
locally appropriate ways.

Geomorphic changes that include SLR and storms have advanced to the point where they are
included in some publicly available projections of future flood hazards (Barnard et al. 2019; USGS
2021; Passeri et al. 2021; USACE 2015). These current approaches, typically implemented locally
or regionally and used for targeted decision-support related to restoration and hazard mitigation,
can be used as guidance on which methods to use to determine the impacts on the current BFEs
over time. For example, consistent with the TMAC 2021 Annual Report (TMAC 2022)
recommendations, recent approaches have incorporated multiple storm and SLR scenarios to
forecast future shoreline position and other forms of LTCE relevant to future conditions flood
hazards. Different methods, including statistical parameterizations, data assimilation, and
numerical process simulations can be evaluated for different coastal settings. The impact of
restoration and coastal protection measures can be evaluated by comparing predicted LTCE with
and without these projects (Mickey et al. 2020), e.g., comparing a case where the shoreline is
restricted from eroding past existing infrastructure (e.g., revetments, seawalls, roads) versus
another in which the shoreline erodes without infrastructure restrictions.

Geomorphic Change Observations

New advances in aerial and satellite imagery have been used to detect volume changes after coastal
storm events, including dune movement and overwash deposits. These methods can be used to
assess storm impacts and possibly to determine shoreline positions using remote sensing
(Sherwood et al. 2018). Overall, higher SLR increases the probability of shoreline erosion
(Gutierrez et al. 2011) and many coastal landscapes can respond and adapt over time to sea level
change. Static SLR models that do not account for coastal morphology tend to overpredict
inundation. Simpler land types such as beaches have more predictable responses, while more
complex land types that include vegetation are more difficult to understand (Lentz et al. 2016).
Lately, more complex and realistic wave forcings can be modeled over time as well using new
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methods for downscaling future climate models (CMIP6) to simulate stochastic wave processes
over long morphological time scales. These methods more accurately reflect wave impact to
morphology over climate time scales (Vitousek et al. 2021).

Element 4: Wave Effects

The new generation of climate models, CMIP6, are now available as part of [IPCC ARG, including
potential changing wave climatology in the future. There is ongoing research to use these data to
project future wave energy that could then be used for modeling. Ongoing research and
development in integrating these projected wave models continues. This implementation can be
coupled in systems for wave setup in terms of the stillwater elevations. Future wave projections
can be included in assessments (e.g., USGS 2021; Barnard et al. 2019). The integration of
processes like runup, overland waves, and overtopping require project-based understanding of the
drivers and criticality of the project.

Wave effects are an important driver, namely in terms of driving the consideration of coastal high-
hazard zones. As discussed, FEMA considers these effects in coastal mapping in terms of wave
setup, overland waves, runup, and overtopping (Figure 6).

RUNUP AND OVERLAND WAVE
OVERTOPPING PROPAGATION

OVERTOPPING

WAVE RUNUP
BASE FLOOD ELEVATION

..................................

STILLWATER ELEVATION

ELEVATED WATER LEVEL

NORMAL
SHORELINE

NORMAL SHORELINE

Figure 6: Overland wave propagation, runup, and overtopping hazards can be modeled to
evaluate their risks and to determine BFEs (Mississippi Coastal Map Revision Project n.d., with
modifications)

The 2015 CISA Appendix recommends using a combination of the lowest relative sea level (RSL)
conditions with surge, tide, and wave data using state-of-the-art science in a manner appropriate
to policies, practices, criticality, and consequences, and there is no actionable guidance to warrant
a change in this approach. Notably, areas subject to runup and overtopping can be very sensitive
to changes in water level (including due to SLR) and the variability of the slope—so within a CISA
implementation, these areas should be treated with appropriate analysis and not simple linear
addition of flooding components.
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When considering potential future land use changes, these should be integrated based on project-
specific conditions. Overland waves can be particularly sensitive to changes in land use. In the
overland wave analysis for FEMA studies, this is captured through variability in the cards within
the transect-based 1D model, Wave Height Analysis for Flood Insurance Studies (WHAFIS)
model.

Element 5: Data Sharing and Visualization of Coastal Flood Hazard Information

Since the 2015 CISA Appendix was developed, new studies have been conducted to evaluate and
map the impacts of SLR and long-term erosion on the future BFEs. For example, FEMA conducted
two pilot studies following Future Conditions recommendations from the TMAC (2015) Future
Conditions Modeling Report that provided prototype maps to visualize erosion areas. Both are
summarized in the TMAC 2021 Annual Report (TMAC 2022):

The Nantucket pilot investigated future coastal erosion caused by sea level rise and produced future
coastal erosion hazard maps (FEMA n.d.). The study mapped future coastal erosion hazard areas
for several specific timeframes: 2030, 2050, and 2100.

The San Francisco pilot found that future changes to the coastal floodplain will result from both
the vertical increase in BFEs due to SLR and the horizontal increase in the landward extent of the
floodplain due to future shoreline change (BakerAECOM 2016). Maps were developed using a
GIS-based buffering technique, which was found to be a viable method to efficiently map future
floodplain limits and produce geospatial datasets.

In both cases, the pilots presented methods on how to quantify and map future coastal erosion and
SLR-impacted areas (coastal erosion hazard maps) in addition to traditional FEMA flood zones
(flood hazard maps). Both in the TMAC recommendations and in the pilot studies, future coastal
erosion hazards are intended to be initially mapped and provided as shaded X zones that can help
inform coastal/beachfront and floodplain management decisions.

Other example projects include the North Atlantic Coast Comprehensive Study (NACCS),
completed in the aftermath of Hurricane Sandy to help Northeastern and Mid-Atlantic coastal
communities better understand and prepare for changing coastal flood risks. Completed in 2015,
this two-year effort provided technical analyses and tools to help understand coastal hazards and
vulnerability. The NACCS also outlined a nine-step Coastal Storm Risk Management Framework
for communities to use to inform future coastal resilience efforts (USACE 2015).

Building off the momentum from the NACCS, USACE completed the South Atlantic Coastal
Study in 2021. The study effort provided similar technical products for South Atlantic and Gulf
Coast coastal communities, including Puerto Rico and the U.S. Virgin Islands. Both studies have

been successful in quantifying and communicating future coastal risks associated with climate
change and sea level rise (USACE 2021).

Together, flood hazard maps and coastal erosion hazard maps can be used as overlays in GIS
systems/maps to inform CISA coastal hazard protection.

C. Roadmap: Needs and Opportunities to Improve Projections

To improve the coastal workflow process overall and the various data and modeling elements
within requires the ability to (a) maintain up-to-date coastal topography and bathymetry, geodetic
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control, and land cover change, and (b) make skillful statements of past climatology and future
conditions of SLR, lake levels, VLM, wave conditions, and ice cover.

Element 2b: Future Changes in Climate or Other Environmental Drivers and Evaluation of
Sea and Lake Level Projections and Future Wave Climatology

Mean SLR

Continuously tracking how and why sea level is changing is an important part of informing plans
for adaptation. The ability to monitor and understand the individual factors that contribute to SLR
allows tracking sea level changes to occur in ways that have never before been possible (e.g., using
satellites to track global ocean levels and ice sheet thickness). Ongoing and expanded monitoring
will be critical as sea levels continue to rise.

e For the near-term, continue to collect and use observations to improve extrapolations and their
relationship to modeled projections. Uncertainties in how well regional differences in mean
sea level (MSL) across different U.S. regions can be resolved should be reduced. Better spatial
and temporal vertical land motion rates are needed to refine local SLR projections.

e For the long-term, it will be necessary to continue to better constrain models with respect to
ice sheet processes and to reduce uncertainties with respect to climate-drive shifts in ocean
circulation patterns that contribute to SLR differences.

e Create an SLR increment table for regional extrapolated observations associated with the
consensus projections selected for the near term (2050).

Great Lakes

e Reduce the uncertainty in how climate change will translate to water level impacts on the
Great Lakes.

e Further develop a basis for understanding how climate change has impacted water levels
through attribution studies that build a narrative.

e Improve regional climate modeling by incorporating better representation of the Great Lakes
and their influence using 3D lake models.

Alaska

Alaska’s data paucity and geographic isolation from many national marine and coastal modeling
efforts create added barriers to assessing changes in significant wave height and extreme water
levels associated with the CISA coastal workflow. The added role of changes in the extent and
composition of sea ice are an important consideration in assessing coastal flood risk, but future
research is needed to incorporate future sea ice projections into scenarios and guidance.

Element 3a: Geomorphic Change

Coastal morphology is a result of many complex processes over both short and long timescales
and small and large spatial scales. The morphology is the foundation for diverse landscapes and
land uses, including human activities that require advances in a broad range of data and modeling
approaches to determine their potential impact on flood-hazard changes. The roadmap to providing
more information associated with geomorphic change includes:
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e Develop, expand application, and utilize diverse data sources for assessing LTCE. Shorelines
extracted from imagery (including fixed camera, airborne, and satellite platforms), LiDAR,
and radar are available at variable sampling rates and spatial resolutions. Sustaining these
measurements will resolve more physical processes, and provide more reliable updates and
projections. Blending data from historic, current, and emerging observational technologies
will ensure resolution of both long-term and short-term processes, and ensure applications to
diverse coastal environments (e.g., beaches, cliffs, wetland, permafrost, and VLM).

e Develop, expand, and utilize integrated models to include effects from, and impacts to,
landscape response, including natural and human systems. Continuing to advance the
geomorphic change forecasting models, driven by climate and weather scenarios to include
SLR at both long and short timescales, will support flooding and other impact assessments on
infrastructure and habitats. The ongoing development of geomorphological models have
varying levels of validation that can vary significantly depending on the region or model type.
More uniform validation criteria can help facilitate comparisons between models and
techniques and can account for uncertainty and sensitivity (Montafio et al. 2020).

Element 4: Wave Effects

Wave effects are an important driver for identification of high-hazard areas. The roadmap to
providing more information associated with this future driver includes:
¢ Ongoing research into the direct integration of waves into coastal flood analyses.

¢ In the short term, develop and provide metrics and guidance associated with a qualitative or
semi-quantitative estimation of future overland wave conditions to better inform the
estimation of future high-hazard areas. The FEMA pilot studies referenced earlier investigated
a number of ways to implement this approach.

e In the longer term, utilize direct analysis and a scenario-based approach to provide
comprehensive future conditions related to wave hazards with the incorporation of all wave-
induced hazard conditions.

Element 5: Data Sharing and Visualization of Coastal Flood Hazard Information

Most agencies currently use Digital FIRMs (DFIRMs) to determine if a Federal action will be
inside the current 1-percent-annual-chance floodplain. Based on EO 11988 as amended by EO
13690, agencies are to avoid building within the present floodplain unless another site would be
impracticable and, if building within the floodplain, ensure investments are built to be resilient
against flooding of this magnitude. To comply with the FFRMS, agencies will need future
conditions floodplain maps to determine if Federal actions will be vulnerable to future flooding.
Agencies will need information on both the future vertical flood elevation as well as the
corresponding horizontal extent of the floodplain.

When the FFRMS was first issued in 2015, national mapping of the FFRMS floodplain did not
exist except where 0.2PFA data were already available. This is still the case, and mapping of all
FFRMS approaches are needed by Federal agencies, particularly those looking to project and
manage future flooding as illuminated through the CISA. In addition to the process of determining

the future coastal floodplain, maps similar to DFIRMs are needed for consistent application of the
FFRMS.
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As FEMA transitions to a risk-informed NFIP, through initiatives such as the program’s updated
pricing methodology (Risk Rating 2.0), explorations to update modeling approaches to incorporate
climate impacts like those underway in FEMA’s “The Future of Flood Risk Data” (FFRD)
initiative will help meet the Nation’s needs for comprehensive hazard and risk data to drive
decisions. These explorations follow recommendations from the TMAC. Data potentially
produced as part of the FFRD initiative may be able to provide future flood risk information in a
probabilistic manner that can inform agencies of not only in-and-out status but also percent
likelihood of inundation in the future.

As was mentioned in Section III. Assessing Future Coastal Flooding B. Advances in
Understanding and Actionable Science, coastal erosion hazard maps also have a part in the overall
CISA coastal hazard protection space. When added to future flood maps (FFRMS floodplain), they
could inform erosional hotspots and areas where geomorphologic changes will be a major factor
in the evolution of the coastal floodplain.

IV. Assessing Future Riverine Flooding

This section describes the elements of a future flood hazard-projection process for riverine settings,
using the Riverine Workflow (Figure 7) as a conceptual framework for describing the hazard-
projection process, to report on new applicable science and to identify a roadmap for bridging
science and methodology gaps.

A. Riverine Workflow
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Figure 7: Workflow for CISA riverine flood analysis.

Figure 7 summarizes the key conceptual elements for assessing future riverine hazards—flood
inundation and channel-related geomorphic change—that agencies should consider when
implementing the CISA. Specific considerations for CISA riverine analysis are described in detail
below.
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The workflow does not identify non-CISA options, but depending on data availability, project
criticality, and other project characteristics, the FFRMS permits floodplain definitions other than
the CISA, namely the use of the FVA (current 1-percent-annual-chance flood plus either 2 or 3
feet of freeboard depending on whether the action is a critical action) or the 0.2PFA. This section
also discusses advances and remaining gaps with respect to these alternatives.

Element 1: Project Planning and Agency Considerations

There are multiple approaches to modeling most riverine flood and channel change hazards. In
addition to project requirements and agency policies, there are unique considerations regarding the
availability of data.

Data and Model Availability

Several factors will weigh heavily in establishing a project-oriented strategy for CISA, including
the availability of precipitation or flood peak-flow records and the applicability of a combination
of precipitation IDF curves and Bulletin 17C methods for estimating flood frequency at gauged
sites (England et al. 2019); data-driven equations for estimating peak flows at ungauged locations
(e.g., StreamStats regression equations, Ries et al. 2017); or process-based hydrologic models.
Storm rainfall records may be obtained from NOAA (2022). Both the USBR (Sankovich and
Caldwell 2011) and the USACE (American Meteorological Society 2020) have compiled data on
extreme storms. Instantaneous peak and daily streamflow data, both of which are useful for flood
hazard assessments, can be obtained from the National Water Information System. Please refer to
the summaries under Element 2 and Element 3 in Section IV.A for more information about data-
driven and physics-based modeling alternatives.

Identifying and describing the river corridor is one of the first steps in project planning and is
critical for assessing river-corridor change (Warner et al. 2022). Data availability and models for
assessing channel change and changes in the river corridor landscape are currently generated at
the U.S. State or individual watershed scale. Key data sources for channel-related geomorphic
change mapping are currently generated at the U.S. State level and include use of geospatial
analytical tools for attributing stream networks with geographic information systems (e.g.,
Indiana’s Fluvial Erosion Hazard Maps; Burke Engineering 2018). State-level data sources include
a field or mapping assessment of channel stability and an estimate of bankfull channel width in
order to determine a riparian corridor width susceptible to erosion (e.g., Vermont’s river corridor
erosion hazard zones; Kline and Cahoon 2010). Key data sources for channel-related geomorphic
change mapping are currently generated at the U.S. State level and include use of geospatial
analytical tools for attributing stream networks with geographic information systems (e.g.,
Indiana’s Fluvial Erosion Hazard Maps; Burke Engineering 2018). State-level data sources include
a field or mapping assessment of channel stability and an estimate of bankfull channel width in
order to determine a riparian corridor width susceptible to erosion (e.g., Vermont’s river corridor
erosion hazard zones; Kline and Cahoon 2010).

Element 2: Changes in Climate and Other Environmental Conditions

Evaluating changes in climate and other environmental conditions is an essential precursor for
characterizing current and future floods and associated riverine hazards (e.g., Serinaldi and Kilsby
2015; Schlef et al. 2018). One common challenge with adjusting current and future design floods
for climate-driven trends is identifying which components of observed trends can be attributed to
sustained long-term changes fueled by rising atmospheric GHG concentrations and which ones
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arise from multi-decadal oscillations (Jain and Lall 2001), shorter than the intended service life of
many projects (e.g., Luke et al. 2017). In other cases, concurrent trends in multiple drivers of
flooding, such as climate and land use, may complicate efforts to attribute observed trends and
project them forward into the future (Merz et al. 2012; Over et al. 2016). Moreover, data on key
drivers of flood trends may not be available, or the effects of concurrently evolving watershed
conditions on floods may be confounded, both of which can cause misleading attributions of
trends. Complicating matters further, changes in smaller and larger floods may arise from distinct
drivers of change (Xiong et al. 2020; Bertola et al. 2021).

Different methods are available for quantifying the effects of climate and watershed change on
historical and future flooding. Yet, despite the extensive literature on this topic, there remains a
lack of consensus on the best approaches for projecting future flooding in response to anticipated
climatic changes (Schlef et al. 2021; Kundzewicz et al. 2016). Approaches for examining the
potential effects of climate change on flooding range from empirical approaches based on observed
relationships between changes in climate and watershed drivers and floods during recent historical
periods (e.g., Schlef et al. 2018; Awasthi et al. 2022) to process-based hydrologic simulations of
flood events. These process-based models can simulate individual flood events using design storms
based on (i) nonstationary intensity-duration-frequency curves or (ii) historical weather events
simulated under different land-surface, oceanic, or atmospheric conditions projected under climate
change. In addition, “continuous simulation” process-based models can examine the effects of
climate change over periods generally spanning multiple decades, including the impacts of
antecedent moisture conditions.

One general advantage of process-based hydrologic simulation modeling of either individual flood
events or long-term periods is that it provides a tool with which the sensitivity of flooding to
specific climatic or watershed changes can be examined without the confounding effects of
unobserved phenomena. However, simulation models often are more costly, have limited
representations of physical processes, and struggle to estimate extremes accurately due to the
coarse spatiotemporal resolution of input data (e.g., Haddeland et al. 2002; Huang et al. 2019),
their limited ability to emulate complex watershed processes, and attenuation biases arising from
model smoothing effects (Farmer and Vogel 2016). In addition, similar calibration results may be
achieved with distinct combinations of watershed parameters, a.k.a. equifinality, which can make
inferences regarding climate impacts more challenging (Her et al. 2019). Moreover, a set of model
parameters calibrated under recent watershed conditions may become less suitable under future
climate-induced changes to the landscape (Yang et al. 2022).

The choice between modeling flood responses of individual storm events, a.k.a. design storms,
versus continuous simulation is also important, as are choices of approaches for representing
individual events and future climate sequences. For instance, continuous hydrologic simulation
models can examine the flood impacts of historical weather sequences amplified due to expected
long-term climatic changes (e.g., Hecht et al. 2022) or simulated future climate time series that are
intended to project the evolution of long-term climate properties rather than future flood events.
These future time series may be derived from GCMs (e.g., Schlef et al., 2018) or stochastic weather
generators (e.g., England et al., 2014; Zhu et al., 2018). Finally, choices of sensitivity analysis
methods for analyzing simulation model results, including differences between ones that attempt
to isolate the effects of individual variables and ones that aim to identify synergistic effects among
different drivers of change (Radke et al. 2020), are important to consider.
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In contrast, data-driven approaches, including classic statistical methods and artificial intelligence
algorithms, often require fewer data and computational resources and are not constrained by
limited quality of process representations of in process-based simulation models. However, they
are more vulnerable to misleading attributions arising from confounding and omitted drivers of
change. Care must also be taken to select functional relationships that represent physical relations
between phenomena well (e.g., Nott et al. 2012). Causal inference methods, such as panel
regression (e.g., Over et al. 2016; Blum et al. 2020), can mitigate these pitfalls to some degree (see
discussion in Bassiouni et al. 2016 for more details), albeit not to the extent of a controlled
watershed experiment. Data-driven approaches also rely upon assumptions that historical
relationships between environmental drivers and flooding remain intact over future periods. In
addition, data-driven approaches sometimes reveal stronger empirical relations between flooding
and underlying variables rather than ones that have more direct impacts on flooding. For example,
Schlefet al. (2018) found that geopotential height and soil moisture were better predictors of winter
and early spring flooding in the northwestern Ohio River basin than precipitation metrics. Schlef
et al. (2021) also find that flood projections based on physically meaningful covariates and GCMs
both perform better than ones using extrapolations of observed temporal trends. Extrapolation is
valid only when the drivers of the trend (e.g., increased imperviousness) during the historical
period are known, future conditions data for the drivers are available for the period of
extrapolation, and the empirical relationship between the drivers and flooding can be expected to
remain intact through the period of extrapolation (Salas et al. 2018; Serinaldi et al. 2018).
Otherwise, apparent trends in recent years may, in fact, be artifacts of interdecadal fluctuations,
which can lead to unsound adjustments of design floods (Luke et al. 2017).

In summary, both data-driven and process-based simulation models each have advantages and
limitations for elucidating the effects of climatic and watershed drivers of change on flood hazards.
Hybrid approaches are also available. For instance, Farmer and Vogel (2016) demonstrated that
reintroducing calibration residuals following simulations alleviates attenuation biases in
predictions of hydrologic extremes. Relatively few comparisons of these competing approaches
have been carried out (see discussion in Section IV. B. Advances in Understanding and Actionable
Science Element 3: Streamflow (hydrology) for more details).

The following sections provide more conceptual background for analysis of these potential drivers
of change.

Climate

Changes in many climatic indicators, especially precipitation and temperature, have been
associated with observed changes in riverine flooding in the United States and elsewhere (e.g.,
Milly et al. 2008; Frans et al. 2013; Awasthi et al. 2022). Projected climate-driven increases in the
frequency and magnitude of riverine flooding in many locations (e.g., Naz et al. 2018; Batibeniz
et al. 2020; Neri et al. 2020; Wing et al. 2018; Schlef et al. 2021; Wobus et al. 2021; Mizukami et
al. 2022), the ubiquity of increases in extreme precipitation throughout the United States
(Wuebbles et al. 2017), decreasing snowpack storage in mountainous regions (Davenport et al.
2020; Dethier et al. 2020), and recently observed increases in flooding in some U.S. regions (Slater
et al. 2021; Dethier et al. 2020) all motivate use of the CISA for determining the FFRMS flood
elevation and floodplain. Determining the CISA floodplain using the best-available climate
science requires the analyst to evaluate the evolution of future flood hazards over the course of a
project planning horizon. The main text of this State of the Science report assumes that the CISA
floodplain is defined by the maximum water level with a 1-percent-annual chance of occurrence
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during the year with the most severe flood hazards over a project horizon. In the case of gradually
increasing (decreasing) flood hazards, this amounts to the 1-percent-annual-chance flood during
the last (first) year of a planning horizon. (See Appendix B for an alternative approach to
identifying the CISA floodplain that integrates the full range of flood hazards over the course of a
project horizon.)

As previously stated, despite the extensive literature on climate change-driven projections of
flooding, there remains a lack of consensus on the best approaches for projecting future flooding
in response to anticipated climatic changes (Kundzewicz et al. 2016; Schlef et al. 2021).
Approaches for examining the effects of climate change on flooding range from the use of
nonstationary design storms to simulate individual flood events arising largely from individual
storms to running long-term simulation models forced with synthetic meteorological time series
produced with data-driven stochastic weather generators (e.g., England et al. 2014; Zhu et al. 2018)
or downscaled and bias-corrected GCM runs. Temperature changes are also important given the
extent to which they can affect both evapotranspiration and cryospheric processes (including the
fraction of precipitation falling as snow, snowmelt, frozen ground, etc.). In addition to these
common variables, many underlying atmospheric conditions, such as oceanic-atmospheric
patterns, have demonstrated associations with flooding in some regions (e.g., Jain and Lall 2000;
Schlef et al. 2018; Dickinson et al. 2019).

The suitability of these approaches often depends on the strength of relationships between climate
variables and flooding in a particular location. For instance, the design storm approach, which
assumes a storm with a given exceedance probability generates a flood with an equivalent
exceedance probability, tends to perform worse in locations where soil moisture storage is depleted
(Ivancic and Shaw 2015; McMillan et al. 2018). Haberlandt and Radtke (2014) evaluated various
calibration strategies for using hydrologic models to estimate derived flood frequencies. They
concluded that the best representation of the design-storm based flood frequencies is obtained
when the hydrological model driven by a design storm with a given annual exceedance probability
that is calibrated directly against probability distributions of observed peak flows. This calibration
strategy can help ameliorate challenges associated with the fine spatial scales of data and modeling
required for high-fidelity simulations of important runoff-generation processes, such as saturation-
excess overland flow and variable source-area hydrology (Betson 1964; Dunne et al. 1975).

While best practices for simulating hydrologic impacts of climate change call for selecting climate
models whose historical simulations reproduce historical trends in streamflow well (Mohammed
et al. 2015), there are inevitably cases in which flood projections using different climate models
and/or observed trends do not concord with one another (e.g., Hallegatte et al. 2012; Giuntoli et
al. 2021). In some cases, the direction of change may even differ among different GCM-driven
simulations of future flooding (Schlef et al. 2021). This does not necessarily mean that all
projections are meaningless. Rather, the ensemble of plausible projections may collectively define
a range of potential impacts that analysts should consider given their project-specific risk
tolerance. When the direction of change in flood hazard is uncertain based on inferences from both
climate model-driven hydrologic simulations and observations, the under-design consequences of
flooding may warrant a more conservative (higher-elevation) floodplain. In other cases, over-
design consequences associated with the investments required for more severe scenarios may
warrant defining the current 1-percent-annual-chance floodplain as the CISA floodplain provided
there are no other changes in watershed conditions, including the river corridor landscape.
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There are some other important considerations in analyzing climate-driven impacts to flood
hazards. First, it is important to examine changes in extreme flooding when identifying the CISA
floodplain, as trends in large flood events (i.e., those exceeding the flooding that would be expected
to occur annually on average) may differ from trends in the full annual maximum instantaneous
peak-flow series'® (Collins et al. 2022). Many contemporary nonstationary flood frequency
analysis studies only examine changes in the central tendency of floods, which essentially examine
changes in the magnitude of floods expected to occur every two years. A focus on central tendency
inhibits efforts to identify places with general drying and warming trends, such as California, that
may experience a greater likelihood of catastrophic flooding from atmospheric rivers under
warmer temperatures (Huang and Swain 2022). Other recent studies have also suggested increases
in the future likelihood of recent catastrophic hurricanes (Lin et al. 2016) whose effects on extreme
flooding might be underestimated if only changes in typical annual floods were considered. On
the contrary, recent U.S. studies have shown the frequency of flooding above a peak-flood
threshold exceeded twice annually on average has been increasing more than the magnitude of
larger floods in some regions (Mallakpour and Villarini 2015; Hirsch and Archfield 2015).
Importantly, such increases in the frequency of flood events do not necessarily mean that large
floods used in infrastructure design, such as the 1-percent-annual-chance flood, are changing.

Second, recent increases in precipitation have not always translated to increases in flooding,
especially large floods (Sharma et al. 2018; Hodgkins et al. 2017; Collins et al. 2022). There are
many potential reasons for this (Sharma et al. 2018). For example, warmer temperatures may cause
lower antecedent (pre-storm) soil moisture, increase infiltration rates, and expedite groundwater
recharge, which can, in turn, curtail the flood-magnification impacts of increases in total and
extreme precipitation (Sharma et al. 2018). Effects of greater extreme precipitation on flooding
may be greater in small headwater basins whose size matches the scale of convective events,
whereas flooding in larger basins is much more dependent on the concurrence of extreme
precipitation, snowmelt, and soil moisture at seasonal time scales (Bloschl 2022). The seasonality
of precipitation increases can also affect the impacts that rising precipitation can have on floods.
For instance, Small et al. (2006) suggested that an increase in fall precipitation, a time of year
during which greater soil moisture storage is available, also contributes to the lack of increases in
flooding from greater rainfall in some regions of the United States.

Differences in the effects of increased precipitation on smaller and larger floods have also been
examined. Brunner et al. (2021) posit that projected increases in extreme precipitation may
contribute to larger floods more than smaller ones since larger ones are more likely to take place
under greater degrees of basin soil saturation. They also recognize that warming-enhanced
infiltration may produce greater percent reductions in smaller events than larger ones. However,
their study of the German region of Bavaria has not been replicated in the hydrologically diverse
regions of the United States. More studies are needed to evaluate how changes in extreme
precipitation may affect smaller and larger events differently, including a better understanding of
why some U.S. regions (e.g., Northeast) have recently experienced substantial increases in
precipitation without increases in large floods.

13 The annual maximum instantaneous peak-flow series is the highest instantaneous peak discharge in each water year (October 1
- September 30) of record. Practically, this is the highest value observed in the record of 15-minute or 60-minute values,
depending on the recording interval of the measuring device. See USGS. 2019. “Guidelines for Determining Flood Flow
Frequency Bulletin 17C”. https://pubs.usgs.gov/tm/04/b05/tm4b5.pdf
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However, the lack of flood magnification in response to recent increases in precipitation does not
necessarily mean that such a response will continue. Ideally, climate models will be able to
reproduce such a lack of changes in large floods in response to rising precipitation and then be
able to predict whether such inelastic responses to rising precipitation may continue. When
modeled hydrologic responses to climate simulations of historical periods are biased when
compared to observations, one general approach that is often plausible is to examine the relative
difference between the simulated response during historical and future periods and then apply that
change to the observed responses. While observed changes represent an important reference point
for assessing future flood hazards, solely considering them prevents future changes in climate,
especially historically unprecedented ones, from being taken into consideration in project design.
For this reason, it is especially important to consider both observations and simulations when
assessing future flood hazards.

Third, in other cases, an increase in precipitation accompanying a warming trend may be, in part,
due to long-established patterns of multidecadal variability rather than climate change alone
(Todhunter 2012; Huang et al. 2021). It may also be more difficult to distinguish trends attributable
to warming in places where multi-decadal variability has been a hallmark feature of the climate
for millennia (Cohn and Lins 2005). In fact, many of these multi-decadal oscillations have
demonstrated a strong link with flooding in some regions (Jain and Lall 2001; Dickinson et al.
2019). For projects with relatively short service lives, distinguishing between long-term drivers of
change and multi-decadal oscillations can be less critical since it is important to project the change
over the planning horizon regardless of its origin. However, for projects with longer service lives,
short-term changes in flooding driven by climate oscillations may not persist for the duration of
the project and increase the likelihood of over-or under-design consequences.

Fourth, some of the most pronounced climate-driven hydrologic changes are projected in cold
regions where temperature-driven “cryospheric” processes, i.e., ones involving snow and ice, are
an important component of the hydrologic cycle (Brunner et al. 2020; Mizukami et al. 2022).
Recent reductions in the fraction of precipitation falling as snow have been associated with
observed increases in flooding in the Western United States (Davenport et al. 2020). Dethier et al.
(2020) also observed widespread increases in flooding in regions with snowmelt-driven flood
regimes despite decreasing snowpack. However, these increases have not been observed or
anticipated to be ubiquitous, since warmer winters can also lead to less snowpack and lower spring
snowmelt volumes, especially in some parts of the Eastern United States (Ford et al. 2021). Rain-
on-snow events, in which radiation, sensible heat, latent heat (condensation) and advective heat
transfer accelerate snowpack melting (Li et al. 2019), have become less frequent and smaller in
some basins in the Western United States where they have historically been the predominant flood
type (Huang et al. 2022). However, simulations of future climate scenarios in the Western United
States have found that rain-on-snow events will increase at higher elevations in this region where
seasonal snowpacks are expected to persist (Musselman et al. 2018). Warmer temperatures also
reduce the extent of permafrost and seasonally frozen ground, which, in turn, can affect soil
infiltration and storage capacity and the magnitude and timing of flooding. They also affect glacial
melt rates (van Beusekom and Viger 2018) and the frequency and magnitude of glacial lake
outburst floods (Harrison et al. 2018).

Finally, ice jams cause annual water-level maxima in many locations in the Northern United States.
At some sites, they cause more water-level maxima than annual peak-discharge events and/or have
produced some of the highest water levels on record at some locations (FEMA 2018). Thus,

38



FEDERAL FLOOD RISK MANAGEMENT STANDARD CLIMATE-INFORMED SCIENCE APPROACH (CISA) STATE
OF THE SCIENCE REPORT

changes in the frequency and magnitude of ice jams (see Rokaya et al. 2022 for a review) must be
assessed at sites prone to these flood hazards. Many contemporary nonstationary approaches for
determining the water level of a flood with a 1-percent-annual-chance in any given year would
likely require modifications for use at ice jam-prone locations. Such work would likely involve a
mixed-populations approach that considers both open-water and ice-jam events that comprise the
annual water-level maxima at a given site (Beltaos 2021). While studies modeling the effects of
climate change on ice-jam frequency have emerged (e.g., Rokaya et al. 2019; Turcotte et al. 2020;
Lamontagne et al. 2021), a mixed-population-based approach for adjusting design events for
changes in the relative frequencies of annual water-level maxima during ice jams and open-water
conditions has yet to be demonstrated (see recent reviews by Beltaos, 2021; Rokaya et al., 2022).
Future flood projections would also need to recognize that warming does not necessarily lead to a
smooth, gradual reduction in ice-jam events at a site (Carr and Vuyovich 2014; Burrell et al. 2022).

Land Use

Changes in the use, cover, and management of land can all affect riverine flooding. Changes in
land use, such as urbanization, often lead to changes in the biophysical properties of land cover,
underlying soils, and subsurface drainage that affect the generation and routing of runoft (Leopold
1968). Land and water management practices can ameliorate the flood magnification effects of
many changes in land use. For instance, more stringent stormwater regulations have attenuated the
flood magnification effects of impervious cover in some U.S. cities (Ntelekos et al. 2010).
Excessive extraction of groundwater also contributes to permanent ground subsidence and related
ground failures that affect flow regimes and the performance of flood-control structures (e.g. Faunt
et al. 2016; see Box B) and can lower floodplain elevations.

As with climate change, a change in land use can be suggestive of a changing flood regime but
does not necessarily mean that floods are changing. Even in areas experiencing greatly increased
impervious surfaces and associated runoff, channel storage or detention may retain or slow the
delivery of that runoff to the watershed outlet, reducing peak flows. Moreover, drivers of change
in smaller floods may differ from ones affecting larger floods (Bertola et al. 2021). Some well-
studied drivers, such as impervious cover, are known to affect the magnitude of smaller floods
more than the larger ones that the FFRMS is targeting (Hollis 1975; Hecht and Vogel 2020). This
is especially important since a recent study found that larger floods have changed relatively little
in much of the United States (Collins et al. 2022).

Analysts should also evaluate the hydrologic effects of changes in land cover that may result from
natural or anthropogenic disturbances, especially wildfires. Wildfires have substantially magnified
high and peak flows in fire-prone regions throughout the U.S. (e.g., Neary et al. 2003; Moody
2012; Kinoshita et al. 2014; Brogan et al. 2017; Saxe et al. 2018; Floyd et al. 2019; Beyene et al.
2021; Wagenbrenner et al. 2021) due to their removal of vegetation and production of hydrophobic
soils. Relatively few attempts have been made to develop approaches for adjusting peak flows for
wildfire impacts at ungauged locations within larger regions (Foltz et al. 2008; Moody 2012). For
example, Moody (2012) developed an equation to quantify the effect of severely burned area in a
watershed to its runoff response from 30-minute precipitation events based on observations in
small watersheds in Colorado and New Mexico. The national flood-frequency guidelines in
Bulletin 17C (England et al. 2019) do not provide any recommendations for accounting for wildfire
impacts in the computation of design flood events. Flood records cannot easily be bifurcated into
fire-impacted and non-fire-impacted periods for use in a mixed-population approach to flood-
frequency analysis since the effects of wildfires on peak flow generally recede gradually over time.
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Moreover, methods for identifying the termination of periods of fire impact are still in their infancy
(Wagenbrenner et al. 2021) and, in some cases, pre-fire vegetation may not become re-established
(e.g., Ratajczak et al. 2014). More sophisticated analyses might also consider how climate change
impacts on factors such as precipitation and temperature might exacerbate conditions that may
promote wildfire hazards, such as flooding (Touma et al. 2022).

Element 3: Streamflow (Hydrology)

The 2015 CISA Appendix did not specify required elements or identify preferred practices for a
CISA riverine flood projection workflow, nor are there currently official Federal recommendations
for specific methods to consider when adjusting the 1-percent-annual-chance event for changing
conditions (i.e., specify a l-percent-annual-chance peak flow for a given climate or land use
status). The recently published Bulletin 17C (England et al. 2019) recognizes the effects that these
drivers of change can have on flood frequency but does not prescribe any specific methods for
adjusting design peak flows for them. Under these circumstances, agencies have wide latitude and
discretion for selection among the many candidate methods. Fortunately, additional community
experience and new methodological developments can inform that selection. Section IV. B.
Advances in Understanding and Actionable Science describes recent advances in these multiple
areas and the way that they complement more traditional approaches to flood modeling, while
Section IV. C. Roadmap: Needs and Opportunities to Improve Projections surveys remaining gaps
and lays out a roadmap for addressing them.

Element 3a: River Corridor Landscape Change (Including Erosion)

Human- and climate change-caused alterations of streamflow and land cover may trigger rapid,
interrelated, and unexpected changes in a river channel’s depth, width, and location (Bull 1991;
Naylor et al. 2017; Candel et al. 2018). These changes may affect the routing of streamflow during
flood events and may mediate the effects that changes in streamflow have on inundation depth. In
addition, these changes can result in severe damage and loss of buildings and infrastructure (FEMA
1999). In a study of 401 sites in the conterminous United States, Slater et al. (2015) found that
changes in flood hazards due to geomorphic changes were more common, albeit smaller in
magnitude, than ones emanating from hydrologic change. This finding corroborates the importance
of geomorphic changes to the river corridor on flood hazards and motivates the inclusion of
changes to the river corridor landscape into the riverine workflow (Figure 7).

Flood-related geomorphic changes include gullying and upstream channel extension in
headwaters, downcutting of channel beds, channel widening, lateral migration, and aggradation
(deposition and braiding). These changes can happen throughout a channel network but predicting
when and where depends on streamflow, unit stream power (Yochum et al. 2017), and additional
interacting factors of slope, channel confinement, and the balance of sediment supply (Lane 1955;
Dust and Wohl 2012; Sholtes et al. 2018). Flood frequency characteristics coupled with
hydrography, and topology can be used to map river reaches susceptible to landslides, bank
failures, and floodplain deposition (Gartner et al. 2015; Yochum et al. 2017; Blazewicz et al. 2020).
GIS-based approaches for mapping reaches with river channel change hazards involve mapping
river process corridors (Kline and Cahoon 2010; Gartner et al. 2019).
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Element 3b: Water Resource Management Impacts

The 2015 interagency implementation guidance for EOs 11988 and 13690 retained the prior (1978)
EO 11988 requirements to account for water resource management impacts in floodplain
delineations. However, many statistical and process-based hydrologic modeling approaches have
a limited ability to account for the effects of water management, including reservoir storage,
withdrawals, return flows, and flood barriers. Thus, it is essential for agencies implementing the
FFRMS to screen their watersheds for these water management effects on streamflow and
determine whether existing models available for estimating extreme peak flows adequately take
them into account.

Watersheds subject to active management of flows, such as reservoir releases or water diversions,
pose a special challenge for long-term planning. Revisions to operational plans and rule curves are
always possible over a lengthy planning horizon, but foreseeable, additional public pressure to
deal with expected increases in future flooding or water depletion may drive larger and more
widespread adjustments to operations than is currently common with consequential impacts on
other agency projects. In addition, climate change adaptation concerns may motivate the
construction, expansion, or improvement of infrastructure, such as raising a floodwall or a dam
impounding a flood-control reservoir. These sources of important societal feedback must be taken
into account when projecting future flood risk.

Element 4: Streamflow, Land, and Channel Interactions

Once the hydrology and discharge are estimated, the next step is to determine the depth associated
with these discharges within the riverine system. An important takeaway is that the selection of
models, particularly the choice between 1D and 2D models, should be governed by channel
conditions and data availability. Olson and Simeone (2021) demonstrated that simulated riverine
floodplains predicted by 1D and 2D models need not be significantly different when simplifying
hydraulic assumptions apply. However, most riverine systems cannot be characterized as prismatic
sections with a constant slope, size, bed roughness and discharge (e.g., an irrigation canal); or, in
other words, situations typically described by hydraulic engineers as “steady and uniform” flow.
Rather, the shape, slope, bathymetry, bed characteristics, and hydrography of these riverine
systems constantly change, both spatially and temporally. To address these changes properly, the
dynamically changing shape, slope, bathymetry, bed characteristics, and hydrography of the
channels must be considered. As a result, flood depth estimates in riverine systems (including
floodplains) must address basic physics, including conservation of mass, energy, and momentum.
These physics are well represented in common 1D hydraulic models in limited situations where
channels are relatively uniform and simple and where the assumptions underlying the models are
valid for the specific riverine setting under study, but they are more usefully represented in 2D
hydraulic models—which are more generally applicable than 1D models to the more complex,
real-world conditions prevalent in riverine floodplain mapping. Two-dimensional models provide
the additional benefit of detailed velocity and depth mapping at a resolution and process fidelity
not possible with a 1D model, both of which are important for complex channels and for detecting
locations likely subject to channel change. Moreover, preparation of datasets for 2D models may
be easier and more cost-effective than preparation of data for 1D models. Advances in multi-
dimensional modeling are described in Section IV. B. Advances in Understanding and Actionable
Science.
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Element 5: Data Sharing and Visualization of Riverine Flood Hazard Information

This final element of the workflow addresses the visualization of predicted inundated areas, flood
depths, and extent of erosion hazards made in Element 4 via maps (see Section IV of the report for
more on unmapped areas). Currently, FEMA delineates the floodplain and floodway boundaries
of the base flood, which corresponds to the elevation inundated with a
I-percent-annual-chance event. Inundation hazards are delineated by finding the intersection of
the ground surface defined by the digital terrain model and the flood surface. There are no national
standards for mapping geomorphic hazards, including fluvial erosion hazard corridors, though
various U.S. States have developed procedures for identifying and mapping them.

FEMA Flood Insurance Studies include an assessment of hydrology and hydraulics at multiple
return periods, but do not incorporate nonstationary analysis. Mapped FEMA FIRMs represent the
boundaries of areas inundated during floods with 1- and 0.2-percent-annual-chance of exceedance.
FEMA (2022b) guidance documents provide information on how hydraulics can be simulated
using 1D or 2D methods.

Integration Considerations

The integration of the five elements of this workflow requires some additional considerations,
including computational requirements and alignment of spatiotemporal scales, along with the
identification and quantification of cascading errors and uncertainty. Since this workflow is
essentially a framework, Elements 2—4 of the workflow may feature many different models with
widely varying degrees of complexity and, consequently, computational demands. For example, a
simpler approach applied to a small watershed with only minor anthropogenic disturbances might
be easier to execute on a personal computer. Such an approach could entail a modeling sequence
(modeling chain) featuring:

e A statistical model that relates some historical annual climate and land use statistics to peak

flows at a site of interest in a small watershed with a geomorphically stable river corridor;

e Projections of future peak flows using this statistical model (assuming out-of-sample
validation within historical period) with literature-informed perturbations of historical climate
and land use data;

e Negligible geomorphic and water-resources management considerations; and

¢ A hydraulic model using a design flood hydrograph adjusted for future changes in streamflow
using some simplifying assumptions.

In contrast, a much more computationally intensive approach requiring a high-performance
computer could feature climate scenarios downscaled from an ensemble of GCMs at a very high
spatial (< 5 km) and temporal resolution (< 1 day) used as inputs into a distributed hydrological
simulation model of a large watershed that generates daily or sub-daily hydrographs (e.g., Dullo
et al. 2021). These reach-specific hydrographs could then be used as inputs into a coupled
geomorphic-hydraulic simulation model that examines the evolution of the river channel over time
and predicts inundation (and channel change) during future flood events (e.g. Praskievicz 2015;
Tang et al. 2021).

42



FEDERAL FLOOD RISK MANAGEMENT STANDARD CLIMATE-INFORMED SCIENCE APPROACH (CISA) STATE
OF THE SCIENCE REPORT

B. Advances in Understanding and Actionable Science

This section describes advances in climate adaptation planning applications for riverine flood
hazards that have been made since 2015, as well as some earlier ones that were not considered in
the 2015 CISA Appendix. This section also identifies advances in climate, hydrologic, and
hydraulic modeling and reviews their potential application to the characterization and mapping of
future conditions flood hazards and risks.

Element 1: Project Planning and Agency Considerations

The 2015 CISA Appendix emphasized the importance of uncertainty in project planning, as it
explicitly stated that “[tlhe CISA approach to address future flood risk must incorporate
uncertainty.” In response to a greater societal demand for climate change adaptation, methods for
planning under future climate uncertainty have proliferated in recent years (e.g., Hallegatte et al.
2012; McPhail et al. 2018). This includes a recognition that probabilities often cannot be readily
assigned to many projections of future climate and other environmental conditions (Dessai and
Hulme 2004) and that the robustness of decisions to plausible scenarios with unspecified
probabilities can produce meaningful adaptation guidance (e.g., Herman et al. 2015; McPhail et
al. 2018). Section II of the 2015 CISA Appendix also recognizes the value of identifying such
plausible scenarios with unknown probabilities and notes that the “CISA approach explicitly
accounts for uncertainties through the use of several emission pathway scenarios, multiple Global
Circulation Models” and also multiple GCM ensembles. In most planning applications, sets of
scenarios defined by these three features are not assigned probabilities.

The 2015 CISA Appendix observed that scientific support for using scenarios for planning in the
coastal environment was stronger than it is for addressing riverine flood management. In the course
of developing this State of the Science report, the agency authors reviewed developments in project
planning in a climate context that have occurred or are underway within multiple agencies and,
consistent with the 2015 CISA Appendix, affirmed the importance and value of agencies applying
appropriate judgment in their application of CISA. Agencies and their staff have distinct analytical
skills and are best aware of the objectives of individual agencies and projects.

Element 2: Changes in Climate and Other Environmental Conditions
Climate Conditions

Projections of long-term future riverine flood conditions require projections of future climate,
particularly the primary driver of large floods, extreme precipitation, and the primary modulators
of flooding, soil moisture storage and evapotranspiration. Traditionally, extreme precipitation-
frequency datasets such as NOAA Atlas 14 (Perica 2018) have served as the basis for “design
storms” that are fed into hydrologic models to predict peak flows and their associated hydrographs.
In addition, computationally intensive simulations of catastrophic historical events under future
climate and/or land use conditions have become more widespread in recent years (e.g., Lin et al.
2016; Zhang et al. 2018; Huang and Swain 2022).

In addition to event-scale simulations, future flood projections can be estimated with “continuous
simulation” approaches in which complete projected future time series of precipitation and
temperature and other meteorological variables are input into hydrologic models. These
approaches are especially beneficial for modeling the mediating impacts of antecedent soil
moisture and snow conditions on storm runoff. Numerous studies examining climate-change

43



FEDERAL FLOOD RISK MANAGEMENT STANDARD CLIMATE-INFORMED SCIENCE APPROACH (CISA) STATE
OF THE SCIENCE REPORT

impacts on flood hazards have employed this continuous simulation approach (e.g., Schlef et al.
2021; Dullo et al. 2021; Pal et al. 2022). With continuous simulation models, it is especially
important to reintroduce residuals from model calibration into the simulated time series to avoid
attenuating extremes (Farmer and Vogel 2016) or to target the accurate simulation of extremes in
the calibration process (Majone et al. 2022).

Precipitation

The hydrologic impacts of changes in precipitation have been evaluated using either projected
daily precipitation time series or projections of changes to IDF curves. There remains a lack of
consensus regarding the use of these two methods for projecting future flood hazards. One
prominent set of future IDF curves arises from NOAA Atlas 14 curves that express the relationship
between precipitation intensity, duration, and frequency for historical conditions.

NOAA’s NWS Office of Water Prediction Hydrometeorological Design Studies Center (HDSC)
has been updating precipitation frequency estimates for various parts of the United States and
affiliated Territories since the early 2000s. Precipitation frequency estimates, with corresponding
upper and lower bounds of the 90 percent confidence interval, are produced on a 30 arc-second
resolution grid for durations ranging from 5 minutes to 60 days for average recurrence intervals of
1 to 1,000 years. These estimates are published as volumes of the NOAA Atlas 14, Precipitation-
Frequency Atlas of the United States, and are available online on the NOAA (2017) Precipitation
Frequency Data Server.

Methods for computing the NOAA Atlas 14 precipitation estimates evolved in regard to
regionalization of the information, from one based on L-moments (Hosking and Wallis 2009) to
one based on a region-of-influence approach (Burn 1990), but at-site statistics were based on L-
moment statistics calculated from annual maximum time series in all volumes of Atlas 14. The
precipitation frequency estimates in NOAA Atlas 14 supersede the estimates published by NWS
between the 1950s and the 1980s, and are greatly improved in terms of accuracy, reliability, and
spatial resolution. The updated estimates contained within NOAA Atlas 14 benefit from:

e Denser precipitation gauge networks with longer periods of record and extensively quality-

controlled data.

e Use of regional frequency analysis methods that allow for the development of rare frequency
estimates, a wider range of frequencies and durations, and uncertainty around those estimates.

e Numerous internal consistency checks across frequencies and durations in the production of
(IDF) curves.

e Use of the latest techniques for spatial interpolation and mapping that take into account
variations in terrain.

e Estimates are provided at high spatial resolution (~800 m) grids.
¢ Estimates accessible to the public through a web-based interface.

NOAA Atlas 14 development funding comes from external sources via cost reimbursements made
possible by memoranda of understanding between NOAA and several Federal, State and local
supporting partners. The cost-reimbursement funding approach dictates that updates are done in
volumes based on State boundaries, and produced in a serial, non-parallel workflow stretching
over many years. For example, since early 2000, NOAA has developed 11 Atlas 14 volumes.
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Volume 11, covering Texas, was published in 2018 and is the latest complete volume in the series.
Currently, the HDSC group is working on developing and updating estimates for Idaho, Montana,
and Wyoming as Volume 12 that, once complete, will supersede estimates (for 1-hour to 24-hour
duration) from the 1973 Precipitation Frequency Atlas of the Western United States.

NOAA's precipitation frequency estimates are used for a wide variety of design and planning
activities at the Federal, State, and local levels, including the private sector. Precipitation frequency
estimates are used to design culverts, bridges, and parking lots, as well as sewer and stormwater
infrastructure. Water resources engineers use them to estimate the amount of runoff, the volume
of detention basins, and the size of their outlet structures. Furthermore, floodplain managers also
use precipitation frequency estimates as inputs for hydrologic and hydraulic models used to
delineate floodplains and regulate the development within floodplains, which is crucial for all
communities participating in the NFIP.

NOAA has also begun working on adjusting IDF analysis to reflect observed and projected
changes in climate. In order to understand the potential impact of nonstationary climate conditions
on precipitation frequency estimates, in 2016, the Federal Highway Administration (FHWA)
tasked NOAA’s HDSC with examining this issue in collaboration with academic partners. This
collaborative effort aimed to develop a method that would investigate and allow for nonstationary
climate effects to be integrated into the NOAA Atlas process, make use of future conditions from
climate models, and understand the limitations and applicability of different techniques for
developing future nonstationary precipitation frequency estimates. The report "Analysis of Impact
of Nonstationary Climate on NOAA Atlas 14 Estimates", was completed in June of 2020 in
collaboration with Pennsylvania State University, the University of Illinois at Urbana-Champaign
and the University of Wisconsin-Madison (NWS 2022).

Groups outside of NWS have undertaken efforts to develop climate-informed IDF curves. One
widely used tool is the FHWA web-based tool for computing CMIP precipitation time series into
useful metrics for transportation planning (FHWA 2020). The tool permits analysts to identify
locations and planned project beginning and ending dates and access, download, and post-process
CMIP output for up to 32 different GCM models stored on a USBR website. The resulting model
data extraction is stored in a netCDF file. A follow-on processing service examines the information
and compares the daily rainfall totals for past extreme events simulated by user-selected GCMs to
observed data to develop daily ratios. The ratios are used to adjust existing Atlas 14 IDF data for
expected future conditions anticipated for the project planning period.

NOAA and the Department of Defense’s Strategic Environmental Research and Development
Program (SERDP) through the North Carolina Institute for Climate Studies conducted a similar
effort that resulted in the creation of additional climate-change impacted IDF curves (North
Carolina Institute for Climate Studies and NOAA n.d.). Two GHG emissions scenarios are
provided: RCP8.5, which is a high-emissions scenario with large GHG increases through the 21st
century; and RCP4.5, which is a mid-range GHG emissions scenario where emissions increase
through 2050 then stabilize. These estimates were derived using NOAA Atlas 14 values as the
initial estimate and then adjusting them (Kunkel et al. 2020).

Other Environmental Conditions

The 2015 CISA Appendix also acknowledges the effects of non-climatic changes in watershed
conditions, including reservoirs, land use change, channel change, burned areas, and VLM, on
flood hazards. However, no specific methods for adjusting future flood hazards for these effects
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were recommended despite a long history of Federal legislation and guidance that considers these
impacts. The 2015 Appendix notes that, “in 1956, the U.S. Bureau of Public Roads (Bureau of
Public Roads 1954) developed standards for the yet-unbuilt Interstate Highway System that
required the hydraulic design of bridges and culverts to consider future land use occurring 20 years
after construction.” The Clean Water Act (§204 and §208) also considers “projected population
and associated commercial and industrial establishments” (albeit for sanitary, combined, and urban
storm runoff).

Data-driven and process-based models of current and future flood hazards considering the flood
impacts of changes in land use and other non-climatic environmental drivers have proliferated
since 2015. Many statistical nonstationary flood frequency models relate changes in various
indicators of watershed conditions, including indicators of urbanization (e.g., Over et al. 2016;
Debbage and Shepherd 2018; Blum et al. 2020; Hecht and Vogel 2020), wildfires (e.g.,
Wagenbrenner et al. 2021), and reservoir indicators (e.g., Xiong et al. 2020). Many process-based
modeling studies have also evaluated the implications of changes in watershed conditions on
extreme floods, including land use (e.g., Yu et al. 2019) and wildfires (e.g., Rengers et al. 2016).
Both statistical (Xiong et al. 2020) and process-based studies have also examined concurrent
changes in climate and watershed conditions and, in some cases, have attempted to partition
observed changes into climatic and non-climatic components (e.g., Woltemade et al. 2020; Yang
et al. 2021). The effects of channel changes on peak flow magnitudes have not been considered as
extensively as changes to basin characteristics in data-driven analyses despite their contribution to
changes in flood hazards (Slater et al. 2015).

Element 3: Streamflow (Hydrology)

Since 2015, many methodological advances have been made for adjusting design floods so that
they reflect current and future climate and watershed conditions. Data-driven methods for
adjusting estimates of large floods for infrastructure design (design floods) at gauged sites have
proliferated (see reviews by Villarini et al. 2018; Salas et al. 2018; Frangois et al. 2019; Slater et
al. 2021; Wasko et al. 2021; Nerantzaki and Papalexiou 2022; Mishra et al. 2022), including newer
artificial intelligence methods, such as deep learning (see review by Bentivoglio et al. 2022). Many
studies have also simulated the flood impacts of projected climate changes using process-based
hydrological models (e.g., Maurer et al. 2018; Dullo et al. 2021). However, there have been few
comparisons of data-driven and process-based modeling approaches for projecting extreme floods
in the United States and elsewhere (Schlef et al. 2021). Moreover, in a split-sample validation
analysis of observed peak flows at gauged sites in the conterminous United States, Schlef et al.
(2021) found that statistical “precipitation-informed” models using GCM hindcast values of
precipitation produced more accurate and precise estimates of regional trends than process-based
hydrologic simulation models. In contrast, process-based hydrologic simulation models were more
likely to yield better estimates of the direction of change in peak flows with a 1-percent annual
chance in minimally disturbed basins. In many regions, modeled estimates of floods with a 1-
percent annual chance exhibited a strong negative bias during the historical period. This might
arise from a model smoothing effect that stems from the omission of calibration residuals in
simulated responses, a common practice that attenuates estimates of extremes from continuous
simulation models (Farmer and Vogel 2016). Meanwhile, Schlef et al. (2021) also acknowledge
that there are opportunities to improve upon the “precipitation-informed” projections that they
evaluated by also considering (i) changes in temperature and (ii) larger-scale atmospheric-oceanic
patterns, which GCMs often simulate more accurately than localized precipitation. In fact, Schlef
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et al. (2018) demonstrate this possibility using sea-surface temperatures and geopotential height
outputs from an ensemble of GCMs as predictors of flooding. This suggests that data-driven
projections of climate-induced changes to peak flows should also evaluate associations between
underlying atmospheric conditions and not just meteorological variables with more proximal
effects on peak flows, such as precipitation.

Ongoing comparisons of data-driven and process-based approaches to future flood projection are
needed to support CISA implementation as they continue to evolve. To isolate climate sensitivities
from other drivers of hydrologic change, more benchmarking comparisons in minimally disturbed
basins must be conducted. However, these comparisons must also be extended to basins where
water resources management interventions, such as reservoirs and diversions, and other
anthropogenic perturbations, such as land use change, substantially impact streamflow. Profound
changes to aspects of river corridor landscapes, such as topography, vegetation, and soil, can also
affect streamflow routing. These impacts should also be considered in river corridors that have
recently experienced rapid changes of this nature.

In addition to the lack of consensus regarding the selection of methods for making future flood
projections, climate-informed science approaches to project design in other countries often use
national or regional percent-change “safety factors” informed by climate studies instead of basin-
specific projections coupling climate scenarios with hydrologic and hydraulic models (Wasko et
al. 2021). Many of these safety factors are only applied to peak precipitation intensity. Wasko et
al. (2021) observe that only El Salvador, Norway, and some jurisdictions in the United Kingdom
explicitly consider climatically driven changes in riverine flood peaks in their guidance. El
Salvador recommends a safety factor of 30—40 percent for bridge design plus criticality-dependent
freeboard (Direccion de Adaptacion al Cambio Climatico y Gestion Estratégica del Riesgo 2014).
Norway has employed regionally varying percent-change safety factors ranging from 0—40 percent
(Lawrence and Hisdal 2011; Scottish Environment Protection Agency 2019). Only England and
Wales have developed basin-specific projections directly from downscaled GCM data (UK
Government Environment Agency 2016; Natural Resources Wales 2021). These change factors
also recognize the planning horizon of a project (Griffin et al. 2022). The CISA can accommodate
these different approaches to design flood adjustment if they reflect the best-available science at
the time.

In addition to climate-driven projections, scientific advances since 2015 could enhance FFRMS
implementation using other floodplain definitions besides the CISA approach. Notably, the
publication of Bulletin 17C (England et al. 2019) provides updated guidance for estimating the 1-
percent- and the 0.2-percent-annual-chance floods at or near gauged sites. Moreover, the Expected
Moments Algorithm it recommends can incorporate imprecise paleoclimate and historical flood
data, which enables evidence of large floods outside of the instrumental record to be considered in
design flood estimates, and perception thresholds, which introduce knowledge where data gaps
might otherwise exist. The USGS (2016b) StreamStats tool has also extended Bulletin 17C
estimates of the 0.2-percent- and 1-percent-annual-chance peak flows to ungauged locations in
many parts of the United States (e.g., Wagner et al. 2016; Zarriello 2017). The guidelines in this
bulletin are applicable for estimating the 1-percent- and 0.2-percent-annual-chance peak flows at
gauged sites.
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Element 3a: River Corridor Landscape Change (Including Erosion)

Fluvial erosion hazard (FEH) mapping delineates areas adjacent to the channel that may be
impacted by channel change (channel downcutting, aggradation, and lateral migration). Following
previous determinations by FEMA (1999), there has been much scientific advancement in mapping
hazard zones related to geomorphic change since 2015 (e.g., Burke Engineering 2018). Because
of the spatial and temporal complexity in geomorphic processes that result in river channel change,
FEH mapping requires many sources of data, including historical channel change, geomorphic and
engineering analysis, mathematical modeling, numerical modeling, and GIS techniques. The 2015
CISA Appendix noted that no one technique was adequate to address site-specific conditions that
represent a range of possible geomorphic processes.

Zones of expected river-channel changes are located where flood flows can change the channel
geometry as well as the surrounding landscape. The geologic and geomorphic setting drives the
steepness of the channels, which then powers the erosivity of streamflow while underlying
bedrock, soils, and channel bedforms resist those erosive forces, ultimately reaching a dynamic
equilibrium for that setting (MacBroom et al. 2017; Lane 1955). These interactions of erosion and
resistance change the flux of sediment to downstream reaches, which can cause additional
geomorphic change (Gartner et al. 2015).

Hazardous geomorphic processes can be grouped into three major categories: (i) degradation or
downcutting and channel bed erosion, (i) lateral migration and bank erosion, and (iii) aggradation
or channel bed deposition and braiding/bar formation. In headwaters, degradation might be located
where ephemeral (dry except for during runoff events) channels with confined valleys can erode
their beds and vertically downcut stream channels. The downcut channel propagates adjacent
hillslope failures and debris flows. It also initiates headward progression of gullies that may extend
into upland flats, such as in first order tributaries that intersect steep valley sides of large rivers. In
perennial meandering main stem channels with floodplains, lateral migration may be accelerated
by increases in peak flows and sediment load, causing channel widening and bank erosion into
infrastructure. Aggradation and deposition may happen in channels that transition from steep
slopes to flat slopes and have an abundant upstream sediment supply. Aggradation and bank
erosion can happen where overbank flows are constricted, often by infrastructure, raising the
streamflow’s erosive power to levels that cross a geomorphic threshold that separates more narrow
meandering channels from wider braided channel types. For erosion to occur, the forces of the
water (amount of streamflow multiplied by channel slope) need to overcome the resisting forces
of the materials that make up the bed and banks (consolidation of rock type, cohesiveness or size
of bank and bed sediment).

Peak flow unit stream power has been identified as a useful metric for quantifying thresholds for
geomorphic adjustments in some situations (Yochum et al. 2017). Spatially-varying shallow
groundwater contributions from intense rainfalls can also trigger near-channel landslides in
addition to runoff hydraulic forces (Jennings et al. 2016).

Multiple agencies began mapping advisory-level river channel change hazard zones in the mid-
2000s (Kline and Cahoon 2010; Burke Engineering 2018). At the core of each of these approaches
is mapping a river corridor where the river has meandered or changed course in the past and has
the potential to do so in the future (see Box D for an example). This corridor is similar to the active
river area described by the Association of State Floodplain Managers (ASFPM) and The Nature
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Conservancy (2008) and the geomorphically-defined meander belt zone, and differs from
floodways and FEMA-designated 1-percent-annual-chance floodplains (Kline and Cahoon 2010).

The GIS-based approaches for mapping river corridors susceptible to channel change use a
combination of methods at a variety of scales and resolutions. Approaches include estimation of a
common meander belt width based on bankfull channel width, digital topology-based delineation
of valley bottoms, floodplain maps, aerial photograph identification of valley bottomland and
abandoned channels, and field-based geomorphic assessments of actively migrating and relatively
stationary reaches (Gartner et al. 2019). Uses include identification of vulnerability and risk of
damage to property and infrastructure, identifying risks to stream crossing infrastructure, flood
hazard planning and mitigation, and adoption of active and passive management strategies that
help reduce future risk, including natural flood management techniques (Gartner et al. 2019).
Future streamflow conditions from climate change have not been included in these agency
approaches, but they could be if changes in flow characteristics were to be linked to how they
might affect erosion potential or expand meander belt and FEH corridor widths. Agencies are
encouraged to consider adopting these existing approaches for identifying zones of channel change
and other geomorphic hazards when the geomorphic setting, project criticality, and agency
expertise are well suited for it. Under these circumstances, agencies are encouraged to produce
floodplain maps that feature FEH zones, along with floodplain inundation information.

On a different spatiotemporal level is an interaction between geomorphic change and how it affects
flood inundation regardless of other direct erosion or deposition induced hazard zones (Slater et

Box D. Delineating Channel Change Hazard Corridors in Indiana

Mapping approaches for delineating channel change corridors are done at the river reach scale
and involve data collection from the field, historical aerial photographs, and geomorphic data
gathered from computerized geospatial analyses tools and applications of stream network
characteristics based on overlaid digital elevation models of landscape topography. Many
approaches for streams with drainage areas larger than 1 km? start with an initial calculation
of the bankfull channel width, which is done in the field or with regional or State-based
hydraulic geometry equations based on drainage basin area. Next, the lateral mobility is
determined for the reaches, based on aerial photograph analyses or field-based geomorphic
assessments of “stationary” or “actively migrating” (Robinson 2013). The lateral mobility is
then considered when computing the corridor width as a multiplier of the bankfull width. These
corridors can be mapped using stream centerlines available from the USGS (1997) National
Hydrography dataset as a point of reference. In Indiana, for example, geomorphically
stationary streams had a corridor width of one bankfull channel width or 100 feet, whichever
was greater (Meunier et al. 2018). In contrast, for actively migrating channels in Indiana, the
corridor width was estimated to be 8 times the bankfull channel width. The corridor widths are
manually checked and verified. Fluvial erosion hazard corridors for streams in Indiana can be
viewed on an Indiana Department of Natural Resources webmap (Indiana Silver Jackets Hazard
Mitigation Task Force 2016). Additional background information on fluvial erosion hazards is
available from USGS (Leroy et al. 2020).
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al. 2015). If a channel degrades, flood flows may not inundate a floodplain as readily, lowering
flood depth. However, the more chute-like channels are likely prone to bank erosion. Contrarily,
if a channel aggrades, flood depths may increase even when the size of the peak flood remains
unchanged. Furthermore, additional insights on which channels are susceptible to geomorphic
change could be gained by not only looking at peak flows and related energy expenditure but also
flood durations relative to erosion thresholds (Costa and O'Connor 1995).

Element 3b: Water Resource Management Impacts

The 2015 CISA Appendix does not describe any specific approaches for adjusting current and
future design peak flows and their resulting water levels for the effects of water resource
management, including reservoirs, diversions, or flood barriers, despite their well-established
impacts on streamflow and inundation. Studies on the effects of these management interventions
on streamflow and inundation have continued to proliferate (e.g., Wang et al. 2017b; Bloschl 2022;
Xiong et al. 2020). Analysts should choose methods that account for the unique water management
practices employed in the watershed of interest.

Element 4: Streamflow, Land, and Channel Interactions

Hydraulic modeling has undergone extensive advancement in recent years that has resulted in
simpler and better guided user experiences. Multidimensional models (USGS 2008) are now
routinely applied to increasingly available LiDAR-based topobathy data. Multidimensional
models have the distinct advantages that they can be applied to more complex channels where
simplified 1D models cannot be applied without degrading modeling results and where many
formerly limiting computational assumptions can be relaxed. These models are often accompanied
by geospatial tools and functions that permit rapid development of high-resolution computational
grids. The USACE Hydrologic Engineering Center's River Analysis System (HEC-RAS; USACE
2020), for example, allows the user to perform 1D steady flow, 1D and 2D unsteady flow
calculations, as well as sediment transport/mobile bed computations. The International River
Interface Cooperative software (iRIC) performs numerical simulation of flow and channel
morphodynamics of river channels. iRIC includes the functionality of the Multi-Dimensional
Surface-Water Modeling System, developed by the USGS and RIC-Nays (developed by the
Foundation of Hokkaido River Disaster Prevention Research Center) (USGS 2019). These
applications facilitate the development of flood-inundation and channel erosion maps.
Documentation and online training are available on iRIC’s website (Shimizu and Nelson 2007)

Element 5: Data Sharing and Visualization of Riverine Hazard Information

Large flood events, flood insurance reforms, and anticipated increases in flooding due to climate
change have all prompted widespread attention to the communication of riverine hazards in recent
years. From the 1970s to 2021, flood insurance rates were predominantly based on relatively static
measurements, emphasizing a property’s elevation within the Special Flood Hazard Area on a
FIRM. FEMA is updating the NFIP’s risk rating methodology through the implementation of a
new pricing methodology, Risk Rating 2.0. With Risk Rating 2.0, FEMA now has the capability
and tools to address rating disparities by incorporating more flood risk variables. These include
flood frequency, multiple flood types—river overflow, storm surge, coastal erosion, and heavy
rainfall—and distance to a water source along with property characteristics such as elevation and
the cost to rebuild. Concurrently, FEMA is exploring improving the understanding of flood hazard
and risk through the FFRD initiative. This initiative follows recommendations from the TMAC
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(2022) and has also recommended the inclusion of uncertainty on floodplain maps and other data
products.

Recent research has also addressed the challenge of communicating flood risk in settings where it
is changing over time—whether due to climatic factors or changes in other environmental
conditions. Probabilistic methods have been developed for expressing the reliability of a project
over a planning horizon for a single scenario of flood hazard change (Read and Vogel 2015; Yan
et al. 2017; Jiang et al. 2019). Multi-scenario evaluation methods have also continued to be
advanced, including for cases in which future flood scenarios are too uncertain to be assigned
probabilities reliably.

While the 2015 CISA Appendix emphasized the importance of making decisions robust to
plausible future climate conditions, specific guidelines for evaluating the robustness of these
decisions were not prescribed. One challenge to the widespread implementation of multi-scenario
methods for project evaluation is that decision metrics often reflect the risk tolerance of the
decision maker(s). Comparative studies, such as McPhail et al. 2018, can serve as a starting point
for efforts to develop guidelines that help agencies select multi-scenario decision metrics
appropriate for their needs.

Finally, recent efforts at the State and local level have been made to identify and communicate
geomorphic hazards in addition to inundation hazards (ASFPM Riverine Erosion Hazards
Working Group 2016). Some of these efforts are described further in Section IV. B.

Model Integration Considerations

Modeling the effects of climate change on riverine hazards requires an understanding of how
climatic and other environmental changes affect streamflow, hydraulics, and fluvial
geomorphology. To date, there are relatively few examples of coupled multi-model workflows that
examine floodplain inundation resulting from future climate projections (Alfieri et al. 2016; Wing
et al. 2018; Dullo et al. 2021; Callaghan and Hughes 2022; see Box E) despite countless studies
that (i) simulate hydrologic impacts of climate change and (ii) examine floodplain depths resulting
from a given set of hydrologic conditions. Increasingly, such analyses are being developed and
published for public use, such as the parcel-scale inundation projections under future climate
scenarios for the conterminous U.S. (CONUS) carried out by the First Street Foundation (n.d.).
Expensive computational requirements are one major constraint to implementing these modeling
chains. Challenges in simulating future climate extremes and their propagation to streamflow and
inundation extremes require models with fine spatial and temporal resolutions, which exacerbate
these computational demands. Coupling hydrologic changes with geomorphic ones augments
these computational demands even further. While such couplings of process-based models should
continue to be pursued, less computationally intensive approaches should also be evaluated. For
example, the application of “climate-informed” models that relate GCM-derived climate variables
with inundation levels through data-driven techniques may be useful for predicting future changes
in inundation.

In any case, a coherent strategy is needed for deploying and assessing model chains that examine
the effects of climate change on riverine hazards. In addition to evaluating different models that
use various techniques of varying degrees of computational complexity, it is important to establish
practices that allow for the effects of cascading errors and uncertainty—arising from data, models,
and future conditions—to be quantified. In addition, potential incongruences in the spatial and
temporal scales at which processes are being simulated must be assessed. The need for agencies
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to select model chains in line with their skill sets and budgets also motivates the consideration of
multiple approaches for integrating these elements of the workflow. Indeed, one pivotal
consideration will be the extent to which the flood inundation under future climate and land use
conditions can be pre-computed for agency users given the training and computational capacity
needed to produce these simulations efficiently.

Box E. Assessing Climate-Change-Induced Flood Risk Using GCM Outputs

The analytical workflow described in Figure 7 does not prescribe a specific approach to the
simulation of climate impacts on future flooding. Depending on available data, agency and
analysts” preferences, and project requirements, different approaches are possible. For
instance, many analysts may choose to employ statistically-based modeling of flood trends
and patterns where the data are available. Others may choose to use a design-storm construct
expressed through climate-change impacted rainfall IDF curves that may be obtained now
from the FHWA CMIP Climate Data Processing Tool or DOD/NCICS websites and applied
through readily available rainfall-runoff models.

But there are weaknesses to this approach. The implied underlying hydraulic assumption is a
steady flow regime: (1) looking at the peak flow produced by the design storm and (2) typically
assuming that the peak flow represents the most critical operating hydraulics allows the
designer to consider “critical” hydrologic conditions for some associated probability. In reality,
however, a flood event is actually a hydrograph, whose shape is not only a function of the
precipitation but also its interactions with the channel, floodplain, and infrastructure. The
cumulative exposure of the structure to the full duration of the hydrograph associated with
the peak flow may represent the true critical design condition that only continuous modeling
approaches provide. This makes approaches that examine inundation over the course of an
entire flood event (the full hydrograph) especially prudent. Capturing the impacts for
sustained, long-duration hydrographs may require selection of storm durations longer than
the minimum duration required for time of concentration considerations and for flow
contributions from the furthest points in the basin to reach the outlet. Although considered
out of scope for this SotS review, the selection of storm and flood duration for flood
simulations deserves increased scrutiny and research given its importance when implementing
the FFRMS.

[Box E continues on the next page.]
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Box E. Assessing climate-change-induced flood risk using GCM Outputs (continued)

In addition, process-based hydrologic-hydraulic modeling that simulates inundation over the
course of entire flood events using projections of future climate conditions based on specific
GHG pathways is also possible, as exemplified by Dullo et al. (2021). First, the authors modeled
streamflow at 3-hour intervals over periods of several decades. Then, they extracted flood
events generated by their hydrologic model to produce a time series of flood areas and depths
using their hydraulic model. Next, they analyzed those time series to develop probability
distributions of flood depth at each pixel within their study area. The process is probably more
involved than typical agency projects/actions may warrant, but their unique approach has some
significant advantages over the statistically based modeling or design-storm approach. In
addition to examining flood inundation during entire flood events, this approach permits
modelers to retain control over the selection of specific GHG pathways. Moreover, it enables
modelers to examine more diverse scenarios in detail, looking, for example, at potential climate
impacts on flood antecedent conditions, soil-infiltration behaviors, evapotranspiration rates,
and other climate-hydrology interactions that are potentially even more uncertain than future
rainfall conditions. Evaluation of such considerations may be warranted for major projects
expected to produce critical benefits.

C. Roadmap: Needs and Opportunities to Improve Projections

A principal consideration for the CISA option is the “actionability” of climate simulation and
engineering analysis tools. If tools and data are not readily available, agencies will not be able to
implement the CISA option and will have to default to the use of the FVA or 0.2PFA options,
potentially resulting in projects that may be either under-designed (and thus still vulnerable) or
over-designed (constructed at higher than necessary cost) against flooding. The development of
the Riverine Flooding Workflow (Figure 7) in combination with the review of the state-of-the-
science advancements since 2015 (Section IV. B. Advances in Understanding and Actionable
Science) provide an opportunity to identify scientific and methodological gaps complicating or
preventing CISA implementation.

Short-Term Roadmap Elements

Many riverine workflow process improvements are already nearing completion or merely require
promotion and adoption. These improvements are considered “short-term roadmap elements” and
are described below.

Project framing: Provide initial guidance on selection of appropriate climate change scenarios,
return periods, and time frames

Stationary precipitation IDF curves: IDF curves are the common basis for hydrologic simulation
where streamflow data are unavailable. For over a decade, NOAA has been developing regional
IDF computations published as 11 component volumes of Atlas 14 and as a web-based tool (NWS
n.d.). NOAA is currently working on developing the precipitation frequency estimates for Idaho,
Montana, and Wyoming as Volume 12. Compilations for Washington and Oregon remain
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unavailable. This design-storm approach is best suited for small or flashy watersheds where
antecedent storage conditions have little impact on storm runoff. These IDF curves represent
substantial improvements over earlier design storm estimates and utilize recent precipitation data
but do not consider trends in precipitation over time.

Flood frequency analysis: Agencies should adopt Bulletin 17C (B17C) for estimating the 1-
percent- and 0.2-percent-annual-chance peak flows (essential for non-CISA options) for locations
at or near applicable stream gauges. The USGS StreamStats tool uses regional regression equations
to extend estimates to many ungauged locations. StreamStats currently has peak-flow regression
equations in StreamStats for 44 states and regions. Additional studies are underway. A systematic
update for the remaining States is needed.

Hydraulic modeling: Agencies are encouraged to use multi-dimensional hydraulic models where
high-resolution geospatial datasets are available and hydraulic conditions merit. As described in
Section IV. A. Riverine Workflow, multiple dimensional models are widely available. Available
agency models include the USACE HEC-RAS (2020) and USGS iRIC (USGS 2019). In many
instances, these 2-D models may be more cost-effective to use than simpler, less informative 1D
models. Models are also available for simulating hydrodynamics in channels underlain by mobile
beds and banks. New onsite and virtual training approaches may be needed to facilitate the
adoption of these models.

Data sharing and visualization: Prototypes for communicating both inundation and channel
change risk are needed. Some U.S. States, such as Vermont, have developed versions of flood
hazard maps that include both inundation information (as is commonly presented in FEMA
FIRMS) and channel change hazards.

Medium-Term Roadmap Elements

Service life impacts: Evaluate reliability for projects of different service lives using probabilistic
techniques that account for changing flood hazards (Read and Vogel 2015; Yan et al. 2017; Jiang
et al. 2019).

Multi-scenario analysis guidelines: Guidelines for multi-scenario project analysis are needed.
Scenario analysis is an essential tool for the CISA option, yet there are no Federal guidelines for
conducting such analyses. In addition, downscaling global climate model results and mapping
those against basin boundaries can be a time-consuming activity requiring skilled data scientists.
Agencies would benefit from access to tools that standardize, expedite, and automate that work.

Non-climatic scenarios: Identify land use/cover/management scenarios, including land-cover
disturbances such as wildfire, for use in future-flood projections.

Flood scenarios: Evaluate methods for developing riverine flooding scenarios.

Atlas 15 projections: Develop new hydrometeorological atlases to incorporate GCM-simulated
IDF data. Ensure that nonstationary methods capture and extend precipitation trends based on the
latest precipitation gauge observations and incorporate projected future precipitation from climate
models.

Climate change impacted IDFs: The current NOAA Atlas 14 approach assumes stationarity in
the extreme precipitation time series data and methodology used for frequency distribution
selection and fitting. Based on the key findings from the study by NOAA HDSC and academic
partners (NWS 2022), NOAA is considering replacing the current Atlas 14 regional L-moment
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statistics with a nonstationary regional Generalized Maximum Likelihood approach in the first
volume of the upcoming Atlas 15. This nonstationary regional maximum likelihood approach
calculates precipitation frequency estimates at grid locations by pooling information from nearby
gauge locations or gridded precipitation products and weighting the extreme events using a kernel
function and a bandwidth. The proposed methodology eliminates the need for trend detection and
instead adapts to trends in data when they exist (positive or negative) or give a nearly stationary
fit when a trend does not exist. The trend in data can be informed by incorporating independent
variables called covariates—such as radiative forcing, annual temperature, or time—into the
calculation of the distribution parameters.

Four World Climate Research Program's Phase 5 (CMIP5) downscaled climate datasets were
evaluated in the HDSC study: Statistical Localized Constructed Analogues, LOCA; North
American Coordinated Regional Downscaling Experiment, NA-CORDEX; Bias-Correction and
Constructed Analogs, BCCAv2; and University of Wisconsin Madison Probabilistic Downscaling,
UWPD. The results showed that the variability of future projections among the retained datasets
should be regarded as significant. The datasets’ variability results in a high level of uncertainty
regarding future projected changes and, as such, needs to be considered when applied to
engineering design. Given that none of the downscaled climate models outperformed the others in
this study, the use of a multi-model approach may better characterize the uncertainty associated
with climate model predictions for the precipitation frequency estimates. Moreover, the analysis
revealed that, as other studies have found, climate models could be a good tool to account for the
change in future climate, but using model-based precipitation frequency estimates directly may
not be adequate for engineering design because the synthetic data may not have covered the
required precipitation depth or storm-duration adequately or with sufficient resolution. Instead,
downscaled datasets could be applied as a relative change between the present and future
precipitation frequency estimates (quantile delta change method) that can be used to extend the
estimates developed based on past observations into the future. The use of climate model
information for hourly durations and higher annual recurrence intervals requires further
investigation.

Mixed population analysis: “Bulletin 17C-style” consensus guidance for analysis of “mixed
populations” in flood records is needed. Although most flood-frequency models, including the one
in Bulletin 17C, assume that flood data arise from a single population, many flood records are
composites containing floods produced by distinctively different storm types or hydrologic
conditions. Prior research has demonstrated the importance of accounting for the statistical
properties of each flood type separately before combining them into a composite distribution for
flood-frequency analysis (e.g., Morris 1982; Hirschboeck 1987; Barth et al. 2019; Yu et al. 2022).
Despite the established benefits of mixed-population analyses, current databases do not support
the special handling that they require. In particular, they often do not contain information about
causal mechanisms of observed flood events. For example, the annual peak-flow files used in the
National Water Information System generally do not indicate any information about the
meteorological drivers of events (e.g., tropical cyclone, atmospheric rivers, convective storms) or
antecedent conditions preceding them (e.g., snowpack, soil moisture storage). Due to climate
change, there is a growing need to advance models and establish consistent procedures for such
studies, especially ones that account for changes in the proportion of events arising from different
causal mechanisms over time (Huang et al. 2022). In addition, approaches that address the
contributions of different mechanisms to individual flood events, such as copulas, merit further
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research. FEMA, USACE, and USGS are currently conducting a joint project to improve methods
for addressing mixed populations. USACE has already incorporated mixed-population analysis
into its HEC-SSP software to speed up implementation (USACE n.d.).

Flood statistics: Interagency developmental efforts are needed to systematically and proactively
estimate and disseminate future conditions peak-flow statistics for gauged and ungauged locations
throughout the Nation for subsequent use by agencies performing CISA analysis. Such efforts
could be based on high-resolution topographic data, incorporate water and flood management
practices and infrastructure, and result in a readily available catalog of consistent flood statistics.
Maintaining these statistics would require frequent updates as improved models and methods
become available.

Channel change hazard mapping: Regional FEH mapping techniques used in Vermont, Indiana,
New England States, and Washington could be applied nationally. These State-based methods
likely have potential application on regional and national scales and could form the foundational
framework for more routine identification and communication of fluvial erosion hazards. Less
commonly available are watershed-scale GIS approaches for addressing flood-related geomorphic
changes in headwater ephemeral channels, such as mass wasting and landslides, and compounding
geomorphic hazards in downstream reaches (for example, a change in channel location [avulsion
and meander cutoffs] and channel planform changes from meandering to braided [as occurs in
New England’s river process corridor; Gartner et al. 2019]). Currently the nationally available 10-
meter 1/3 arc-second digital elevation models have been successfully used to estimate near-
channel landslides (Gartner et al. 2019). Under discussion are questions of how the zones need to
be widened due to increases in the size of floods that an area might expect due to climate change
or other environmental changes, although studies using a sensitivity analyses approach in Quebec
had positive results for zones remaining valid under future climate scenarios (Buffin-Bélanger et
al. 2015). Of additional importance are digital maps of alluvium, surficial and buried
unconsolidated sediment, and bedrock found in soils and geologic maps applied to a river corridor
zone. These maps help to estimate the erodibility of the land near the channel from both
perspectives of hydraulic resistance and storm-related groundwater-related through-flow
(MacBroom et al. 2017; Jennings et al. 2016; Sholtes et al. 2018).

Automation of channel change hazard mapping: Consider automation of methods for reach-
scale mapping of all potential types of flood-caused channel changes that include degradation,
channel widening, and aggradation (i.e., potential USGS StreamStats application).

Flood inundation maps for Federally-owned lands: Consider a pilot project to map flood-
inundation of Federally-owned lands using the NWS National Water Model (NWM) and CONUS
404 simulations. The NWM has national scope and a 4-km spatial and hourly temporal resolution,
and existing 40-year retrospective simulations of historic flooding could be used to estimate the 1-
percent- and 0.2-percent-annual chance for CONUS streams at the National Hydrography Dataset
resolution. Both the NWS and USGS have plans for simulating 40-year future flood realizations
using future climate scenarios. Such an effort is consistent with the 2022 Consolidated
Appropriations Act language concerning future NOAA hydroclimatology studies.'* Though
FEMA does not map floodplains for most federally owned lands, this proposed pilot effort could
provide developmental support for FEMA’s FFRD initiative and result in timely products for

14 See Consolidated Appropriations Act. 2022. H. Comm. Prt. pp. 232-233 (March 9, 2022).
https://www.congress.gov/117/cprt/HPRT47047/CPRT-117HPRT47047.pdf
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FFRMS implementation on lands that will otherwise lack FEMA data. These lands account for
approximately 1/3 of CONUS stream miles.

Long-Term Roadmap Elements

Coherent climate and land use scenarios: Designate a set of coherent climate and land use
change scenarios. The development of future flood conditions maps and products has been greatly
facilitated by the adoption of consensus sea level rise projection scenarios. The riverine community
has no equivalent. The generation of climate-hydrologic scenarios would be consistent with
congressional instructions to NOAA included in the 2022 Consolidated Appropriations Act
concerning creation of basin-scale hydrometeorological projections.'> While land use and zoning
are local prerogatives, national and regional-scale projections of future land use are possible and
could form the basis for simulation of non-climate drivers needed for CISA analyses. In addition,
these scenarios could help inform local land-use decisions.

Adopt nonstationary flood frequency analysis guidelines: Develop and adopt “Bulletin 17C
consensus style” guidance for nonstationary flood frequency analysis, including the adjustment of
design events to reflect current and future conditions. This includes adjustments that account for
phenomena that drive gradual trends (e.g., urbanization), abrupt changes (e.g., reservoir
construction or re-operation), episodic events (e.g., wildfires) and multidecadal climatic
persistence (e.g., climate oscillations). Numerous recent studies that evaluate methods for
incorporating nonstationary into estimates of design events under current and future conditions
(e.g., Strupczewski et al. 2001; Read and Vogel 2015; Yan et al. 2017; Frangois et al. 2019;
USACE 2020; Schlef et al. 2021; Sharma et al. 2021; Wasko et al. 2021; Coelho et al. 2022; Hecht
et al. 2022; Vidrio-Sahagin and He 2022) could provide a useful basis for consensus Federal
guidelines addressing future flood projections. GCM-derived covariates that demonstrate strong
relationships with floods during historical periods could be prime candidates for modeling
adjustments for future conditions. In some cases, underlying atmospheric variables that drive
flood-inducing weather patterns may serve as better predictors of floods than extreme precipitation
values (Schlef et al. 2018).

Topobathy data: Improve the availability of high-resolution LiDAR and channel topobathy data.
The USGS National Geospatial Program is developing and deploying methods for using LiDAR
technology for simultaneously collecting both topographic and bathymetry (subsurface channel
topography) data. These data plus data produced by more transitional sweeping fathometer
instruments operated by agencies such as the USACE are resulting in increased opportunities for
applying multi-dimensional models to floodplain mapping in the future.

Channel change science: Improve our understanding of how land use and climate drivers cause
channel change to better inform riverine hazard management and mitigation strategies.
Specifically: (i) How do changes in flood characteristics (including frequency and duration) affect
flood energy and related erosion potential and bankfull dimensions?; (ii) How can high-resolution
hydrography be used to further define headwater channels prone to erosion?; and (iii) How can
agencies incorporate multi-year remotely-sensed digital elevation models, such as those from
repeat aerial LIDAR surveys, to document and quantify zones of channel change, including
headwater degradation, lateral migration, and aggradation?

15 See Consolidated Appropriations Act. 2022. H. Comm. Prt. pp. 232-233 (March 9, 2022).
https://www.congress.gov/117/cprt/HPRT47047/CPRT-117HPRT47047.pdf
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FFRD: Develop new FEMA flood-risk mapping products and datasets using probabilistic
modeling techniques. FEMA’s FFRD initiative holds enormous potential for accelerating the
development of floodplain maps and data describing future conditions. FFRD and its application
to mapping future flood conditions have been reviewed and endorsed by the TMAC.

V. Assessing Future Pluvial Flooding

The word “pluvia” is Latin for “rain.” The word “pluvial” referred to cloaks worn by European
clerics around the 17th century to protect themselves from that rain.'® Planners and scientists
adopted the term to denote flooding from rainfall events. Therefore, pluvial flooding refers to that
component of flooding that is a result of rainfall.

More precisely, pluvial flooding is the hydrologic collection of water at a land location not
otherwise within associated fluvial (i.e., riverine) or coastal floodplains or having direct drainage
to these floodplains. Within this context, these locations are not considered FFRMS coastal or
fluvial floodplains. However, they may have an indirect nexus to those (and other) types of
floodplains and to other flooding conditions and risks.

A. Advances in Understanding and Actionable Science

In 2015, there was no formal recognition of pluvial flooding in EO 13690, the FFRMS policy, the
EO 11988 and 13690 interagency implementation guidance (Water Resources Council 2015), or
the CISA Appendix. In fact, the over 2,300 public comments that helped formulate the
implementation guidance only mentioned the term “pluvial flooding” once—and that was in the
context of other flooding types.

As depicted in Figure 8, the majority of the conterminous United States has a nexus with rivers
and coasts, meaning that traditional Federal flood risk management efforts have a corresponding
focus on these coastal and riverine areas.

Figure 8: Rivers and Coasts within the Conterminous United States (FHWA 2022).

16 Egsentially a “pluvial” managed the risk of getting wet by rain.
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The mapping of pluvial flooding is extremely rare in FEMA maps, which complicates flood risk
considerations as some planners and engineers do not perceive when their actions are not in the
FEMA floodplain. This attitude and assumption is often amplified when pluvial flooding occurs
in a field or location well outside “traditional” floodplains.

Additionally, the paucity of such FEMA-delineated areas precludes quantifying pluvial flooding
using either the FVA or 0.2PFA under the FFRMS. FVA uses the FEMA BFE as the basis of
adding 2 or 3 feet to represent future FFRMS conditions. If there is no FEMA BFE, then this
becomes problematic. Likewise, only 20 percent of the United States has FEMA 0.2-percent-
annual-chance floodplain maps and information, limiting potential use of the 0.2PFA. This leaves
application of CISA as the sole approach that can consistently allow consideration, quantification,
and delineation of the FFRMS pluvial floodplain.

Advancing CISA Considerations

Pluvial flooding can be considered a function of two facets in a CISA context: probability and
relevant factors. The following sections describe these facets, and their implications to applying
CISA for pluvial flooding.

Probability

The first facet is some rainfall probability associated with a condition. For FFRMS, this condition
would be the CISA base flood. Since the CISA base flood consists of projected future
circumstances, this rainfall represents the nonstationarity-adjusted, 1-percent-annual-exceedance
probability (AEP) precipitation.

Note that this CISA precipitation only applies to that projected future 1-percent AEP. However,
climate science recognizes that future rainfall events will occur over the entire spectrum of
nonstationarity-adjusted probabilities. For example, climate change rainfall effects may be more
noticeable during more frequent events or those considered during partial-duration rainfall
analyses. As a result, CISA distinguishes FFRMS-focused pluvial flooding from pluvial flooding
over the whole spectrum of potential precipitation events. This distinction has implications for the
actionable status of pluvial flooding.

Important caveats: The most important takeaway for the probability facet with regard to CISA
is the paucity of actionable nonstationarity-adjusted, 1-percent AEP precipitation. As described
elsewhere in this report, NOAA NWS has conducted research on applying nonstationarity to their
NOAA Atlas 14 precipitation volumes (NWS 2022). However, this research focused on the
Northeastern States and has not been validated for other regions of the United States.

Using research conducted under the auspices of the National Academies (Kilgore et al. 2019), the
FHWA produced a process and tool to convert readily available downscaled climate data at the
local level into relevant statistics for transportation planners and designers (FHWA 2020). This
CMIP Tool works with the statistically downscaled CMIP5 (DCHP) Localized Constructed
Analog (LOCA) dataset; the LOCA dataset provides statistically downscaled projections to the
1/16-degree resolution. For the purposes of this section, it also includes methods for calculating
future return period precipitation. A few issues exist for this approach: first, the daily LOCA
climate projections extend over the CONUS as well as Canadian portions of the Columbia River
and Missouri River Basins. Unfortunately, this means the DCHP data (currently) excludes Alaska,
Hawaii, Puerto Rico, the U.S. Virgin Islands, America Samoa, Guam, and the Commonwealth of
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the Northern Mariana Islands. More importantly, similar to the NOAA research, the process still
needs additional validation to ensure national applicability.

These caveats limit application of this probability element to locations and actions where data can
be readily obtained and applied in the CISA context.

Relevant Factors

Secondly, and most important for the purposes of pluvial flooding, CISA needs to consider some
other relevant factors, including urban settings, land use, interior drainage of flood control
structures, certain wetlands and other habitats, and transportation assets. This section will briefly
describe each of these factors.

Urbanized flooding: Since the 2015 CISA Appendix was written, there has been a growing
awareness that pluvial flooding is an emerging consideration of flood risk management within our
Nation’s urban locations. Two publications, a 2018 report by the University of Maryland and
Texas A&M (University of Maryland, College Park and Texas A&M University, Galveston
Campus 2018) and a 2019 ASFPM-sponsored Gilbert F. White Flood Policy Forum (Association
of State Floodplain Managers Foundation 2019) frame urban flood risk, including pluvial flooding
in locations outside those typically found in Federal flood authorities and missions. They captured
the differentiation of such urban flooding from a more “traditional” flood risk management focus.

Other studies have focused on modeling aspects of pluvial flooding on surface and subsurface
systems such as streets and storm drains. Some of these modeling efforts take advantage of
evolving 2D and computational fluid dynamic models described in earlier sections. These models
can simulate the effect of the current or future 1-percent-annual-chance rainfall on the street
systems of a small metropolitan area.

Yet, the design standard for a majority of these street and storm drain systems applies lesser rainfall
frequency than the base flood (American Association of State Highway and Transportation
Officials 2014). FFRMS analysts do not need such modeling to intuit that flooding will occur
during those smaller events as well— typical practice of designing an urban curb and gutter system
for a 10-percent-annual-chance event focuses on that flood risk and does not consider the 1-
percent-annual-chance rainfall. Additionally, climate change-induced increases in future rainfall
will likely reduce the capacity, and thus resilience, of these systems. The FFRMS provides
resilience for the pluvial base flood, but not other pluvial flooding events. Therefore, a CISA focus
may not align with the needs of urban systems.

Land use change: Land use changes also are factors that may increase flood risk. While pluvial
flooding does not directly align with the rainfall-runoff concept relevant to riverine flooding, there
may be some direct correlation with such changes. For example, adding traffic lanes to a highway
reduces pervious areas that allow infiltration. Elevating a coastal structure on piles may allow the
reverse to occur (e.g., more infiltration). Yet, land use changes like these are incorporated more
into coastal and riverine flood hazard assessments than pluvial assessments.

Levees or flood risk management structures: While levees and related flood structures and
facilities provide risk management of riverine or coastal floods, they may also interrupt rainfall
runoff, increasing the likelihood of pluvial flooding even when they reduce flood risk overall. In
such cases, those areas will likely need consideration of the FFRMS CISA pluvial base flood. As
described below, applying the CISA to pluvial flooding in a leveed area will require analysts to
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apply best professional judgment and local knowledge of site-specific environmental and
sociocultural considerations.

The application of such judgment considers how several factors may complicate this special
situation in practice, including:

In accordance with the Flood Control Act of 1944 as amended, USACE can generally only
participate in flood risk management projects along a natural or modified channel downstream of
the point where the 10-percent AEP flood exceeds 800 cubic feet per second (the “800 cfs rule”)
as outlined in Engineering Regulation 1165-2-21 “Flood Damage Reduction Measures in Urban
Areas,” dated 30 October 1980. This normally prevents USACE involvement in stormwater
drainage projects, which are usually assumed to be a non-Federal responsibility. However, this
regulation only applies to “urban areas,” which are defined in the regulation but in a way that
leaves some room for interpretation. The rule is also evaluated “under conditions expected to
prevail during the period of analysis,” which may allow for some adjustment for climate change
or other changes, at least in theory. Finally, the regulation specifies several exceptions to this rule
and a process for requesting an exemption from Headquarters, Department of the Army.

One of the most important exceptions to the rule above applies when a proposed levee would
interrupt runoff and cause flooding that would not otherwise occur. As outlined in ER 1105-2-100
“Planning Guidance Notebook,” last updated 22 Apr 2000, par. E-18.¢., analysis of the net flood
risk management benefits of levees should include residual damages caused by interruption of
interior drainage. These residual damages may be mitigated by pumping or other means, with the
recommended mitigation being that which reasonably maximizes net benefits. As a result, when
planning levees that interrupt interior drainage, USACE may participate in projects to reduce
pluvial flooding, and may do so up to any level of intervention that is marginally economically
justified. When the interior drainage required to mitigate the effects of a levee is not economically
justified, USACE may still construct the “minimum facility” needed to return the level of pluvial
flood-risk to its pre-levee state.

These rules are complicated further by the fact that in urban areas, when the plan that maximizes
net economic benefits does not deliver 90 percent reliability that the probability of flooding is
equal to a 1-percent-annual-chance or less, an exception to the requirement to maximize net
benefits may be recommended, when certain conditions are met (ER 100, par. 3-3.b.(12) (USACE
2000).

Finally, USACE Flood Risk Management policy allows a categorical exemption from the
economically optimal plan when the non-Federal interest desires a smaller plan (ER 100, par. 3-
3.b.(11) (USACE 2000), and the non-Federal interest may in certain cases also request a plan that
is not marginally economically justified if they agree to bear the incremental cost between the two
plans (a “locally preferred plan,” ER 100 par. 2-3.f.(4) (USACE 2000).

All of these factors complicate analysis of pluvial flood risk in a changing environment,
particularly when Federal agencies and non-Federal interests may have different preferred climate
scenarios or standards for actionability of climate science.

Wetlands and other habitats: Recognizing the potential flood-hazard attenuation benefits and
other environmental services afforded by wetlands and other natural habitats, EO 13690 added the
requirement that ‘‘where possible, an agency shall use natural systems, ecosystem processes, and
nature-based approaches when developing alternatives for consideration.’’
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Preserving and restoring wetlands and other natural habitats are actions that have been long-
recognized as viable approaches for communities to use in managing flooding in their coastal and
riverine floodplains. Some wetlands and natural habitats occur outside of designated coastal and
riverine floodplains, in areas susceptive to pluvial flooding; these natural areas can also serve as
effective tools in mitigating pluvial hazards. For example, the FHWA provides Federal aid for
state departments of transportation to engage in wetland and habitat banking, with acreage located
in floodplains that are not associated with riverine or coastal flood sources. Of interest are the
water budgets for these locations. Similar to those urbanized examples, these water budgets
typically focus on flood frequencies much less than those associated with the FFRMS base flood.

So, while wetlands and other habitats are important in establishing our understanding of hydrologic
conditions and can demonstrably provide flood-attenuation and other mitigation benefits for lesser
flood events, are these effects significant enough to warrant explicit consideration in application
of CISA when considering the future base flood? Additionally, the distribution and function of
these habitats may change in response to climate change; how would such changes be considered
in a CISA analysis? These uncertainties make application of CISA to assess future pluvial flood
hazards particularly challenging. Further work to understand the quantifiable impacts of wetlands
and other natural and nature-based features on pluvial flooding—and how those impacts may vary
with climate change—will be important in developing actionable science for projecting future
pluvial hazards.

Transportation assets: Transportation networks have assets subject to pluvial flooding—for
example, tunnels and depressed highway segments. Unlike other constituents, they typically have
design standards that more closely mirror frequencies associated with FFRMS. These assets
represent an opportunity to apply CISA to both characterize their vulnerabilities and to assess the
resilience of such assets to future projections. For example, many tunnels have pumping stations
to remove these pluvial associated flows. Application of CISA concepts over the remaining service
life would allow for a flood risk assessment of those tunnels and pumps.

B. Roadmap: Needs and Opportunities to Improve Projections

Pluvial flood risks already are present within the United States. On a national basis, it is unknown
precisely where the risks of pluvial flooding may occur. Climate change, including sea level rise
and increases in precipitation, will increase the occurrence and risks of pluvial flooding in areas
and for constituents not currently evident. The major hurdles may not be the precipitation science,
but the complexities of the topic area itself. Additionally, there is congruence of pluvial flooding
with other flooding and flood risks, such as high-tide and other chronic hazards. This complexity
may require additional assessment of how these flood types and risks align with the intent and
authorities associated with FFRMS and how they can be integrated with other flood types.

Pluvial floods also pose different (and perhaps more site-specific) risks than coastal and riverine
flooding. At this time, at best, CISA can consider pluvial flooding only in limited circumstances.
This section has identified gaps and deficiencies in both science and applicability. Clarity is needed
in the context of pluvial flooding and associated research and data development.

VI. Assessing Future Compound Flooding

Floods can be caused by various mechanisms, individually or in combination. In Brazil, a country
exposed to relatively few other natural disasters but plagued by frequent floods, at least five
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different words are used to refer to floods, each specifying a different character or generating
mechanism.

Despite the varieties of floods, a typical flood frequency analysis, including those performed in
the interest of delineating a floodplain or other hazard area, usually addresses a single source or
cause of flooding. Nevertheless, it has long been recognized that floods may be caused by a
combination of factors, even if none of those factors would have led to an extreme flood event on
its own. One long-studied and common example is a confluence of two streams; another is an
elevated water level in the receiving water body of a drainage system coinciding with heavy local
runoff. Recently, concern about and interest in the likelihood of simultaneous riverine floods and
coastal surges has grown, with events like Hurricane Barry (2018) and Tropical Storm Cristobal
(2019) bringing this possibility into greater public awareness.

A related phenomenon is the existence of mixed populations of floods, where a record of floods
includes events caused by two or more physical processes, though they may not occur
simultaneously. In areas subject to both rainfall and snowmelt, or those exposed to tropical and
non-tropical rainfall, a proper analysis of the probability of floods must allow these populations to
be separated, considered individually, and then re-combined using appropriate statistical methods.
Some of these systems may be subject to both mixed populations and compound floods, such as a
flood caused by rain-on-snow.

Another concept related to compound flooding is the treatment of total water levels as the sum of
various components. This is a common approach to flooding in coastal areas, which are subject to
inundation due to combinations of processes including sea level, tide, storm surge, wave action,
and others. Combining these components into a total flood elevation requires some assumption of
the statistical correlation between components. Typically, components are assumed to be either
statistically independent (such as tide with surge) or perfectly correlated (such as waves and surge).
While the assumption of perfect correlation among components is conservative, it is usually not
excessively so, because surge and waves are both caused by storm winds (and much of what is
commonly called “surge” is in fact wave setup). An illustration of the component approach to
floods is provided in Figure 1, and further information is provided in Section III on coastal
flooding. While combining component processes into a flood height requires making assumptions
about the statistical relationships between components, it is not generally considered an example
of compound floods as covered in this section.

Historically, methods for analysis of compound (also known as coincident, simultaneous, or joint)
floods, as well as those for analysis of mixed populations, relied on the assumption that the
underlying flood-generating mechanisms were statistically independent. This was because, while
mathematical methods exist for treatment of partially correlated forcing mechanisms, data
availability was usually insufficient to establish the nature of that correlation with confidence.
Recently, new approaches have been developed that are beginning to allow a fuller treatment of
compound floods, as described in the following subsections.

A. Advances in Understanding and Actionable Science

In 2015, compound events received a brief mention in the CISA Appendix. Specifically, Section
II1. E. of the 2015 CISA Appendix focused on compound fluvial/coastal floods in estuarine areas,
stating that these events can be expected to change in frequency as sea levels (or lake levels in the
case of the Great Lakes) change due to the impacts of climate change. It also stated that observed
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frequency of compound floods had increased and that this increase may be expected to continue
because all areas of the country are expected to experience increased frequency and intensity of
rainfall (Federal National Climate Assessment and Development Advisory Committee 2014), and
the frequency and intensity of the strongest North Atlantic hurricanes had also been observed to
increase.

Since 2015, understanding of compound floods has expanded beyond just fluvial/coastal floods in
estuaries. A growing body of literature now recognizes compound floods as a subset of compound
events, which has gained acceptance as a broad area of research deserving of dedicated study
(Nature Climate Change Editorial Board 2020). Zscheischler et al. (2020) propose a typology of
compound events comprising four -categories: preconditioned, multivariate, temporally
compounding, and spatially compounding. Under this typology, preconditioned events include
those where one event sets the conditions for the second (or third, or later) event to be more extreme
or destructive than it would have been otherwise. Heavy rain on deep snowpack would be one
example, as would a rain event on soil saturated by a previous storm. Multivariate events include
the fluvial/coastal compound floods mentioned in the 2015 CISA Appendix, as well as
simultaneous drought and heatwaves and damaging combinations of wind and precipitation.
Temporally compounding events refer to clusters of events of the same type or cause occurring in
rapid succession, causing more damage and more management challenges than if they had
occurred with a more typical spacing; a compound flooding example might include climate modes
such as the El Nifio/Southern Oscillation causing repeated heavy rain events to increase flood
depth and damage. Finally, spatially compounding events are those where impacts are increased
by virtue of multiple events impacting distinct but connected locations. A contemporary example
might include a flood occurring during a pandemic, as with 2021°s Hurricane Ida. Social distancing
became impossible as the more immediate emergency of flood-damaged housing forced large
numbers of people into mass emergency shelter, complicating the response to both emergencies.
A simpler example might be numerous spatially distinct events overwhelming the response and
recovery resources of a region, as occurred with California’s wildfires in 2020.

To address the unique considerations posed by compound events, Raymond et al. (2020) argue
that they deserve focused research by the climate science community, as well as dedicated attention
on the parts of the policy- and decision-making communities. The lack of observational data on
these events, even relative to extreme individual events, as well as nonlinear feedback and
unknown tipping points, mean that their management requires different approaches and more
collaborative efforts than do individual events. They also argue that responses should be informed
by the “decision space” of the event type, including its spatial and temporal scale.

With so many types of compound events, and an ever-expanding body of literature describing
them, it is arguably even more difficult now than in 2015 to specify exactly what is meant by the
term “compound flooding.” As a result, it is imperative that a clear definition be established to
guide development of agency-specific technical guidance for implementation of the CISA in areas
subject to these floods, and focus research needed to address remaining critical knowledge gaps.
Having a standard definition may also help reduce confusion between this topic and related topics,
such as mixed populations or component-based approaches.

Established Approaches

As a subset of compound events, compound floods may be among the most studied event types,
though much more research is needed. While new methods and research have emerged since the
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2015 CISA Appendix was written, few have reached the standard of actionability, so the
approaches described in this section will typically be the ones upon which the CISA analyst will
rely. Traditional approaches to compound flooding generally relied on one of two approaches:
conservative assumptions or total probability methods. An example of a conservative assumption
for water surface elevations may be found in the U.S. Army Corps of Engineers’ Engineering
Manual (EM) 1110-2-1416, “River Hydraulics” (USACE 1993b). Paragraph 6-8.f. of this manual
states that “When the profile computation begins at the outlet of a stream influenced by tidal
fluctuations, the maximum predicted high tide, including wind-wave set up, is taken as the starting
elevation at a station usually located at the mouth of the stream.” While no definition is provided
for the “maximum predicted high tide, including wind-wave set up,” one approach may employ a
high astronomical tide condition such as mean higher high water plus a conservatively high
estimate of coastal surge and/or water elevation due to waves. An even more conservative
assumption might include using the highest astronomical tide of the entire tidal cycle. Ambiguity
in this case allows for use of best professional judgment.

A more rigorous approach to estimating the risk of compound floods relies on the total probability
theorem. This approach is recommended in both Chapter 11 of EM 1110-2-1415, “Hydrologic
Frequency Analysis” (USACE 1993a) (Figure 9) and EM 1110-2-1413, “Hydrologic Analysis of
Interior Areas” (USACE 2018). In the first case this method is applied to the confluence of two
streams, in the second to an interior drainage system discharging to a water body of variable
elevation and thus backwater effect on the drainage. This method requires the user to compute a
frequency-exceedance function (relating stage or discharge to probability of exceedance) for one
of the two forcing variables, and a stage- or flow-duration function for the other (describing the
percentage of time when a given condition is exceeded). Importantly, the user must determine
which of the two variables is the “more influential” variable to be addressed with the frequency-
exceedance curve and which is the “less influential” to be considered using the duration curve.
The user then simulates many combinations of the two variables with a hydraulic model,
generating a response matrix yielding flood heights for each combination of conditions. Families
of conditional-probability curves are then generated, describing the probability of exceedance for
a given flood height given a particular value of the less influential variable. Finally, the total
probability theorem!” is used to sum these curves into a single overall stage-frequency curve. This
method is implemented in several common statistical software packages, including the U.S. Army
Corps of Engineers’ Hydrologic Engineering Center Statistical Software Package (HEC-SSP)
(USACE n.d.).

Importantly, the method described above must be performed for every location along the river or
other water body where a flood height of a given probability of exceedance is required. It is also
common for the “more influential” and “less influential” variables to be reversed as one moves
along a river profile, as the backwater effect of a downstream water body becomes less important
toward the headwater of the stream and the river flow becomes less important toward the mouth.
EM 1110-2-1415 recommends that in this case, the method be performed both ways, generating
an envelope where the higher of the two profiles governs at any given point (under the logic that
the higher of the two profiles would reflect the correct choice of the “more influential” variable).

17 The total probability theorem, or law of total probability, states that the probability of an event A is equal to the probability of A
given event B multiplied by the probability of B, often written as PA=Y PBP(B).
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Figure 9: lllustration of river flood profiles for various combinations of main river and tributary
flows, showing regions of more and less influence of each variable (Figure 11-1 from EM 1110-2-
1415 (USACE 1993a))

While the total probability theorem allows for consideration of variables that are not statistically
independent, in practical terms this approach is limited to situations where the assumption of
independence is reasonable, because most streamflow records are not long enough to allow for a
confident estimation of correlation among variables. Even in those rare cases when a long enough
record is available, as on some major rivers of Europe or Asia, one might question whether the
entire record was representative of present conditions.

An extension of this general method for situations where insufficient observational data exist to
estimate the probability of some combinations of factors, relying upon synthetic data generated by
simulation of events, is known as the joint probability method with optimal sampling (JPM-OS;
Toro et al. 2010). This approach has become commonplace in estimation of hurricane storm surges,
which are rare events and depend on at least five variables: storm forward speed, landfall location,
storm track angle relative to the coastline, central pressure deficit, and radius to maximum winds
(and antecedent water level, which may be an additional variable). This method is potentially
applicable to compound floods, and research is ongoing to extend statistical modeling of storm
surges into areas subject to compound flooding.

A final, very simplified approach merits a brief mention. Computing two (or more) flood elevation
profiles based on individual flood-generating mechanisms, and then adopting the highest of these
at any given location, i.e., the pointwise maximum, is probably the simplest possible approach to
estimating the risk of compound flooding. However, as demonstrated by Moftakhari et al. (2019),
this approach may seriously underestimate flood risk in the transition zone where multiple
mechanisms are influential (though it is likely adequate outside that zone). We do not recommend
this approach for implementation of the CISA or FFRMS.
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Despite the shortcomings associated with the assumption of statistical independence between
flood-generating mechanisms, the total probability approach (possibly supplemented by synthetic
data as under the JPM-OS) remains the best actionable approach to estimating the probability of
compound floods. New methods, some of which are described in the following subsection, are
under development that may soon improve these estimates, but they have not yet been sufficiently
vetted in the research community or employed in engineering practice to meet the standard for
actionability. Therefore, actionable science and practice for compound flooding remains the same
as was recommended in the 2015 CISA Appendix. In particular, agencies should begin with
analysis of coastal future flood elevations, including sea level change, to properly account for
backwater effects in coastal areas subject to compound flooding. Potential changes to fluvial and
pluvial flood hazard due to climate change or other changes may also be considered, but at this
time are generally less certain than sea level change.

Advancing CISA Considerations

Improvements in the estimation of compound flood risk generally fall into two categories: new
statistical approaches and improvements in modeling practice. One promising statistical approach
is the use of copulas to estimate the dependency of flood-generating mechanisms rather than
relying upon the assumption of independence. A copula is a multivariate cumulative distribution
function describing the dependence between two variables. The application relies upon Sklar’s
theorem that a multivariate joint distribution may be written in terms of the univariate marginal
distributions of each variable and a copula describing the dependence between those variables
(Sklar 1959).

In the past decade, copulas have been applied to compound flooding analyses, beginning with
analyses of flooding near the confluence of two streams (Kao and Chang 2012; Bender et al. 2016).
Many different copula functions exist, and the question of the best fitting function in the general
case remains an open problem. Given a set of candidate models, one approach is to identify a
relatively best-fitting selection using a model selection criterion such as the Bayesian information
criterion or Akaike information criterion. As with the choice of a “more influential” and “less
influential” variable described in the section above on the total probability method, the user must
first model one of the marginal probabilities conditioned upon the other or vice versa. In the
method described by Bender, however, there is no choice of which direction to condition: the user
will always do both and then use the maximum of the two. Any number of combinations of
variables may cause a flood with the same probability of exceedance, as shown by the isolines in
Figure 10 below. For any of the dark lines, any point lying on that line has the same probability of
exceedance, though they are caused by different combinations of forcing variables. For any such
flood event, there is a single combination of variables that is most likely to occur, as shown with
the red dots. This leads to the paradoxical-sounding fact that while there are an infinite number of
ways to get a 1-percent-annual-chance compound flood, some 1-percent-chance floods are more
likely than others.
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Figure 10: Isolines of equal flood probability (and height) for various combinations of discharge
on a main stream and a tributary (from Figure 6 of Bender et al. 2016)

Because either of two forcing variables that lead to a compound flood may be conditioned upon
the other, two sets of isolines must be created, leading to an envelope as shown in Figure 11. This
envelope describes the conditions that should be used for determining the flood elevations in the

area of interest.
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Figure 11: A probability envelope (red line) composed of the pointwise maxima of two isolines
(dark lines) each with a 1-percent-annual-chance of exceedance (from Figure 7 of Bender et al.
2016)

The copula approach can also describe the uncertainty of flood frequency estimates, and can be
extended to more than two variables if needed. As this method gains wider adoption in the
scientific community, agencies may consider developing detailed technical guidance for how it
should be applied to their needs.

Improved statistical techniques offer promise for developing more accurate estimates of the
probability of multiple flood-generating mechanisms occurring together, but the resulting flood
height and extent still require the use of hydraulic and/or hydrologic models to develop the
response matrix. Computational modeling of compound floods is complicated by several factors,
including the lack of observational data from past compound floods for model calibration and
validation. The complex physics of compound floods can also be a challenge, particularly when
flood-generating mechanisms are physically distinct, as with fluvial/coastal floods.

Model coupling describes the process of joining multiple models together for the purpose of
simulating events for which any individual model would be insufficient, such as a river model and
a coastal storm surge model. Santiago-Collazo et al. (2019) provide a review of coupling
techniques for fluvial/coastal flood modeling and offer four categories. One-way coupling refers
to running one model to generate the boundary conditions for another, then running the second
model under those conditions. Loose coupling is an iterative process where one-way coupling is
performed, then the second model outputs are used to generate boundary conditions for the first
model, which is then re-run, with this process repeated until convergence is reached. Tight
coupling involves two models run simultaneously within a single computational framework, with
elements of each model’s code incorporated into the other. Finally, full coupling describes the
creation of a single model with sufficient mathematical complexity to simulate all the physical
processes that lead to compound flood. These more complex models will frequently require
supercomputers or distributed computing, so the choice of technique will depend on available time
and resources as well as the required level of detail and the consequences of inaccurate results.
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Furthermore, a model with higher computational cost will allow less opportunity to evaluate
numerous scenarios, including future climate scenarios, so model accuracy must be balanced
against runtime if multiple scenario and/or Monte Carlo approaches are to be used.

At this time, one-way coupling is commonly employed, as when an Advanced Circulation
(ADCIRC) model is used to simulate storm surge as a downstream boundary for a River Analysis
System model. Some tightly coupled modeling frameworks also exist, such as the
ADCIRC+SWAN (Simulating Waves Nearshore, a wave model for shallow environments)
framework for modeling storm surges and coincident waves. Research is now focused on
developing more loosely coupled models, such as the framework under development at the
Engineer Research and Development Center’s Coastal and Hydraulics Laboratory (ERDC-CHL)
depicted in Figure 12. Finally, some approaches may blur the lines between these categories. For
example, the Semi-Implicit Cross-Scale Hydroscience Integrated System Model (SCHISM) is a
framework of tightly-coupled but interchangeable modules which operate as a single, fully coupled
model (Zhang, et al., 2016).
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Figure 12: A loosely coupled modeling framework under development at ERDC-CHL for
simulation of coastal floods (courtesy of ERDC-CHL)

While these recent developments in statistical and numerical modeling offer promise for the
estimation of compound floods, the state of the science is changing rapidly, and some of the
emerging methods discussed here may reach the level of actionability prior to the next update of
the CISA State of the Science report. There is therefore a need to monitor research and
development in academic fields, U.S State and local governments, and agencies with an eye
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towards future methods and tools. As these methods reach the level of actionability, agencies
should consider developing guidance to incorporate them.

B. Roadmap: Needs and Opportunities to Improve Projections

Future needs for analysis of compound flooding within the CISA include further development of
statistical models, including modeling of the seasonality of floods to assess the likelihood of
simultaneous forcings, and to detect trends or sudden changes in flood seasons, whether due to
climate changes or other changes. More sophisticated numerical models are also needed to
properly represent the complex physics that cause compound floods and simulate them efficiently
so that climate change scenarios can be considered without having to prematurely select among
potential futures. Methods are also needed to enhance the utility of simulations based in large
ensembles of process-based models incorporating climate projections, for estimation of present
and future compound flood hazards. These advances may include techniques to accelerate
computation time, improve downscaling and bias correction, select ensemble members based on
process fidelity or other metrics, or other enhancements to reduce the range of uncertainty
associated with a wide range of ensemble members, without implying false precision.

VII. Identifying Future Flood Hazards in Areas without a FIRM or BFE

A. Advances in Understanding and Actionable Science

Implementation of CISA can be challenging if there is a lack of available flood hazard information.
Appendices B and C of the interagency implementation guidelines for EOs 11988 and 13690
(Water Resources Council 2015) specifically address cases of areas that do not have a FEMA-
produced BFE, and some options of where to source best available data when a FEMA BFE is not
published. This can be particularly challenging on Federal lands, as these lands are not mapped as
part of the NFIP. It is important to recognize that a lack of defined BFE or FIRM reflects the needs
and prioritization of implementing the NFIP and is not necessarily indicative of a lack of available
data. Often, data are available either from FEMA or other sources. For example, FEMA coastal
mapping stillwater data are largely available for CONUS coastal areas as part of regional study
data but may not have been mapped as part of a FIRM due to the needs of the NFIP.

B. Roadmap: Needs and Opportunities to Improve Projections

Areas without a FEMA FIRM or BFE can present a challenge to the implementation of CISA.
Looking towards the future, there is a need to both better understand this challenge, as well as
work towards a future state where comprehensive flood hazard data are accessible everywhere. In
support of these needs, there are short-term actions that could greatly support data accessibility, in
addition to long-term data development to fill the known gaps.

The roadmap towards this state can be summarized with the following main components:

e Understand the scope of the challenge and updating FEMA metrics to account for all areas,
including those outside of CONUS.

¢ Consolidate and facilitate ease of access to existing flood hazard information beyond FIRMs.

e Identify interagency needs for published FIRMs and BFEs, and coordinate with FEMA on
opportunities to address them.
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e Conduct interagency work towards the development of comprehensive non-FIRM flood
hazard data.

e Integrate the CISA approach using workflows discussed in prior sections.

e Work with Canada and Mexico to develop harmonized data necessary to model and map
future transboundary flood hazards.

Research, development, and related efforts to refine datasets, models, and other products called
for in this roadmap would yield comprehensive, forward-looking flood hazard data for the Nation.

VIII. The Path Forward and Conclusion

This 2023 CISA State of the Science report is intended to present accurate and actionable scientific
advances in climate change and other flood risk changes. This report may inform recommendations
from the Mitigation Framework Leadership Group to update the FFRMS in the future. This report
was conducted under the auspices of the National Climate Task Force’s Flood Resilience
Interagency Working Group and in consultation with agencies who participate in the Federal
Interagency Floodplain Management Task Force. Additional state of the science reports will likely
be necessary in future years, as the body of knowledge on the impacts of climate change and other
processes (e.g., land use change and geomorphic change) on flood hazards expands and improves
over time.

In the time between periodic science assessments, sustained and coordinated action is needed to
address the myriad data, modeling, mapping, and integration needs identified across the roadmap
subsections of this document. These needs are well beyond the capacity of a single agency or
program to address. Further, many current research, development, and service-provision activities
underway across the Federal Government, including new efforts funded by the Infrastructure
Investment and Jobs Act of 2021 and the Inflation Reduction Act of 2022, will contribute
significantly to the science underpinning projections and management of both current and future
flood hazards. Existing interagency science-coordination bodies—such as the Interagency Council
for Advancing Meteorological Services (ICAMS), USGCRP, and the NOAA-led Integrated Water
Resources Sciences and Services collaboration—currently consider and focus to varying degrees
on flood science, typically as one in a long list of priorities directed by their respective guiding
statutes or charters.

Advancing and ultimately addressing the array of science, engineering, mapping, and hazard
visualization gaps identified in this report would benefit greatly from establishment of a standing
body focused on future flooding, including but not limited to FFRMS requirements and
applications. A community of practice (CoP) on future flooding, potentially embedded within one
of the groups named above, and following other CoP models with participants beyond the Federal
government (e.g., academia, private sector), could be vital in helping agencies retain the
knowledge gained through the development of this State of the Science report on both current
capabilities and the challenges that users face in applying actionable science for the FFRMS. A
CoP could also carry forward the understanding of the principles, strategies, and considerations
underlying FFRMS implementation, using it to coordinate agency-level action on the short-,
medium-, and long-term roadmap elements described in this report. Finally, a CoP could serve as
a focal point for coordinating engagement with those applying the FFRMS (e.g., across Federal,
U.S. State, Tribal, Territorial, and local government agencies and the private sector) and in
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evaluating the efficacy of FFRMS-related science and services. Such feedback could inform
Federal science and technology investments, as well as future state of the science report findings
and roadmaps for action.

Appendix A

CISA Roadmap Items: Future Needs to Improve CISA Implementation of FFRMS

Information below follows the format of this State of the Science report, organized first by flood
hazard type (coastal, riverine, pluvial, and combined hazards) and then subdivided by elements
(phases) in the respective workflows (for coastal and riverine only). The lists below are not
prioritized.

Coastal Roadmap

ELEMENT 1: PROJECT PLANNING AND AGENCY CONSIDERATIONS

e Continue to improve guidance on selection of appropriate sea level rise scenarios, return
periods, and time frames.

e Develop more specific guidelines for multi-scenario project analysis including calculation of
risk tolerance vs. project life.

¢ Evaluate reliability for projects of different service lives under changing conditions.

ELEMENT 2: CLIMATE AND OTHER ENVIRONMENTAL CONDITIONS

e Continue and expand monitoring of individual factors that contribute to sea level rise (ex.
satellite tracking of ocean levels and ice sheet thickness), and long-term tide gauge records.

e Develop better spatial and temporal vertical land motion rates to refine local SLR projections.

e Reduce uncertainties in how well scientists can resolve regional differences in MSL across
different U.S. regions.

e Continue to better constrain the models with respect to ice sheet processes.

e Resolve climate-driven shifts in ocean circulation patterns that contribute to RSL differences.

ELEMENT 3: STILLWATER ANALYSIS

e Develop national satellite-based VLM maps to improve access to spatial variability in land
motion for factor-of-safety considerations in design elevations or obstruction heights, and to
enable widespread localization of sea level trend projections.

e Reduce the uncertainty in how climate change will translate to water level impacts on the
Great Lakes.

e Further develop a basis for understanding how climate change has impacted Great Lakes
water levels through attribution studies that build a narrative.

e Improve regional climate modeling by incorporating better representation of the Great Lakes
and their influence using 3-dimensional lake models.
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ELEMENTS 3 and 4 (cross-cutting issues): GEOMORPHIC CHANGE and COASTAL
MANAGEMENT

Establish a validation procedure for geomorphic change modeling that can account for
uncertainty and sensitivity.

Develop more uniform validation and uncertainty analysis through collaborations or meetings
bringing a range of academics together, including researchers in other sectors. Promote
validation methods in grants requirements.

Create methods to account for human-made structure or maintenance effects on coastal
morphology in both physical and data-driven models.

ELEMENT 4: WAVE EFFECTS

Develop and provide metrics and guidance associated with a qualitative or semi-quantitative
estimation of future overland wave conditions to better inform the estimation of future high-
hazard areas in the short-term.

Utilize direct analysis and a scenario-based approach to provide comprehensive future
conditions related to wave hazards with the incorporation of all wave-induced hazard
conditions.

Conduct research to address Alaska’s data paucity and geographic isolation from many
national marine and coastal modeling efforts that creates added barriers to assessing changes
in significant wave height and extreme water levels associated with the CISA coastal
workflow. The added role of changes in the extent and composition of sea ice are an important
consideration in assessing coastal flood risk, but research is needed to incorporate future sea
ice projections into scenarios and recommendations.

ELEMENT 5: DATA SHARING AND VISUALIZATION OF COASTAL FLOOD HAZARD
INFORMATION

Develop a bridge product to determine if future Federal actions will occur in the future 1-
percent floodplain as a result of climate change and/or sea level rise. These maps will not only

need to show the future horizontal extent of flooding, but also the vertical change (future
BFE).

Develop maps similar to DFIRMs for consistent application of the FFRMS. Data that may be
produced as part of the FFRD framework may be able to provide future flood hazard and risk
in a probabilistic manner that can inform agencies of not only in-and-out status but also
percent-likelihood of inundation.

Evaluate purchase of private sector future conditions data.

Riverine Roadmap

ELEMENT 1: PROJECT PLANNING AND AGENCY CONSIDERATIONS

Project framing: Provide initial guidance on selection of appropriate climate change scenarios,
return periods, and time frames.

Scenario analysis: Develop guidelines for multi-scenario project analysis.
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Service life impacts: Evaluate reliability for projects of different service lives under changing
conditions.

ELEMENT 2: CLIMATE AND OTHER ENVIRONMENTAL CONDITIONS

Stationary precipitation IDF curves: Complete active NOAA Atlas 14 studies.

Future IDFs: Incorporate non-stationarity analysis into future IDF formulation with
consideration of changes in antecedent conditions.

Non-climatic scenarios: Identify land use scenarios fit for use in projections.

Climate-change impacted IDFs: Develop new hydrometeorological atlases (“Atlas 15”) to
incorporate global climate model simulated IDF data. Ensure that nonstationary methods
capture and extend precipitation trends based on the latest precipitation gauge observations
and incorporate projected future precipitation from climate models.

Coherent climate and land-use scenarios: Designate a set of coherent climate and land use
change scenarios.

ELEMENT 3: STREAMFLOW (HYDROLOGY)

Stationary flood-frequency analysis: Adopt B17C for computation of FFRMS 1-percent AEP
plus freeboard and 0.2-percent AEP options.

Flood statistics: Interagency efforts needed to estimate and disseminate future conditions
peak-flow statistics for gauged and ungauged locations throughout the Nation for subsequent
use by agencies performing CISA analysis. This would likely be developed incrementally and
updated as improved data, models and methods become available.

Mixed populations analyses: Develop and adopt “B17C style” consensus guidance for
analysis of “mixed populations” in flood records, including storm typing.

Flood scenarios: Evaluate methods for developing riverine flooding scenarios.

Adopt nonstationary flood frequency analysis guidelines: Develop and adopt “B17C
consensus style.”

ELEMENT 4: FLOW, LAND, AND CHANNEL INTERACTIONS (HYDRAULICS)

Hydraulic modeling: Encourage agencies to use multi-dimensional models.

Channel change hazard mapping: Consider how Vermont, Indiana, New England States, and
Washington regional fluvial erosion hazards mapping techniques could be applied nationally.

Channel change hazard mapping: Consider automation of methods for reach-scale mapping
of all potential types of flood-caused channel changes that include degradation, channel
widening, and aggradation (i.e., potential USGS StreamStats application).

Topobathy data: Grow availability of high-resolution LiDAR and channel topobathy
(seamless topographic and bathymetric) data.

Incorporate flood-related changes, including from climate change scenarios and hydrologic
and hydraulic modeling.
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ELEMENT 4: CHANNEL CHANGE SCIENCE

¢ Understand how drivers of land use and climate cause channel change to better inform riverine
hazard management and mitigation strategies. Specifically:

o How do changes in flood characteristics affect flood energy and related erosion
potential and bankfull dimensions and how does this translate to increases in
meander-belt width;

o How can high-resolution hydrography be used to further define headwater channels
prone to erosion; and

o How can agencies incorporate multi-year remotely-sensed digital elevation models,
such as those from repeat aerial LIDAR surveys, to document and quantify zones
of channel change, including headwater degradation, lateral migration, and
aggradation.

ELEMENT 5: DATA SHARING AND VISUALIZATION OF RIVERINE FLOOD HAZARD
INFORMATION

e Data sharing and visualization: Establish prototype for communicating both inundation and
channel change risk.

¢ Flood inundation maps for Federally-owned lands: Consider pilot project to map inundation
of agency-owned lands using NWS NWM and CONUS 404 simulations.

e FEMA'’s Future of Flood Risk Data Initiative: Effort underway to develop new FEMA flood-
risk mapping products and datasets for the Nation using probabilistic modeling techniques.

Compound Flooding Roadmap

e Develop new or updated statistical models, including modeling of the seasonality of floods to
assess the likelihood of simultaneous forcings, and detect trends or sudden changes in flood
seasons, whether due to climate changes or other changes.

e Develop more sophisticated numerical models to properly represent the complex physics that
cause compound floods and simulate them efficiently, particularly in a changing climate.

Pluvial Flooding Roadmap
¢ Identify areas subject to localized pluvial flooding on a national basis.

e Improve understanding of how climate change, including sea level rise and increases of
precipitation, will impact the occurrence and risks of pluvial flooding in areas and for
constituents.

e Improve understanding of the congruence of pluvial flooding with other flooding and flood
risks (compound flooding), such as high-tide and other chronic hazards.

Unmapped Areas Roadmap

e Understand the scope of the challenge and updating FEMA metrics to account for areas
outside of CONUS.

¢ Consolidate and facilitate ease of access to existing flood hazard information beyond FIRMs.
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e Identify interagency needs for published FIRMs and BFEs, and coordinate with FEMA on
opportunities to address them.

e Conduct interagency work towards the development of comprehensive non-FIRM flood
hazard information.

e Integrate the CISA approach using workflows that discuss coastal and riverine flooding.

e Work with Canada and Mexico to develop harmonized data necessary to model and map
future transboundary flood hazards.

Appendix B

Interpretation of Flood Hazards Under Nonstationary Conditions

In situations when flood hazards are changing over time, the CISA analyst is faced with a question
of when in time they would like to convey this risk. Figure 13 depicts a simple example where the
flow associated with a 1-percent annual probability of exceedance is increasing over time. In such
a situation, should the CISA yield the flood elevation and extent associated with conditions at the
time of analysis (grey line)? This would give the floodplain user the best representation of the level
of risk at the time of publication but would underestimate the true hazard beginning immediately
afterward and continuing through the end of the period of analysis (2050, in this case). Or should
the CISA yield the worst-case depiction of flood hazard over the analysis period (the green line),
even if this would overstate risk for all other times?'® In most cases, this is the desired outcome.
Using the worst-case conditions over the period of analysis ensures that the communicated risk is
applicable over the entire period. In other words, this approach may err on the side of being overly
conservative but will never permit an understanding of risk that is less than the true value
considering the flood hazard projections for the future period.

In some cases, however, a depiction of hazard which integrates its trajectory of change over time
may be desired. In this case we use the word “integrate” in the mathematical sense, because the
desired outcome is the expected value of overall hazard over the period of analysis, in other words,
the integral divided by the range. This is represented by the red line and corresponds to the level
of hazard which preserves the correct flood expectancy over the analysis period: it tells the user
how many floods of a given magnitude they should expect to experience over the period 2020-
2050, or equivalently, the probability of experiencing at least one flood of a given magnitude over
that period.

18 Note that, in cases where the hazard is decreasing over time, the worst-case condition and the initial condition will be equal.

77



FEDERAL FLOOD RISK MANAGEMENT STANDARD CLIMATE-INFORMED SCIENCE APPROACH (CISA) STATE
OF THE SCIENCE REPORT

Maximum peak flow with 1% annual chance of inundation
13000 — among all years over project horizon
o
52
oo
4]
2 = 12000 —
i
o _—
e Peak flow with cumulative probability equivalent to 1% chance
b of inundation per year if 30-year period were stationary
R
= I% 11000
I
= @ 1% annual chance event in each year over project horizon
10000 —
| el ________ Current (2021) peak flow with 1% annual chance of inundation _____

2020 2025 2030 2035 2040 2045 2050

Year of Project Horizon (2021-2050)

Figure 13. Three possible definitions for the 1-percent AEP flood (green, red, gray) when flood
hazards are changing over time (blue) at a hypothetical river site.

Situations which may call for this definition of integrated flood hazard and risk assessments
include computation of expected flood damages, which may be useful for pricing of financial risk-
sharing instruments such as insurance policies or catastrophe bonds. Another common use is in
evaluating whether to invest in flood-management infrastructure, the benefits of which may be
estimated as the difference in flood risk between the with- and without-project conditions. To
determine the integrated risk over a period of interest, the user must first determine the cumulative
risk of at least one event over that period, via the binomial distribution:

Fp=1-(1-P)" (1)

where P, is the probability of at least one flood in 7 years,'” and P(x) is the probability of
experiencing one such flood in a single year. It is from this equation that we derive the well-known
fact that there exists an approximately 26 percent chance of at least one 1-percent-annual-chance
flood during a 30-year mortgage. That fact applies only to stationary conditions, but P(x) may also
be a function of time. Consider the effect of SLR on flood hazard at Grand Isle, LA, where RSL
change has averaged almost 1 cm/yr since the 1950s (Figure B2):

19 The method is easily extended to the probability of any number of floods, if desired. Similarly, the flood occurrence rate need
not be defined using years, though this is by far the most common time block used in practice.
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Figure 14. Observed RSL change at Grand Isle, LA (map at right)

At this location the 1-percent AEP total water level?® is 6.93 feet (2.09 m) above MSL based on
observations from 1947-present. As the mean sea level rises, this water level does as well. To
illustrate this concept further, if we assume that this extreme water level will maintain the same
relative offset of 6.93 ft from the USACE High MSL Scenario in the future, we can use equation
(2) in Engineering Regulation 1100-2-8162 (USACE 2019) to project that water level into the
future (in meters), beginning from the year 1992 (the midpoint of the most recent National Tidal
Datum Epoch):

E(t) = 0.00935t + 0.000113t? + 2.09 (2)
Estimated Relative Sea Level Change Projections - Gauge: 8761724, Grand Isle, LA
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Figure 15. The 100-year (1-percent AEP) water level as defined by NOAA, superimposed on the
USACE High SLR Scenario as defined by ER 1110-2-8162

Figures 13 and 15 depict the change over time in a flood magnitude of a given probability of
exceedance per year. However, when evaluating potential projects, the change in annual flood

20 Total water level refers to a flood height including the effects of sea level change, tides, storm surge, and waves. Exact definitions
may vary depending on application, data availability, and site-specific considerations.
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probability at a proposed site with a given elevation is especially important. To instead estimate
the change in annual flood hazard for a fixed water level over time, we can solve equation (2) to
determine the future year when various other water levels of defined probabilities today will equal
that level, as shown in Table B1:

Table B1. Change in probability of 6.93 ft water level under USACE High Sea Level Scenario

AEP (2014) Height above MSL (2014) Year when total water level equals 6.93 ft.
0.01 6.93 1992
0.02 5.76 2020
0.05 4.49 2041
0.1 3.71 2052
0.2 3.03 2061

Table B1 shows that an extreme water level of 6.93 ft had just a 1-percent chance of occurring in
2014 but will have a 10-percent chance of occurring in 2052 and a 20-percent chance of occurring
in 2061.

The above relationship between time and the annual exceedance probability of a 6.93-foot water
level may be suitably estimated (root mean squared error: 1.6-percent AEP) with an exponential
function:

AEP (%) = 0.007¢004%t (3)

Where ¢ is the number of years since 1992. We can now use equation (3) to estimate P(x) for this
water level for any year and use equation (1) to derive the cumulative risk of experiencing at least
one such water level over any period of interest. This is implemented in Table B2 and Figure 16
below:
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Table B2. Cumulative probability of at least one 6.9-foot flood at Grand Isle over 30 years,
comparing exponentially increasing risk according to USACE High Sea Level Scenario to
stationary exceedance probability of 1.87-percent per year.

Year | Nonstationary Nonstationary Stationary Equivalent | Stationary Equivalent
Exponential Exponential over 30 Years over 30 Years
Initial AEP: 1.00% Initial AEP: 1.00% Annual Risk: 1.87% Annual Risk: 1.87%
Annual % chance Cum. % of >=1 event | Annual % chance Cum. % of >=1 event
1 1.00% 1.00% 1.87% 1.87%
2 1.03% 2.02% 1.87% 3.70%
3 1.07% 3.07% 1.87% 5.49%
4 1.11% 4.15% 1.87% 7.26%
5 1.15% 5.25% 1.87% 8.99%
6 1.20% 6.39% 1.87% 10.69%
7 1.24% 7.55% 1.87% 12.35%
8 1.29% 8.74% 1.87% 13.99%
9 1.34% 9.96% 1.87% 15.59%
10 1.39% 11.21% 1.87% 17.17%
11 1.45% 12.50% 1.87% 18.72%
12 1.51% 13.82% 1.87% 20.23%
13 1.57% 15.17% 1.87% 21.72%
14 1.63% 16.55% 1.87% 23.18%
15 1.70% 17.97% 1.87% 24.61%
16 1.77% 19.42% 1.87% 26.02%
17 1.84% 20.90% 1.87% 27.40%
18 1.92% 22.42% 1.87% 28.76%
19 2.00% 23.97% 1.87% 30.09%
20 2.09% 25.56% 1.87% 31.39%
21 2.18% 27.18% 1.87% 32.67%
22 2.27% 28.83% 1.87% 33.93%
23 2.37% 30.52% 1.87% 35.16%
24 2.47% 32.54% 1.87% 36.37%
25 2.58% 33.99% 1.87% 37.56%
26 2.70% 35.77% 1.87% 38.72%
27 2.82% 37.58% 1.87% 39.87%
28 2.94% 39.42% 1.87% 40.99%
29 3.08% 41.28% 1.87% 42.09%
30 3.22% 43.17% 1.87% 43.17%
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Figure 16. Cumulative probability of at least one 6.9-foot flood at Grand Isle, LA

As shown in the table and figure above, the cumulative probability of at least one flood with a
height of 6.9 feet at Grand Isle in 30 years is 43.17 percent, which is equal to the probability which
would result from an annual exceedance probability of 1.87 percent every year under stationary
conditions. This finding provides a more concise way to communicate cumulative risk to a lay
audience than attempting to explain all the steps and equations above: “your risk of experiencing
this flood over this period is the same as if the chances were an unchanging 1.87 percent per year.”
It might also serve for estimating flood benefits under some simplifying assumptions.

Table B2 also allows us to answer the question posed at the beginning of this section: what is the
best representation of the elevation of the CISA floodplain with a 1-percent AEP for Grand Isle,
where the influence of climate change on global sea levels and of various geologic processes on
land movement is causing water levels to rise rapidly over time? At the present time, the 1-percent
AEP water level is 6.93 feet. At the end of 30 years, we may project it to be 8.32 feet (using the
relationship between AEP and water level shown in Table B1, combined with a projection that the
probability of a 6.93-foot flood will increase to 3.22 percent assuming that the offset between the
two floods will remain a constant 1.4 feet as shown in Table B2). For a floodplain representation
that integrates this change over time, we can similarly estimate 7.7 feet with the same arithmetic.
These three levels would correspond to the gray, green, and red lines, respectively, in Figure B1.
For an example of time-varying, risk-based infrastructure design (as opposed to floodplain
mapping) the user is referred to section 4.2 of Sweet et al. (2022). (See Read and Vogel (2015),
Yan et al. (2017), and Jiang et al. (2019) for more background information on methods for
characterizing changes in flood hazards over a fixed future period.)
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Several important caveats must be kept in mind when considering this approach. The most
important is that while the math underlying this approach is relatively straightforward, the entire
exercise relies upon a single projection of changing future flood probability. Sea level change
provides a situation where such projections may be made based on relatively simple empirical
functions developed by the scientific community using actionable science from oceanography,
glaciology, and other fields, but significant uncertainty in both future emissions and the
oceanographic response thereto necessitate using multiple scenarios to cover the range of
reasonably plausible future conditions.

We have elected to demonstrate this alternative interpretation of the integration of current and
future climate conditions under a single future scenario using a near-term SLR example, since
there are narrower bands of uncertainty on the range of plausible SLR during this period (Sweet et
al. 2022). In contrast, the wide range of future precipitation scenarios in established GCM
ensembles (e.g., CMIP6) combined with challenges of modeling hydrologic extremes makes future
riverine flood hazards more difficult to predict. However, this method could be extended to
incorporate confidence intervals that depict the uncertainty of a single projection or even the
uncertainty across an ensemble of projections arising from different GCMs. In many cases, the
elevation of a CISA floodplain may be more sensitive to the range of uncertainty across a set of
climate scenarios defined by different combinations of emissions trajectories and GCM models
than it may be to the choice of method for integrating current and future climate conditions over a
single scenario.

Another key assumption used in this alternative integration approach is the stationarity of extremes
relative to the mean, allowing floods to be estimated with offsets between water levels of given
probabilities without considering how those offsets might change over time. This can be resolved
with hydrodynamic modeling of projected changes in storm climatology (Gori et al. 2022), but
with a corresponding increase in both computational and human expense. Finally, if these
probabilities are to be used for computing risks to value infrastructure or financial instruments, it
becomes important to consider how the value of assets at risk may also change over time, and how
future rates of inflation may affect the time value of money. Because projections are path-
dependent, high average accuracy of relative changes may not imply accurate values of future risk.
In the end, no projection will provide an exact forecast, but they may still have value for risk-
informed planning.
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