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ABSTRACT

These conference proceedings transmit the agenda, abstracts, and presentation slides for the
Eighth Annual Nuclear Regulatory Commission (NRC) Probabilistic Flood Hazard Assessment
Research (PFHA) Workshop held at NRC Headquarters in Rockville, Maryland on March 21-24,
2023. The workshop offered both in-person and virtual participation. Participants included NRC
staff, NRC licensees, nuclear industry staff and consultants, staff from U.S. federal and state
agencies, regulators and consultants from other countries, staff of international agencies, as
well as, participants from academia and members of the public. The workshop began with an
introductory session that included perspectives and research program highlights from NRC
Office of Research (RES), the Nuclear Energy Agency’s working group on external hazards,
and the Federal Emergency Management Agency. This introductory session was followed by
technical sessions on climate and weather, intense precipitation, riverine flooding, coastal
flooding, as well as external hazard operational experience and probabilistic risk assessment.
Most workshop sessions were followed by a panel discussion featuring the session’s
presenters.

The PFHA Research Workshops support the NRC/RES PFHA Research Program. This
multiyear, multi project research program to enhance the NRC'’s risk-informed and performance-
based regulatory approach regarding external flood hazard assessment and safety
consequences of external flooding events at nuclear power plants. RES has presented annual
PFHA research workshops to communicate results, assess progress, collect feedback, and
chart future activities. These workshops have brought together NRC staff and management
from RES and user offices, technical support contractors, interagency and international
collaborators, and industry and public representatives.
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1 INTRODUCTION

This research information letter (RIL) details the Eighth Annual U.S. Nuclear Regulatory
Commission (NRC) Probabilistic Flood Hazard Assessment (PFHA) Research Workshop, which
took place from March 21-24, 2023 at NRC Headquarters in Rockville, Maryland. These
proceedings include presentation abstracts, slides, as well as summaries of the questions and
answers from individual presentations as well as panel discussions. The workshop offered both
in-person and virtual participation options. Attendees included NRC staff, NRC licensees,
industry consultants, Federal and State agencies, National Labs, regulatory counterparts from
other countries, international agencies, academia, and the public.

The workshop began with an introduction from Ray Furstenau, Director, NRC Office of Nuclear
Regulatory Research (RES). Following this introduction, Thomas Aird from RES provided an
overview of the current progress and next steps in NRC’s PFHA research program. Minkyu Kim,
from the Korea Atomic Energy Research Institute, then provided an overview of external hazard
efforts (including flooding) underway by the Nuclear Energy Agency, Committee on the Safety of
Nuclear Installations (CSNI), Working Group on External Events (WGEV). Next, staff from the
Federal Emergency Management Agency (FEMA) presented information on the FEMA
Resilience Analysis Planning Tool (RAPT).

Technical sessions followed the introduction session over the course of the four-day workshop;
sessions covered climate and weather, intense precipitation, riverine flooding, coastal flooding,
as well as external hazard operational experience and PRA. Most sessions consisted of a series
of technical presentations on similar topic, followed by a panel of all speakers, who discussed
the session topic in general. A “poster session” also took place, which consisted of a series of
shorter technical presentations encompassing the range of topics listed above.

1.1 Background

The NRC is conducting the multiyear, multi project PFHA Research Program. It initiated this
research in response to staff recognition of a lack of guidance for conducting PFHAs at nuclear
facilities that required staff and licensees to use highly conservative deterministic methods in
regulatory applications. The staff described the objective, research themes, and specific
research topics in the “Probabilistic Flood Hazard Assessment Research Plan,” Version
2014-10-23, provided to the Commission in November 2014 (Agencywide Documents Access
and Management System (ADAMS) Accession Nos. ML14318A070). The NRC Office of
Nuclear Reactor Regulation and the former Office of New Reactors endorsed the PFHA
Research Plan in a joint user need request. This program is designed to support the
development of regulatory tools (e.g., regulatory guidance, standard review plans) for permitting
new nuclear sites, licensing new nuclear facilities, and overseeing operating facilities. Specific
uses of flooding hazard estimates (i.e., flood elevations and associated affects) include flood-
resistant design for structures, systems, and components (SSCs) important to safety and
advanced planning and evaluation of flood protection procedures and mitigation.

The lack of risk-informed guidance with respect to flooding hazards and flood fragility of SSCs
constitutes a significant gap in the NRC'’s risk-informed, performance-based regulatory
approach to the assessment of hazards and potential safety consequences for commercial
nuclear facilities. The probabilistic technical basis developed will provide a risk-informed
approach for improved guidance and tools to give staff and licensees greater flexibility in
evaluating flooding hazards and potential impacts to SSCs in the oversight of operating facilities
(e.g., license amendment requests, significance determination processes, notices of
enforcement discretion) as well as the licensing of new facilities (e.g., early site permit
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applications, combined license applications), including proposed small modular reactors and
advanced reactors. This methodology will give the staff more flexibility in assessing flood
hazards at nuclear facilities so the staff will not have to rely on the use of the current
deterministic methods, which can be overly conservative in some cases.

The main focus areas of the PFHA Research Program are to (1) leverage available frequency
information on flooding hazards at operating nuclear facilities and develop guidance on its use,
(2) develop and demonstrate a PFHA framework for flood hazard curve estimation, (3) assess
and evaluate the application of improved mechanistic and probabilistic modeling techniques for
key flood-generating processes and flooding scenarios, (4) assess potential impacts of dynamic
and nonstationary processes on flood hazard assessments and flood protection at nuclear
facilities, and (5) assess and evaluate methods for quantifying reliability of flood protection and
plant response to flooding events. Workshop organizers used these focus areas to develop
technical session topics for the workshop.

1.2 Workshop Objectives

The Annual PFHA Research Workshops serve multiple objectives: (1) inform and solicit
feedback from internal NRC stakeholders, partner Federal agencies, industry, and the public
about PFHA research being conducted by RES, (2) inform internal and external stakeholders
about RES research collaborations with Federal agencies, the Electric Power Research Institute
(EPRI), and the IRSN, and (3) provide a forum for presentation and discussion of notable
domestic and international PFHA research activities.

1.3 Workshop Scope

The scope of the workshop presentations and discussions included the following:

e overview of flooding research programs of the NRC, other Federal agencies, and
selected international organizations

climate influences on flooding hazards

precipitation processes and modeling

riverine flooding processes and modeling

coastal flooding processes and modeling

external hazard operational experience and probabilistic risk assessment

14 Organization of Workshop Proceedings

Section 2 provides the agenda for this workshop. The agenda is also available from NRC's
Agencywide Documents Access and Management System (ADAMS) at Accession No.
ML23177A151.

Section 3 presents the proceedings from the workshop, including abstracts and presentation
slides and abstracts for submitted posters.

The summary document of session abstracts for the technical presentations is available at
ADAMS Accession No. ML23177A150. The complete workshop presentation package is
available at ADAMS Accession No. ML23177A135.

Section 4 lists the workshop attendees and Section 5 summarizes the workshop.
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1.5 Related Workshops

Proceedings of previous NRC Annual PFHA Research Workshops have been published as
NRC Research Information Letters (RILsS) on the agency’s public Web site as listed below:

1st Annual NRC PFHA Research Workshop, October 14-15, 2015 (RIL 2020-01, Part 1)
2" Annual NRC PFHA Research Workshop, January 23-25, 2017 (RIL 2020-01, Part 2)
3 Annual NRC PFHA Research Workshop, December 4-5, 2017 (RIL 2020-01, Part 3)
4™ Annual NRC PFHA Research Workshop, April 30—-May 2, 2019 (RIL 2020-01, Part 4)
5" Annual NRC PFHA Research Workshop, February 19-21, 2020 (RIL 2021-01)
6™ Annual NRC PFHA Research Workshop, February 22—-25, 2021 (RIL 2022-02)
7" Annual NRC PFHA Research Workshop, February 15-18, 2022 (RIL 2022-10)

In addition, an international PFHA workshop took place January 29-31, 2013. The workshop
was devoted to sharing information on PFHASs for extreme events (i.e., annual exceedance
probabilities (AEPs) much less than 2x10-2 per year) from the Federal community. The NRC
issued the proceedings as NUREG/CP-0302, “Proceedings of the Workshop on Probabilistic
Flood Hazard Assessment (PFHA),” in October 2013 (ADAMS Accession No. ML13277A074).
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https://www.nrc.gov/docs/ML2004/ML20045F282.pdf
https://www.nrc.gov/docs/ML2004/ML20045F283.pdf
https://www.nrc.gov/docs/ML2004/ML20045F284.pdf
https://www.nrc.gov/docs/ML2004/ML20045F285.pdf
https://www.nrc.gov/docs/ML2102/ML21027A213.pdf
https://www.nrc.gov/docs/ML2221/ML22214B351.pdf
https://www.nrc.gov/docs/ML2225/ML22257A136.pdf
https://www.nrc.gov/reading-rm/doc-collections/nuregs/conference/cp0302/index.html

2 WORKSHOP AGENDA

Day 1 (March 21, 2023) Oral Presentations

* denotes speaker

1A-0

1A-1

1A-2

1A-3

1A-4

1B-1

1B-2

1B-3

1B-4

10:00 - 10:10

10:10 - 10:20

10:20 - 10:35

10:35 - 11:00

11:00 - 11:25

11:25-11:40

11:40 - 12:05

12:05 - 12:30

12:30 - 13:30
13:30 - 13:55

13:55 - 14:20

14:20 - 14:30

Session 1A:

Introduction

Session Chair: Joseph Kanney, NRC/RES

Meeting and Webinar
Logistics
Opening Remarks

NRC PFHA Research
Program Update
Presentation and Training:
Resilience Analysis and
Planning Tool (RAPT)
Committee on the Safety of
Nuclear Installations (CSNI)
Working Group on External
Events (WGEV)

Break

Kenneth Hamburger*, NRC/RES

Ray Furstenau*, Director, NRC Office
of Research

Tom Aird*, NRC/RES

Karen Marsh, Benjamin Rance, Scott
Mahlik*; Federal Emergency
Management Agency (FEMA)

Minkyu, Kim*, Korea Atomic Energy
Research Institute, Division of
Structural and Seismic Safety (WGEV
Chair)

Session 1B: Climate and Weather

Session Chair: Elena Yegorova, NRC/RES

Overview of the U.S. Global
Change Research Program

A Coastal Flood Regime
Shift Is on the Horizon

Lunch

Observation-based
Trajectory of Future Sea
Level for the Coastal United
States Tracks Near High-
end Model Projections

National Weather Service
Forecasts for the late
December 2022 to mid-
January 2023 West Coast
Atmospheric Rivers

Break

2-1

Michael Kuperberg*, Executive
Director, U.S. Global Research
Program

William Sweet*, NOAA National Ocean
Service

Benjamin Hamlington*!, Don
Chambers?, Thomas Frederikse?,
Soenke Dangendorf3, Severine
Fournier?, Brett Buzzanga!?, R. Steven
Nerem?; INASA Jet Propulsion
Laboratory, 2University of South
Florida, 3Tulane University, *University
of Colorado, Boulder

Mark Fresch*1, Alex Lamers*2; INOAA
National Weather Service Office of
Water Prediction, 2NOAA National
Weather Service Weather Prediction
Center




1B-5 14:30 - 14:55 Sharpening of cold-season Xiaodong Chen, L. Ruby Leung*, Yang

storms over the western Gao, Ying Liu, Mark Wigmosta; Pacific
United States Northwest National Laboratory

1B-6 14:55-15:20 2022 U.S. Billion-dollar Adam Smith*, NOAA National Centers
Weather and Climate for Environmental Information (NCEI)

Disasters Analysis and Tools

1B-7 15:20 - 15:40 Climate and Weather Panel All Presenters
Discussion

1C 15:40 - 15:50 Day 1 Wrap-up
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Day 2 (March 22, 2023) Oral Presentations

* denotes speaker

2A-1

2A-2

2A-3

2A-4

2A-5

2A-6

10:00 - 10:25

10:25 - 10:50

10:50 - 11:15

11:15- 11:25
11:25 - 11:50

11:50 - 12:15

12:15-12:35

12:35 - 13:30

Session 2A: Precipitation

Session Chair: Joseph Kanney, NRC/RES

NOAA'’s Exploration of
Future Probable Maximum
Precipitation Datasets and
Methods

The “Perfect Storm”: Can
Atmospheric Models
Improve Confidence in
Probable Maximum
Precipitation (PMP)?
Improving the Reliability of
Stochastic Modeling of
Short-Duration Precipitation
by Characterizing
Spatiotemporal Correlation
Structure and Marginal
Distribution

Break

Stochastic Design Storm
Sequence in the Lower
Mississippi River Basin
An Update to the NOAA
Atlas 14 National
Precipitation Frequency
Standard

Precipitation Panel
Discussion

Lunch

2-3

Kelly Mahoney*!, Janice Bytheway?,
Diana Stovern?, James Correia®, Sarah
Trojniak®, Ben Moore!; INOAA
Physical Sciences Laboratory (PSL),
2NOAA PSL/University of Colorado
Boulder & Cooperative Institute for
Earth System Research and Data
Science (CIESRDS), 2University of
Colorado Boulder & CIESRDS,
NOAA/NWS/Weather Prediction
Center

Emilie Tarouilly*, University of
California, Los Angeles

Giuseppe Mascaro*?, Simon
Papalexio?, Daniel Wright®; *Arizona
State University, 2University of Calgary,
3University of Wisconsin-Madison

Yuan Liu*, Daniel Wright; University of
Wisconsin-Madison

Michael St Laurent*, Sandra Palovic,
Carl Trypaluk, Dale Unruh, Fernando
Salas; NOAA National Weather
Service Office of Water Prediction

All Presenters




2B-1

2B-2

2B-3

2B-4

2B-5

2B-6

2B-7

13:30 - 13:55

13:55 - 14:20

14:20 - 14:45

14:45 - 14:55
14:55 - 15:20

15:20 - 15:45

15:45 - 16:10

16:10 - 16:30

Session 2B: Riverine Flooding

Session Chair: Joseph Kanney, NRC/RES

Lowering the Barriers to
Process-Based Probabilistic
Flood Frequency Analysis
using the NextGen Water
Modeling Framework

Towards the Development of
a High-Resolution Historical
Flood Inundation Reanalysis
Dataset for the
Conterminous United States

Quantifying Uncertainty for
Local Intense Precipitation
and Riverine Flooding PFHA
at Critical Structures on the
Idaho National Labs
Property

Break

Back to the Future:
Paleoflood Hydrologic
Analyses Provide Insights
into Extreme Flood Risk in
the Tennessee River Basin

Testing New Approaches to
Integrating Sediment-Based
Flood Records into Flood
Frequency Models

Using Paleoflood Analyses
to Improve Hydrologic
Loading for USACE Dam
Safety Risk Assessments: A
Nationwide Approach

Riverine Flooding Panel
Discussion

Daniel, Wright*, Ankita Pradhan?,
Mohammad Sadegh Abbasian?,
Benjamin Fitzgerald!, Gary Aaron?,
Fred Ogdan?, Mathew Williamson?;
tUniversity of Wisconsin-Madison,
2NOAA National Water Service Office
of Water Prediction

Sudershan Gangrade*!, Ganesh
Ghimire!, Shih-Chieh Kao?, Mario
Morales-Hernandez?2, Michael
Kelleher!, Alfred Kalyanapu?3; *Oak
Ridge National Laboratory, ?University
of Zaragoza (Spain), 3Tennessee
Technological University

Ryan Johnson*!, Shaun Carney?, Paul
Micheletty!, Debbie Martin?, Bruce
Barker?; 'RTI International, 2MGS
Engineering

Lisa Davis*!, Ray Lombardi?, Matthew
Gage?; *University of Alabama,
2University of Memphis

Ray Lombardi*!, Lisa Davis?, Tessa
Harden3®#, John F. England, Jr.5;
tUniversity of Memphis, 2University of
Alabama, Thomas College, *U.S.
Geological Survey, °U.S. Army Corps
of Engineers, Risk Management
Center

Keith Kelson*!, Justin Pearce?, Amy
LeFebvre?, Ryan Clark®, Bryan
Freymuth*, Nathan Williams®, John
England?; tUS Army Corps of
Engineers (USACE), South Pacific
Division Dam Safety Production
Center, 2USACE Risk Management
Center, SUSACE Dam Safety
Modification Mandatory Center of
Expertise, “USACE Northwest Division
Risk Cadre, SUSACE Lakes and Rivers
Division Risk Cadre

All Presenters



2C

16:30 - 16:40 Day 2 Wrap-up
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Day 3 (March 23, 2023) Poster Presentations

* denotes speaker

3A-1

3A-2

3A-3

3A-4

3A-5

3A-6

3A-7

10:00 - 10:15

10:15 - 10:30

10:30 - 10:45

10:45 - 11:00

11:00 - 11:15

11:15-11:25
11:25-11:40

11:40 - 11:55

Session 3A: Posters

Session Chair: Thomas Aird, NRC/RES

Identifying and Cataloging
Major Storm Events from
Gridded Quantitative
Precipitation Estimates for
use in Stochastic Storm
Transposition

A Bayesian Network and
Monte Carlo Simulation PRA
Approach for External Flood
Probabilistic Risk
Assessments at Nuclear
Power Plants

Probabilistic Compound
Flood Hazard Assessment
Using Two-Sided
Conditional Sampling

Estimation of Probabilistic
Flood Hazard Curve at the
NPP Site Considering Storm
Surge

Compound Flood Risk
Assessment of the Coastal
Watersheds of Long Island
and Long Island Sound in
Connecticut and New York

Break

Steps Toward Extensions of
Existing Probabilistic Coastal
Hazard Analysis for Coastal
Compound Flood Analysis
Leveraging Bayesian
Networks

Assessing Uncertainty
Associated with Hurricane
Predictions and Duration to
Inform Probabilistic Risk
Assessments for Nuclear
Power Plants

2-6

Alyssa Dietrich*, Eric King, Seth
Lawler; Dewberry

Joy Shen*, Michelle Bensi, Mohammad
Modarres; University of Maryland,
College Park

Somayeh Mohammadi**, Ahmed
Nasr?, Muthukumar Narayanaswamy?,
Celso Ferreiral, Arslaan Khalid?;
IMichael Baker International Inc,
2University of Central Florida
Beom-Jin Kim*, Minkyu, Kim; Korea
Atomic Energy Research Institute
(KAERI)

Liv Herdman*, Robert Welk, Robin
Glas, Salme Cook, Kristina Masterson;
U.S. Geological Survey New York
Water Science Center

Ziyue Liu*, Michelle, Bensit, Meredith
Carr?, Norberto Nadal-Caraballo?,
Madison Yawn?, Luke Aucoin?;
tUniversity of Maryland, College Park,
2U.S. Army Corps of Engineers,
Engineer R&D Center, Coastal &
Hydraulics Laboratory

Kaveh Faraji Najarkolaie*, Michelle

Bensi; University of Maryland, College
Park




3A-8 11:55-12:10 Assessment of Uncertainty Azin Al Kajbaf*!, Michelle Bensi?, Kaye
Associated with the Brubaker?; 1Johns Hopkins University,

Development of Intensity 2University of Maryland, College Park
Duration Frequency Curves

under Changing Climate for
the State of Maryland

12:10 - 13:10 Lunch
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Day 3 (March 23, 2023) Oral Presentations

* denotes speaker

3B-1

3B-2

3B-3

3B-4

3B-5

3B-6

3C

13:10 - 13:35

13:35 - 14:00

14:00 - 14:25

14:25 - 14:35
14:35 - 15:00

15:00 - 15:25

15:25 - 15:45

15:45 - 15:55

Session 3B: Coastal Flooding

Session Chair: Joseph Kanney, NRC/RES

Flood Inundation Modelling
on Nuclear Power Plant Site
due to Complex Disasters

Probabilistic Flood Hazard
Assessment for a Coastal
Nuclear Power Plant Using
Climate Change Projections
Probabilistic Coastal
Compound Flood Hazard
Analysis Pilot Study

Break

HEC-RAS Modeling
Framework and Lessons
Learned from Coastal
Flooding PFHA Pilot Study:
Coupling and Automation of
HEC-HMS and ADCIRC
Outputs to 2D HEC-RAS
Model Using Python

An Overview of a Multi-
Agency Modeling Effort to
Quantify Future Conditions
in the Great Lakes

Coastal Flooding Panel
Discussion

Day 3 Wrap-up

2-8

Byunghyun Kim*!, Jaewan Yoo,
Beomjin Kim?, Minkyu Kim?;
1Kyungpook National University,
2Korea Atomic Energy Research
Institute

Gorkem Gungor*, Zeynep Arslan;
Minstry of Energy and Natural
Resources, Turkey

Victor M. Gonzalez!, Meredith L.
Carr*t, Luke Aucoin!, T. Chris
Massey?, Ning Lin?, Dazhi Xi?, Norberto
C. Nadal Caraballo?, Karlie Wellls?;
1U.S. Army Corps of Engineers,
Engineer Research and Development
Center, Coastal and Hydraulics
Laboratory, 2Princeton University

Kathleen Harris*, Chase Hamilton,
Waleska Echevarria-Doyle, Meredith
Carr, Victor M. Gonzalez; U.S. Army
Corps of Engineers, Engineer
Research and Development Center,
Coastal and Hydraulics Laboratory

Margaret Owensby*!, T. Chris
Massey?, Robert Jensen?!, Norberto
Nadal-Caraballo!, Madison Yawn?,
David Bucaro?, Johnna Potthoff?,
Kaitlyn McClain?; *U.S. Army Corps of
Engineers, Engineer Research and
Development Center, Coastal and
Hydraulics Laboratory, 2U.S. Army
Corps of Engineers, Chicago District

All Presenters




Day 4 (March 24, 2023) Oral Presentations

* denotes speaker

4A-1

4A-2

4A-3

4A-4

4B-1

4B-2

4B-3

10:00 - 10:20

10:20 - 10:40

10:40 - 11:00

11:00 - 11:15

11:15- 11:25

11:25-11:50

11:50 - 13:00
13:00 - 13:25

13:25 - 13:50

13:50 - 14:00

Session 4A: Operational Experience

Session Chair: Tom Aird, NRC/RES

PRA Modeling the FLEX
Strategies for External
Hazards

Failure to Verify Flood
Restoration Times at
Millstone Unit 2

Impact of the 2022 Lake Erie
Seiche the Davis-Besse
Nuclear Power Station

Operational Experience
Panel Discussion

Break

John Hanna*, U.S. Nuclear Regulatory
Commission, Office of Nuclear Reactor
Regulation

Dave Werkheiser*, U.S. Nuclear
Regulatory Commission, Region 1

Daniel Mills*1, Russ Cassarat, John
Hanna?; *U.S. Nuclear Regulatory
Commission, Davis Bessie Resident
Inspector, 2U.S. Nuclear Regulatory
Commission, Office of Nuclear Reactor
Regulation

All Presenters

Session 4B: Wrapping Up

Session Chair: Tom Aird, NRC/RES

On Fuzzy-Systems Modeling
of Ponded Infiltration, as
Analogue to Flooding, in
Fractured-Porous
Subsurface Media

Lunch

Probabilistic Flood Hazard
Assessment for Local
Intense Precipitation at
Nuclear Power Plant Sites —
A Pilot Study

Research Activities on
Extreme External Hazard
Risk Assessment of Korean
NPP

Break

2-9

Boris Faybishenko*; Lawrence
Berkeley National Laboratory

Rajiv Prasad*!, Arun Veeramany?,
Rajesh K. Singh?, Joseph Kanney?;
!Pacific Northwest National Laboratory,
2U.S. Nuclear Regulatory Commission

Minkyu Kim*, Daegi, Hahm; Korea
Atomic Energy Research Institute
(KAERI)




4B-4 14:00 - 14:25 External Flooding PRA

Guidance

4B-5 14:25-14:50 A Proposal for Paradigm

4C

Shift in Hydrological
Ensemble Predictions: From
Parameter Inference to
Probabilistic Error
Estimation

14:50 - 15:10 Workshop Wrap-up

2-10

Marko Randelovic*!, Raymond
Schneider*2; 1Electric Power Research
Institute, Westinghouse Company
Vinh Ngoc Tran?, Valeriy Y. Ivanov*?,
Donghui Xu?, Jongho Kim?; *University
of Michigan, 2University of Ulsan,
South Korea



3 PROCEEDINGS

3.1 Day 1: Session 1A — Introduction

Session Chair: Joseph Kanney, NRC/RES
3.1.1 Presentation 1A-1: Opening Remarks

Speaker: Raymond Furstenau, Director, NRC Office of Nuclear Regulatory Research
3.1.1.1 Presentation (ADAMS Accession No. ML23177A152)

RUSNRC

United States Nuclear Regulatory Commission

Protecting People and the Environment

Opening Remarks
8™ Annual NRC PFHA Research Workshop
March 21-24, 2023

Ray Furstenau
Director, Office of Nuclear Regulatory Research

3-1



Workshop Participation

~360 Participants (~75% fully remote)

~300 External

NRC Participation (~60)

~5 Other ~10 Research

~10 Regions 4

~15 Nuclear Material

Safety and Safeguards ~20 Nuclear Reactor Regulation
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Industry Participation
@ANS =P | | SwR

American Nuclear Society  RESEARCH INSTITUTE e SOUTHWEST RESEARCH INSTITUTE
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Academic Participation

% UNIVERSITY OF
MICHIGAN

~60 Academia
ArizonaState AUBURN
Universit UNTVERSITY
4 Boulder

\QQRS"[},

@UN]\/II(\AIN

Idaho State
University ‘i':"
jeige ey UNIVERSITY
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Creighton
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School of Medicine
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3.1.2 Presentation 1A-2: NRC Probabilistic Flood Hazard Assessment Research
Program Overview

Author: Thomas Aird, NRC Office of Nuclear Regulatory Research
Speaker: Thomas Aird

3.1.21

This presentation will provide an update on the NRC probabilistic flood hazard assessment

Abstract

(PFHA) research program. Topics will include the completion of Phase 1 (technical basis
research) and Phase 2 (pilot studies) and the status of Phase 3 (guidance development).

3.1.2.2

Presentation (ADAMS Accession No. ML23177A153)

RUSNRCG

United States Nuclear Regulatory Commission

Protecting People and the Environment

NRC Probabilistic Flood Hazard
Assessment (PFHA) Research
Program Update

Thomas Aird*, Joseph Kanney, Elena Yegorova, Sarah Tabatabai

Fire and External Hazards Analysis Branch
Division of Risk Analysis
Office of Nuclear Regulatory Research

8t Annual PFHA Research Workshop
NRC HQ, Rockville, MD
March 21 — 24, 2023
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USNRG Outline

United States Nuclear Regulat

Pmte(tmg People and tlle Enwronmem

Objectives, key challenges, approach
Phase 1 Overview (Technical Basis)
Phase 2 Projects (Pilot Studies)
Phase 3 (Guidance)

2

RUSNRC

s Nuclear Regular

PFHA Research Objectives i sk i

» Develop resources, tools and selected guidance to:

— Address significant gap in the technical basis for guidance for
probabilistic assessment of external hazards

* Probabilistic: seismic, high winds
» Deterministic: flooding

— Support risk-informed licensing and oversight activities
involving assessment of flooding hazards and potential
consequences

* Licensing and oversight in operating reactor program
+ Design basis flood hazard assessments for new facilities
— Readiness for licensing of advanced reactors

3-6




RUSNRC

United States Nuclear Regulat

Key Challenges

Protecting People and tlle F nvironment

Hazard Estimation
— Range of annual exceedance
probabilities (AEPS)
* Moderately rare to extreme floods
— Multiple flooding mechanisms
+ Coincident and correlated mechanisms
— Uncertainty characterization and
estimation
+ Aleatory (e.g., storm recurrence rates)

» Epistemic (e.g., model structure,
parameters)

* Fragility
— Information on reliability of flood

protection features and procedures is
sparse

— Cliff-edge effects

Frequency of Exceedance
pees

o1
Magnitude

Failure Probability

®USNRC phased Research Approach

United States Nuclear Regulat

Protecting People and tlle F nvironment

Phase 1 Phase 2 Phase 3
Technical Pilot Studies Guidance
Basis 1

Projects

* Phase 1 — Technical Basis Research - Complete
— Climate and precipitation

— Mechanistic, statistical and probabilistic modeling of flooding
processes

— Reliability of flood protection features and procedures
— Modeling Frameworks
— Natural Hazard Information Digest (NHID)

» Phase 2 — Pilot Studies - In Progress
— Local Intense Precipitation (LIP) Flooding - Complete
— Riverine Flooding - Complete
— Coastal Flooding — In Progress

» Phase 3 — Develop Guidance - In Progress

3-7




R USNRC Phase 1 Technical Basis Research

United States Nuclear Regulatory Commission

Protecting People and the Environment

+ Climate
- Historical trends and future projections for U.S. regions
+ Mechanistic, statistical and probabilistic modeling of flooding processes
- Extreme precipitation
- Riverine flooding
- Coastal flooding
+ Methods for Estimating Joint Probabilities of Coincident and Correlated Flooding Mechanisms
- Riverine flooding
- Coastal flooding
* Reliability of flood protection features and procedures
- Flood barriers (seals, etc.)
- Environmental effects on manual actions
* Modeling Frameworks
— Structured hazard assessment committee process for flooding (SHAC-F)
— Dynamic analysis of flooding events
— USACE HEC-WAT
» Natural hazards information digest (for internal NRC staff use)
— Collect and organize natural hazard information for operating reactors

For more details on Phase 1 completion see Digital Exhibit #11 at the 34" Annual
Regulatory Information Conference (RIC), March 8-10, 2022:
https:/Amww.nrc.gov/public-involve/conference-symposia/ric/index.html

' USNRC Phase 2: Pilot Studies

United States Nuclear Regulatory Commission

Protecting People and the Environment

Objective: Synthesize results from technical basis research
— Multiple flooding mechanism contribution to hazard curves
— Quantify key aleatory variabilities and epistemic uncertainties

+ LIP Flooding PFHA Pilot
— PNNL
— Completed in October 2022

* Riverine Flooding PFHA Pilot
— USACE/HEC
— Completed in January 2022

+ Coastal Flooding Pilot PFHA Pilot
— USACE/ERDC/CHL
— In Progress; completion expected in May 2023
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USNRC  Phase 2: LIP Pilot Study

United States Nuclear Regulatory Comm

Protecting People and the Environment

* Objectives
— Inform guidance development for probabilistic assessment of site-
scale flooding hazards due to local intense precipitation
— Synthesize results from technical basis research
— Incorporate site-scale features (curbs, buildings, drains)

+ Key elements
— Point rainfall (aleatory variability) based on NOAA Atlas 14

— Sensitivity study to identify key epistemic uncertainties wrt site
features

— Propagation of uncertainties to construct hazard curve families for
selected flood hazard metrics (e.q., depth, velocity, duration)

— Monte Carlo simulation with stratified sampling
* More detailed information:
— Presentation 4B-2 (Friday at 13:00)

@ USNRC Phase 2: Riverine Pilot Study

United States Nuclear Regulatory Comm

Protecting People and the Environment

» Objectives
— Inform guidance development for probabilistic assessment of riverine
flooding hazards
— Synthesize results from technical basis research
— Incorporate multiple flooding mechanism contributions to hazard curves

+ Key elements
— Stochastic rainfall model (aleatory variability)

— Epistemic uncertainties in hydrologic (runoff and routing), reservoir, and
hydraulic models

— Multiple dam failure scenarios

— Propagation of uncertainties to construct hazard curve families for
selected flood hazard metrics (e.g., elevation, velocity, duration)

— Monte Carlo simulation approach using HEC-WAT
* More information:
— Final Report (in publication)
— PFHA-WSY Proceedings
* Presentation 2B-4, Posters 3A-4 and 3A-5
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RUSNRC Phase 2: Coastal Pilot Study

United States Nuclear Regulatory Commission

Protecting People and the Environment

Objectives

— Inform guidance development for probabilistic
assessment of coastal flooding hazards

— Synthesize results from technical basis research
— Incorporate multiple flooding mechanism
contributions to hazard curves
Key elements
— Tropical cyclone rainfall model (aleatory variability)

— Epistemic uncertainties in hydrodynamic (surge),
hydrologic (runoff and routing), and hydraulic
models

— Flooding due to surge and rainfall-induced riverine
discharge

— Propagation of uncertainties to construct hazard
curve families for selected flood hazard metrics
(e.g., elevation, velocity)

— USACE Probabilistic Coastal Hazard Assessment
(PCHA) framework
More detailed information:
— Presentation 3B-3 (Thursday at 14:00)
— Presentation 3B-4 (Thursday at 14:35)

10

I 74
A{USNRC Phase 3: PFHA Guidance

Protecting People and the Environment

FY23:
— Develop draft guidance based on:
» Technical basis research
* Pilot projects
* User office needs
* Stakeholder & public interests
— Publish draft guidance for public comment

FY24:
— Finalize guidance based on public comment

US. achar Regulatory Conris:

\‘:6 / REGULATORY GUIDE

¥/ Offca of Mackar Ragulsiory Reasarch

L INTRODCTION

1"
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WUSNRC Past Workshops

Protecting Peaple and tlle F nvironment

Proceedings of 1st-4th Annual NRC PFHA Research Workshops
— NRC Research Information Letter (RIL) 2020-01

Proceedings of 5" Annual NRC PFHA Research Workshop

— RIL 2021-01

Proceedings of 6" Annual NRC PFHA Research Workshop

— RIL 2022-02

Proceedings of 7% Annual NRC PFHA Research Workshop
— RIL 2022-10

NRC Research Information Letters are available at:
https.//www.nre.qov/reading-rm/doc-collections/index.htmi#ril

12

RUSNRC

United States Nuclear Regulat

Protecting People and tlle F nvironment

Questions?

Contacts:
Joseph.Kanney@nrc.qov
Thomas.Aird@nrc.qov
Elena.Yegorova@nrc.gov

13
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3.1.2.3 Questions and Answers

Comment:
We did not hear much about nonstationarity.

Answer:

Joseph Kanney: That's a good comment. Some of the work that we have done, specifically in
flood frequency analysis, has touched on nonstationarity issues. To the person who submitted
that commentonline: if you send me an email, | can point you to the research reports where we
have looked at some aspects of nonstationarity. | won’t claim that we have solved the
nonstationarity issue in its entirety though, obviously.

3.1.3 Presentation 1A-3: Moving FEMA towards Presentation and Training: Resilience
Analysis and Planning Tool (RAPT)

Authors: Karen Marsh, Benjamin Rance, Scott Mahlik, Federal Emergency Management
Agency (FEMA)

Speaker: Scott Mahlik
3.1.3.1 Abstract

Many of the utilities that own nuclear generating facilities and the relevant off-site response
organizations (ORO) can benefit from the Resilience Analysis and Planning Tool (RAPT), as
there is an increased focus on equity in emergency management, including a need for federal,
state and local governments, utility companies and disaster support organizations to better
understand the community and population demographics in areas surrounding these facilities.

FEMA'’s National Integration Center would like to present the updated and improved RAPT, a
free GIS web map that allows users to examine the interplay of census data, infrastructure
locations, and hazards. RAPT helps users visualize and analyze data about their community to
inform resilience, response, and recovery actions. Participants will learn how to use RAPT to
understand their community and the populations that may have more difficulty receiving an alert
and/or following the proscribed protective action, such as those with limited English, individuals
without access to a vehicle, or with a disability.

The RAPT includes information from FEMA’s Community Resilience Index (CRI), derived from
the science-based Community Resilience Indicator Analysis report. The CRI allows users to
identify areas of the community with greater potential challenges to resilience while also
providing census-tract level information on each of the indicators that contribute to the CRI. In
addition to the community and population demographic information, the session will also provide
an overview of unique analysis tools that allow users to isolate specific incident areas and
identify, summarize, and export information as needed. The information in RAPT can benefit all
stakeholders and we hope to facilitate discussion and collaboration amongst attendees.

In addition to a presentation, we would also provide an in-depth, interactive demonstration of the
tool to participants. This demonstration will show participants demographic information for their
specific communities, demonstrate the powerful analysis tools in RAPT and examine local data
layers. We believe this presentation opportunity would help participants use RAPT to
understand community dynamics and demographics in areas surrounding nuclear facilities.
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3.1.3.2 Presentation (ADAMS Accession No. ML23177A154)

Resilience Analysis and
Planning Tool (RAPT)

National Integration Center Technical Assistance | 2023

NRC Probabilistic Flood Hazard Assessment (PFHA) Research Workshop

RAPT helps you VISUALIZE and ANALYZE data
for all phases of emergency management.

[+]

e, _, ol

T —

People and Community Infrastructure Hazards, Weather, Risk

= RAPT gives everyone a free, no-login required GIS capability.

= Over 100 pre-loaded GIS layers are easy to toggle on and off.

= Easy to use analysis tools: Incident Analysis, Population Counter, Filter.
= Add Data layers from ArcGIS Online, URLs or local files.

= Print or download results to spreadsheets.

= FEMA's Community Resilience Index and Indicators.
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RAPT Community Demographics Data Layers

* County data only; ** County and Tribal only; ~ County and Census Tract only; + Census Tract only

Population Characteristics Healthcare

* Population without a High School Education * Number of Hospitals*

* Population 65 and Older * Medical Professional Capacity**

* Population with a Disability * Population without Health Insurance
¢ Population by Race and Hispanic Origin® * Medicare Recipients with Power-Dependent Devices*
Household Characteristics Economic

* Households without a Vehicle * Population Below Poverty Level

* Households with Limited English * Median Household Income

* Single-Parent Households * Unemployed Labor Force

* Households without a Smartphone ¢ Unemployed Women Labor Force

* Households without Broadband Subscription+ * Income Inequality

Housing * Workforce in Predominant Sector

* Mobile Homes as Percentage of Housing Connection to Community

* Owner-Occupied Housing

* Rental Housing Costs”

e Residential Structures in SHFA
with Flood Insurance*

* Presence of Civic and Social Organizations*
* Population without Religious Affiliation*

* Percentage of Inactive Voters*

* Population Change*

@ FEMA [County and Census Tract Community Resilience Index (CRI) combining 22 indicators. J

Infrastructure Layers: Homeland Infrastructure Foundation-Level Data Open

* Hospitals * Places of Worship

* Nursing Homes + Colleges and Universities

* Pharmacies + Private Schools

» Urgent Care Facilities * Public Schools

+ Dialysis Centers * Prison Boundaries

* Mobile Home Parks * Power Plants

* Fire Stations * Electric Transmission Lines

¢ Local Law Enforcement Locations « Wastewater Treatment Plants
* Public Health Departments +  Solid Waste Landfills

* 911 Service Area Boundaries * High-Hazard Dams

* SNAP Authorized Retailers

Federal Emergency Management Agency 4

& FEMA
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Hazards, Weather, Risk

» Live Stream Gauges * NOAA Sea Level Rise (4-6 ft.)

* Flood Hazard *  NWS Severe Weather Watches and Warnings
« Hurricane Tracks (1990+) *  NWS Severe Weather Outlook

« Historical Tornado Tracks * NWS Atlantic/Caribbean Tropical Cyclones

* Wildfires — Current Incidents (Points) * NWS Eastern Pacific Tropical Cyclones

* Wildfires — Current incidents (Perimeters) * NWS Excessive Rainfall Outlook

* Seismic Hazard * NEXRAD Real-Time Weather Radar

« National Risk Index Census Tracts

Federal Emergency Management Agency 5

Data Binning, Pop-Up Boxes and Attribute Tables

. . Census Tracts - Mobility: Percent of
+ Data Binning: Pocehols Wb Yerics ‘ =
County = 5 bins M sia e ; \
Census Tract = 7 bins
Tribal = 5 bins

* Pop-up boxes:
Additional information
for each data point:
population, infrastructure,
and hazards

* Attribute tables:
* By map extent
* By FEMA region, state, county,
zip code
* Select rows

e A age, disabilities, language, race
“,,f FEMA Federal Emergency Management Agency 6
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Analysis Tools

= Analysis Tools
o Add Data =

ArcGIS Online v | seacr a

= Filter Tool

o Population Counter

= Incident Analysis Tool

Federal Emergency Management Agency T

Add Dew

ArcGIS Online ¥ | nuclear powrer plants

(O W map Type ¥

World Nuclear Power Plant

W Power Plants in the U_S_

Nuclear Power Plants (Canada)

Relevance

- Global Power Plants
400 OETALS

ADD  DETALS

ADD DETALS

Westport |

=
—

~ wosville

Holiy

& FEMA

Nuclear Power Plant: McGuire

McGuire
McGuire 1
United States
1,100.00

0.00

Pressurized Water
Reactor

Westinghouse

WH -loop (ICECND)
Operational
april1,1971

December 1. 1081

§% Panto

4 Add s marker

[ Viewin Antribute Table

Federal Emergency Management Agency 8
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Population Counter

Mooresville

1 A = 0 e« (£

McGuire

Select and Count Specific Indicatons®

Select and Count Specific Indicaors”

x* A = @ e

Choose an Indicator to Count®

£ x

~ Total Population
Population without HS Diploma
Population Unemployed

) |Popdnu\mﬁlbub‘:y |

Population with a Disability

HH with Limited English
HH without a Vehicle

Halp

e Wesinghouse
WH &-loep (ICECND)

Population Counter

McGuire 2
United States Choose an Indicator to Count™
1,10000 (==
S (S
telo
Type Pressurized Water
Reactor Toputztion Indicator Summary

Fopuarion Indveatar Summary

Population Age 65 and Over
Population without Health Insurance
Single Parent HH

Population Counter HH without Smartphone
. Population Living Below Poverty Level
Population Living in Mobile Homes
020, 09,
iffn il
245,062 21,876
Federal Emergency Management Agency 9

Infrastructure Point Locations
(Hospitals, Nursing Homes etc.)

Infrastructure Lines
(Transmission lines,
High Hazard dam lines)

County/Census Tract Indicators
(Population over 65,
lack of health insurance)

Tribal Boundary Indicators
(Population over 65,
lack of health insurance)

Real-time Hazards (NWS)
(Radar, Severe Watches &
Warnings, Tropical Cyclones)

Future Climate conditions
(Sea Level Rise)

Basemap

RAPT combines multiple data sets
and analysis tools to support
situational awareness for all
phases of emergency
management.

Federal Emergency Management Agency 10
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Evacuation Planning

Planning for evacuation and how to deliver reliable and actionable

information to surrounding communities, including people without
access to a vehicle and people with limited English proficiency.

Population Demographics:

% population with a disability

% households without a vehicle

% population with limited English proficiency

Analysis Tools:

Population Counter- draw projected area based on 2-mile
buffer zone around incident

« (Calculate # of people affected

* Calculate # of people with a disability

« Calculate # of people without a vehicle

* Calculate # of people with limited English Proficiency

Census Tracts - Disability: Percent of the

Population Summary of Selected ke hhe Dby
Indicators [

Add Data: Population: 141,087
Railroad lines: HIFLD Open North American Rail Lines # people with disability: 15.931

# people without vehicle: 12,160
LT
¥ FEMA

# people with limited English: 8,095

RAPT Resource Center
Resilience Analysis & Planning Tool (RAPT) @
% RAPT gives everyone easy access to important community data and analysis tools ::u
* RAPT overview Take Me to RAPT!
* Use Cases FEMA
* Indicator Analysis Welcome to the RAPT Resource Center

o \ ectivel ' e Resilience Analysis and Planning Tool (RAPT)

« Data Sources )
» User Guide and FAQs e
* Instructional video

* Contact us email: FEMA-
TARequest@fema.dhs.gov

[ Send Us Your Use Cases!! ] g i

PARTA,

& X
5‘% @i FEMA Federal Emergency Management Agency 12
IND §
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Climate Risk & Resilience Portal (ClimRR): Goals

= Provide free and equitable access to leading, peer-reviewed climate datasets.

= Empower non-technical individuals, organizations, planners and officials at state, local,
tribal, and territorial governments to analyze climate risk to support decision-making and
adaptation efforts.

= Contextualize how climate risks factor into equity considerations and barriers to
community and infrastructure disaster resilience.

= ClimRR is the outgrowth of a public-private partnership between Argonne National
Laboratory, FEMA, and AT&T.

77 CENTER FOR WV"“"“’ 3 &
Zimeaeer, (WVFEMA & AT&T

Argonne National Laboratory LaNp S5

Dynamical DOWNSCALING

&\ April Average

Precipitation
2085 - 2094
(mm)

-
-

3-4

= From coarse resolution (100-200km) to high
resolution, community-level data (12km)

= Downscaled data are an ensemble mean of three
different global climate models

<3

= Physics-based models that address non-stationarity

= Two scenarios: RCP8.5 (high emissions) + RCP4.5
(~Paris accords)
— Useful for infrastructure protection and disaster planning

Lake Michigan

= Scientific transparency: widely published and peer
reviewed modeling and outcomes

= Future release will be 9 times more precise (4km)
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RAPT data in ClimRR
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Questions & Discussion

Scott.mahlik@fema.dhs.gov

FEMA-TARequest@fema.dhs.gov

fema.gov/rapt

3.1.3.3 Questions and Answers

Question:
How do you deal with deep uncertainty in extreme rainfall when using dynamical downscaling?

Answer:

Diane Cooper: If you are familiar with any of the atmospheric models, we are using the using
the WRF?; they [Argonne National Laboratory] are running hourly simulations and then
identifying that over longer periods, which is why you need supercomputing capacity to be able
to be able to create this gridded output. We are at least getting in some of the orographic
elements that maybe aren’t well represented in the climate models because your grid scale is
too large. The WRF has a much finer resolution and does have the topography included as well
as the water information from the oceans, bays, Great Lakes that is going to be a little bit more
defined than what you would have in the traditional climate models.

Question:
Any plans to add CMIP6? to ClimRR3?

Answer:

Diane Cooper: | believe that this is in the conversation for one of our future releases, but not
sure of the timing.

Question:

1 Weather Research and Forecasting (WRF) model
2 Coupled Model Intercomparison Project (CMIP) Phase 6
3 Climate Risk and Resilience Portal
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Two questions: 1) Do you have plans to integrate this with Hazus; and 2) do you have the
constituent components of the National Resilience Index in there or is it just the final index
value?

Answer:

Scott Mahlik: The Hazus team isn’t in the federal insurance and mitigation administration, but
they are, obviously, our colleagues and partners. We haven’t talked specifically about adding
the ClimRR data yet, but definitely something we will consider and is on the plate as this data
should be incorporated into many different places. We do have the have the index values and
constituent components in there.

Question:

Is there timing information provided in RAPT? Some context for the question is when we look at
core damage frequency (CDF) scenarios and large early release frequency (LERF) scenarios
for our plants, the LERF answers are largely dependent on whether we can get the population
evacuated before that large and early release happens. Does RAPT include that kind of timing
where you could either use the emergency planning zone (EPZ) or draw a polygon around a
plant and say what is the distribution of the time for evacuation for this area?

Answer:

Scott Mahlik: Unfortunately, no for the timing. That would have to be an “add data.” It's not pre-
loaded into RAPT so that’s something that you would have to add, unfortunately. You can get
the context of how many people are in the area but not an evacuation timing. That would be
something you’d have to add.

Diane Cooper: There are evacuation studies that have been done along the coast from a
hurricane perspective and the timeframes that would be needed for that, which have been done
in very close concert with the local emergency management. | suggest that, for whatever facility
you are concerned about, you would need to work with those local emergency managers who
would initiate those evacuations. We offer technical assistance in a workshop format to
emergency management on how to word that information to the public.

Question:

RAPT is clearly a great planning tool, but what kind of capabilities does it have for real time
events, for trying to conduct evacuations?

Answer:

Scott Mahlik: We are using data that are estimates (e.g., population demographics change over
time). It is the latest data, but it is by no means giving you real-time information. You can add
traffic layers, which are real-time, and those are brought in through ESRI that would be through
the Add Data tool. So, you can get some real time information, but it depends. If you were a
county or a state using RAPT to make decisions, you would want to make sure that you
understand what data is uploaded and what the limitations are. For example, some of the data
pre-loaded into RAPT is real-time (e.g., information from the national weather service is real-
time), but that is not true for all layers. So be sure you understand whether a layer you are
looking at is real-time or stored data.

Question:
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You just talked about the real-time hazard information, and | was curious about what you have
there in terms of forecasts. What about forecasts like precipitation forecasts or river flooding
forecasts? Are those included or if they aren’t, do you have plans to include them?

Answer:

Scott Mahlik: We do have excessive rainfall outlooks pre-loaded. We do have stream gages
also pre-loaded. That will give you the real-time, but you can add future or forecast conditions
from the National Weather Service as well. The tool is configured so that whatever problem that
you want to solve, you can bring data in as necessary. It can be added and we that's why we do
a lot of work with folks who are using RAPT. So, send an e-mail fema-trequestthatfema.dhs.gov.
We have really focused on customer support to make sure if you want to use it for something,
we can help you do that.

3.1.4 Presentation 1A-4: Committee on the Safety of Nuclear Installations (CSNI)
Working Group on External Events (WGEV)

Author: Minkyu Kim, Korea Atomic Energy Research Institute, Division of Structural and Seismic
Safety (WGEV Chair)

Speaker: Minkyu Kim
3.14.1 Abstract

The March 2011 accident at the Fukushima Daiichi nuclear power plant triggered discussions
about the natural (external) events that are low-frequency but high-consequence. To address
these issues and determine which events would benefit from international co-operative work,
the Working Group on External Events (WGEV) was established in CSNI. WGEYV is composed
of a forum of experts for the exchange of information and experience on external events in
member countries, thereby promoting co-operation and maintenance of an effective and
efficient network of experts.

WGEYV already finalized some international collaboration works as below; severe weather and
storm surge, examination of approaches for screening external hazards, riverine flooding -
hazard assessment and protection of NPPs, concepts, and definitions for flooding protective
measures, benchmark exercise to validate hazard frequency and magnitude for external events
risk assessment. Also, WGEV now performing several activities for high wind and tornado -
hazards assessment and protection of Nis, combined external hazards, uncertainties in the
assessment of natural hazards (Excluding Earthquakes), sources of uncertainties and methods
to deal with uncertainties, and local intense precipitation.
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3.1.4.2

Presentation (ADAMS Accession No. ML23177A155)

@) OECD Nuclear Energy Agency LY NEA

NUCLEAR ENERGY AGENCY

CSNI Working Group on External
Events (WGEV)

Minkyu KIM (Chair of WGEV)

8t Annual PFHA Research Workshop
March 21-24 2023, USNRC

{82020 Organisationifor Econamio Co-operationand Develapment

@) OECD Nuclear Energy Agency f@!ﬂmEA

Working Group on External Events

« Background of WGEV

— After Fukushima Daiichi nuclear power plant accident, many
activities were initiated in the countries with nuclear energy
to assess the robustness of nuclear power plants with
respect to earthquakes, tsunamis and floods originating from
the sea

— CSNI established TGNEV (Task Group on Natural External
Events) in 2013 to cover other natural events which might
also pose hazards to the safe operation of nuclear
installations

— TGNEV to review natural external events that are low-
frequency, but high-consequence, and determine whether
there are activities that would benefit from international
cooperative work

— WGEV is established in 2014

©2020 Qﬁmlﬂon mrseenomt.coogemm and Dwebpmem
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@) OECD Nuclear Energy Agency CynNea

Working Group on External Events

 The main mission

— to improve the understanding and treatment of external
hazards that would support the continued safety
performance of nuclear installations, and improve the
effectiveness of regulatory practices in member
countries.

— To focus on external hazards that are of sufficient
common interest to allow sharing of approaches for
analysis, oversight, and facility design and operation

@) OECD Nuclear Energy Agency Cynea

Working Group on External Events

» Meeting
— Regulators, TSOs, research institutes, operators
— Twice per year (last meeting in October
— Activities decided by member states
— Sharing significant external events which affected or
could affect safety operation of NlIs

« Activities

— Experience sharing
— Workshop, Report
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@) OECD Nuclear Energy Agency CynNea
What WGEYV has discussed so far

+ Severe Weather Events with High Winds and Flooding
« Examination of approaches for screening external hazards

* Riverine Flooding —Hazard Assessment and protection of
NPPs

« Concepts and Definitions for Protective Measures in
Response to External Flooding Hazards

+ Benchmark on External Events Hazard Frequency and
Magnitude Statistical Modelling

@) OECD Nuclear Energy Agency Cynea
WGEYV in 2022

« Start One CAPS

« Characterization in Local Intense Precipitation was
approved by CSNI in June 2022

» Two Workshop
+ High Winds and Tornado (March 2022, virtual)

« Uncertainties in the assessment of natural hazards
(phase 1-sources of uncertainties) (April 2022, virtual)

« Cooperation with IAEA

» Start to discuss to develop a template to develop a
database for external events
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@) OECD Nuclear Energy Agency Ly neA

BETTER POLICIES FOR BETTER LIVES UCLEAR ENERGY AGENCY

Ongoing Activities

Title Leader Approval

1 | High Wind and Tornado - Hazard Assessment and France 2019
Protection of Nis

2 | Combinations of External Hazards — Hazard and Czech Rep (WGEV) 2019
Impact Assessment and PSA for Nis Hungary (WGRISK)
(WGEV/WGRISK Joint project)

3 | Uncertainties in the assessment of natural hazards — Germany 2020
phase 1 (sources of uncertainties) USA

4 | Uncertainties in the assessment of natural hazards — Germany 2020
phase 2 (methods to deal with uncertainties) USA

5 | Characterization of Local Intense Precipitation Canada 2022

@) OECD Nuclear Energy Agency Ly NEeA

BETTER POLICIES FOR BETTER LIVES NUCLEAR ENERGY AGENCY

Ongoing Activities (1/5)
High Wind and Tornado — Hazard Assessment and Protection of Nis

» Objectives
o Collecting information from WGEV member states with respect to current
regulatory practices and technical approaches, methods and models used to
confirm the adequacy of protection of NIs against high wind and tornadoes

o ldentifying key issues regarding high wind and tornado hazard assessment
(both deterministic and probabilistic) and dedicated protection

> Milestones
o Technical note was finalized (March 2021)
o Virtual Workshop (March 2022)
o Endorsement of workshop proceedings by CSNI — June 2023
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@) OECD Nuclear Energy Agency AJNEA

Ongoing Activities (2/5)

Combinations of External Hazards — Hazards and Impact Assessment

and Probabilistic Safety Analysis (PSA) For Nuclear Installations (Joint
project with WGRISK, Working Group on Risk Assessment)

> Objectives
o Collecting information on current regulatory practices as well as technical
approaches and methods applied in hazard assessments for nuclear
installations with respect to combinations of external hazards and integrated
hazard impacts. Based on the evaluation of this information, key issues impacts
will be identified.

o Providing an overview of the current state-of-art with respect to risk analysis of
hazard combinations of external hazards and to review the methods applied for
these analyses in order to provide a basis for advances in this area.

> Milestones
o Finalization of survey task report — March 2023
o Common WGEV/WGRISK workshop —11-13 September 2023 (IRSN, France)
o Endorsement of workshop proceedings by CSNI — June 2024

2020 Organisation for Economic Co-operation and Development

\ o
@) OECD Nuclear Energy Agency AJNEA

Ongoing Activities (2/5)

Combinations of External Hazards — Hazards and Impact Assessment

and Probabilistic Safety Analysis (PSA) For Nuclear Installations (Joint
project with WGRISK, Working Group on Risk Assessment)

> Workshop on Combinations of External Hazards
o 11-13t September 2023, IRSN (Pairs, France)
o Kick-off meeting of Organizational Committee meeting (21th Nov)
(Members from WGEV & WGRISK)
o Official announcement would be in March 2023
- calll for the contribution for the workshop
- Registering would start from March
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@) OECD Nuclear Energy Agency AJNEA

Ongoing Activities (3/5)
> Title
o Uncertainties in the Assessment of Natural Hazards (Excluding
Earthquakes) — Phase 1 (Sources of Uncertainties)
» Objectives

o (overall objective) Developing an understanding of the state of practice with
respect to the consideration of uncertainties in natural hazards assessments.
The result will serve as a basis for the identification of areas that could benefit
from future collaborative efforts and as an input to the work of CNRA.

o (Phase 1) Providing an overview of the various types of uncertainties that need
to be considered depending on the type of natural hazards, the data sources
and the assessment approaches.

» Milestones
o Virtual Workshop (April 2022)
o Approval of the workshop proceedings by CSNI - June 2023
o Finalization of the report — September 2023
o Approval of the report by CSNI — December 2023

o
@) OECD Nuclear Energy Agency AJNEA

Ongoing Activities (4/5)
> Title
o Uncertainties in the Assessment of Natural Hazards (Excluding
Earthquakes) — Phase 2 (Methods to Deal with uncertainties)

» Objectives
o (Phase 2) Providing an overview of recommendable methods to account —
either qualitatively or quantitatively — for uncertainties in assessments for a set
of natural hazards as specified in Phase 1 of the activity.

> Milestones
o Writing and discussing (WGEV meetings) — 2023~
o Approval of the report by CSNI — June 2024
o Workshop — September 2025
o Approval of workshop proceedings by CSNI — June 2026
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@) OECD Nuclear Energy Agency Lynea

Ongoing Activities (5/5)
> Title
o Characterization of Local Intense Precipitation

> Objectives
o collecting information from WGEV member states with respect to current
regulatory guidance and operators’ practices as well as best available
technical approaches and methods in assessing and characterizing LIP for use
in flood hazard assessment(FHA) for nuclear installations. Based on the
evaluation of the obtained information, best practice and knowledge gaps will
be identified.

> Milestones
o Developing and distributing survey — Dec 2022
o Answers to the survey by working group members — Feb 2023
o Finalization of technical note — March 2024
o Workshop — Sep 2024

o Approval of workshop proceedings by CSNI — June 2025

@) OECD Nuclear Energy Agency Lynea

Topics for the Future

» Cooperation with IAEA

o |AEA has cooperated with WGIAGE to analyse the effect of external events in
earthquake, and would like to expand to other external events

o WGEV is going to prepare a CAPS to develop the template on effect of the
external events (to be approved by CSNI June 2023)

o WGEYV will share external events in their countries during the meetings and
decide what to share with IAEA

o |AEA will share significant external events in IAEA countries
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BETTER POUCIES FOR BETTER LIVES

INTERNATIONAL EXPERT WORKSHOP ON THE
SAFETY ASSESSMENT OF NUCLEAR
INSTALLATIONS FOR COMBINATIONS OF
EXTERNAL HAZARDS

y R , France, 11 -13,2023

@) OECD Nuclear Energy Agency Lynea

r

Lynea @)OECD | - S

gested Workshop Topics

NUCLEAR ENERGY AGENCY

Regulatory environment related to
assessing combinations of external
hazards

Supporting data and uncertainties as
well as operational experience
regarding combinations of external
hazards

Selection and assessment of

5
combined external hazards;
» Assessment of integrated hazard
impact
> Risk assessment (PSA) for
combined external hazards
> Overall experience from safety
IRSH assessment for combined external
daazln hazards
Hosted by the Institut de P! ion et de Sareté éaire (IRSN)
Key Dates 1 1
12 May 2023 Deadline for Abstract Submission https://www.oecd-nea.org/jcms/pl_78713/international-
16™ June 2023 Notification to Authors
147 July 2023 Deadline for Attendance Registration expert-workshop-on-the-safety-assessment-of-nuclear-
D oy D oy rressiation Subatealon installations-for-combinations-of-external-hazards
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@) OECD Nuclear Energy Agency Lynea

NUCLEAR ENERGY AGENCY
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3.1.4.3 Questions and Answers

Question:
Is tsunami considered a seismic hazard in this context?

Answer:

Our working group is WGEV. Another working group, WGIAGE?#, considers seismic hazards, but
they don’t consider flooding. We consider flood (and tsunami)

Question:

Do the proceedings from the various meetings and workshops, do they get released publicly?

Answer:

Yes, they become publicly available if CSNI approves the proceedings they will be published
and made publicly available. They can be found on the NEAS website.

3.2 Day 1: Session 1B —Climate and Weather

Session Chair: Elena Yegorova, NRC/RES

3.2.1 Presentation 1B-1: Overview of the U.S. Global Change Research Program
Author: Michael Kuperberg, Executive Director, U.S. Global Research Program
Speaker: Michael Kuperberg

3.21.1 Abstract

The U.S. Global Change Research Program (USGCRP) is a federal program mandated by
Congress to coordinate federal research and investments in understanding the forces shaping
the global environment, both human and natural, and their impacts on society. USGCRP
facilitates collaboration and cooperation across its 14 federal member agencies to advance
understanding of the changing Earth system and maximize efficiencies in federal global change
research. Together, USGCRP and its member agencies provide a gateway to authoritative
science, tools, and resources to help people and organizations across the country manage risks
and respond to changing environmental conditions. This presentation will provide an overview of
USGCRP, its structure and major responsibilities.

4 Working Group on Integrity and Ageing of Components and Structures
5 Nuclear Energy Agency (https://www.oecd-nea.org/)
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3.21.2 Presentation (ADAMS Accession No. ML23177A156)

Coordinating Global Change Research
Across the U.S. Government

U.S. Nuclear Regulatory Commission
Probabilistic Flood Hazard Assessment (PFHA) Research Workshop

21 March 2023

(® U-S. Global Change
\le’ Research Program

About USGCRP

* Began as a Presidential Initiative in 1989

i R “[A] comprehensive
andate y congress in the andintegrated

* 14 member agencies United States research

+ FY2021 budget crosscut approx. $3.3 program which will
Billion assist the Nation and the

* Interagency Distributed Cost Budget world to yn derstand,
supports the National Coordination assess, predict and respond
Office (NCO) and activities of the to human-induced
organization and natural processes

of global change”
(P.L. 101-606)

(:’m U.S. Global Change
S,

Research Program
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USGCRP Oversight & Coordination

’ National Science and Technology Council

Committee on Environment

“Board of
:.S.Glollz'.all,change " - clopal Directors”, 14
esearch Program ubcommittee on Global
: Change Research agency reps

Executive
Leadership

USGCRP National USGCRP
Coordination ssessccsssce Interagency
Office Groups and Teams

Contractors
(~ 30 people)

Office of Science and Technology Policy (OSTP), Primary lines of eeees Primarylinesof
Executive Office of the President oversight coordination

.S. Global Change
esearch Program

Funding amounts are shown in millions of dollars ($M) and are rounded to the nearest millions (totals
reflect the rounded sum of the unrounded agency amounts).

Agency a-nmm W)

Department of Agriculture m 128 405
Department of Commerce 306 EER) 731
Department of Energy 256 305 366
Department of Health and Human Services 10 19 154
Department of the Interior 38 207 461
Department of Transportation 0 1 52
Environmental Protection Agency 18 20 51
National Aeronautics and Space Administration 1,469 1,617 1,827
National Science Foundation 246 521 762
Smithsonian Institution 8 8 13
TOTAL (USGCRP) 2,461 3,270 4,822

(:’m U.S. Global Change
S

Research Program
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USGCRP interagency groups

Approximately 400 individuals
participate in USGCRP groups

* Tuning in to teleconferences

¢ Participating in assessment
development

* Active membership in interagency
groups, open to all federal agencies

Current Interagency Groups

Carbon Cycle

International

Activities
g Sustained
Observations
Assessment
Integrated Modeling Indicators

Human Health

Integrated Water
Cycle

Social Science

Adaptation and
Resilience

Coasts

Climate Engagement
and Capacity
Building

(’“‘ U.S. Global Change

S’ Research Program

National Global Change Research Plan

“[The Program] shall develop a 10-year
National Global Change Research Plan
for implementation of the Program”

(GCRA)

* New decadal plan (2022-2031)
released in December 2022

* Four Plan Pillars:
¢ Advancing Science
e Engaging the Nation

e Informing Decisions

e Collaborating Internationally

(’“‘ U.S. Global Change

S’ Research Program
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Our Changing Planet

“Each year at the time of submission to the
Congress of the President’s budget [the
Program] shall submit to the Congress a report
on the activities conducted by the Committee”
(GCRA)

* Qur Changing Planet, USGCRP’s annual
report to Congress, includes:

* Summary of the program’s achievements for
the past year

* Priorities for future global change research

» Budget cross-cut

&\ U.S. Global Change
(‘-D Research Program

OUR CHANGING PLANET

B

The National Climate Assessment Mandate

* “Not less frequently than every 4 years [the
Program] shall prepare and submit to the
President and Congress an assessment which:

* Integrates, evaluates, and interprets the findings [of
the Program] and discusses the scientific
uncertainties associated with such findings;

* Analyzes the effects of global change on the natural
environment, agriculture, energy production and use,
land and water resources, transportation, human
health and welfare, human social systems, and
biological diversity;

» Analyzes current trends in global change, both
human-induced and natural, and projects major
trends for the subsequent 25 to 100 years.”

Fourth National
Climate Assessment

Volume II
mpacts, Risks, and n the United S

NCA4

&\ U.S. Global Change
(‘-D Research Program
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The Fifth National Climate Assessment

Coming in late 2023. Chapters include:

Overview/Summary Findings Agriculture

Earth System Processes Built Environment
Climate Trends Transportation
Water Air Quality
Energy Human Health

Land Cover and Land Use Tribal and Indigenous Peoples

Forests International
Ecosystems and Biodiversity
Coastal Effects

Oceans and Marine Resources

Complex Systems
Economics
Human Social Systems

*knew chapters

&\ U.S. Global Change
(‘@ Research Prograr%\

International context of the GCRA

* Promote international cooperation on global change
research

* Coordinate U.S. activities with the programs of other
nations and international organizations

* Involve developing country scientists and decision-makers in
this research while also building capacity abroad in the
realm of global change science

To these ends, USGCRP develops international partnerships
that advance program priorities, link to program areas, and
leverage investments by other entities

&\ U.S. Global Change
(‘@ Research Prograr%\
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Recent Priority Topics of Interest

* Expanding USGCRP Participation and Membership
* Lots of interest from non-member agencies
* DHS became the 14th member in February 2023

* Fulfilling USGCRP’s full “global change” mandate
* National Nature Assessment (E.O. 14072)

* Expanding Role in Providing Climate Services
* Involved in an emerging Federal climate services framework
* Climate information and validation

* Climate Security
* Collaboration with ODNI

* Linkages to Climate Security Working Group

(’5'\‘ U.S. Global Change
\ls’ Research Program

Connect with us:

E @usgcrp
Thank you 7] waer

GlobalChange.gov

Mike Kuperberg
mkuperberg@usgerp.gov

(’5'\‘ U.S. Global Change
\ls’ Research Program
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3.2.1.3 Questions and Answers

Question:

Is the peer review with the National Academies mandated somewhere or is that something that
you decided to do?

Answer:

The law requires that we partner with the National Academies for the development of our
strategic plan. There is also an OMB policy that defines something called a highly influential
scientific assessment (HISA). The national climate assessment is a HISA and has to go to
external peer review. Because we have an existing relationship with the National Academies
through our strategic plan, we use them as our external peer review body for the national
climate assessment. So, it's mandated that we have an external peer review. It doesn’t say that
is has to be the National Academies. We see the National Academies as the gold standard on
external peer review and so we use them in that way.

Question:

How does the private sector participate or give information or their position on things to
USGCRP? Is this strictly a federal group talking to other federal members or is there some
mechanism for the private sector to have some involvement?

Answer:

There are mechanisms. We work with the private sector through open public venues. However,
we are mindful of and we work within the Federal Advisory Committee Act, which makes it
difficult to work with external bodies if they are not established. The National Academies has a
standing committee that we support, that provides us with advice as well as input on our
strategic plan and the review of the National Climate Assessment. So that is a body, it's
essentially our advisory committee, a federally chartered group, the National Academy, that
meets regularly and does provide ongoing advice to us.

All the activities that we are working on, the National Nature Assessment that | mentioned
earlier, the National Climate Assessment, have a very strong external input process. The
National Climate Assessment will have gone through three or four federal register notices where
we put out open comment on a pre-prospectus, the full prospectus, and then the third draft of
the National Climate Assessment went out for public comment. So, we work within the rules that
govern the federal government. We work as closely as we can with the external community, and
that’s not just academia. We invite and encourage input from the private sector as well. The
National Climate Assessment will have authors. Approximately 50% of the authors are from
outside the federal government. Many of those are academic, but you don’t have to be. We can
and like having private sector folks involved in the National Climate Assessment.

Question:

How does the National Climate Assessment relate to Intergovernmental Panel on Climate
Change (IPCC) reports?

Answer:

The IPCC is the United Nations body that assesses climate change (it's a big international
assessment).

These bodies, whether it is the National Climate Assessment or the IPCC, assess the scientific
literature. They don’t do new research or create new findings. They assess the existing scientific
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literature and make broad statements about what we know, what we understand, what we
expect, and what we project into the future. The U.S. National Climate Assessment focuses on
the United States. Even in the international chapter it looks at the impact of international climate
change on the United States. The IPCC is an international assessment. North America is a
region for the IPCC. It’s very similar science and the numbers are very similar (e.g., temperature
projections or precipitation projections into the future) because they all come from the same
place. They all come from the output of global climate models and the consolidated scientific
literature that is available.

Question:
Does the USGCRP develop any policy recommendations?

Answer:
No, USGCRP is staunchly policy neutral. Our goal is to provide information that informs policy.

Question:

IPCC says we have a small window of opportunity to reduce greenhouse gases. Does USGCRP
agree? Will NCAGb reflect that?

Answer:

Yes, USGCRP agrees with that finding. You will find that same finding in the 4" National
Climate Assessment. | believe you will find that more starkly in the 5" National Climate
Assessment.

3.2.2 Presentation 1B-2: A Coastal Flood Regime Shift Is on the Horizon

Authors: William Sweet, NOAA National Ocean Service

Speakers: William Sweet

3.2.2.1 Abstract

The US Interagency Sea Level Rise Task Force recently released their 2022 report that 1)
updated the 2017 sea level rise scenarios for the U.S., 2) provided extreme water level
probabilities based upon a regional frequency analysis of tide gauge data and 3) assessed how
minor, moderate, and major flood probabilities associated with contemporary infrastructure-
vulnerability and emergency-response criteria will change in the coming decades unless action

is taken. This talk will review the findings of the 2022 report and discuss some next steps to
continue to quantify coastal flood risk today and tomorrow.
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3.22.2 Presentation (ADAMS Accession No. ML23177A157)

A Coastal Flood Regime
Shift Is on the Horizon

Probabilistic Flood Hazard Assessment (PFHA) Research
Workshop

March 21, 2023

William Sweet

National Oceanic and Atmospheric Administration

Sea Level Rise
oding

* (Minor) high tide floeding
is more than twice as
likely than 20 years ago
along US. coastlines.

* The rate of flooding is
accelerating along most
East and Gulf coastlines.
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Effects of Sea Level Rise:

Doubling of (minor) High Tide Flood Risk

U.S. (2 minor) High Tide Flooding and Sea Levels
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NOAA/Sweet et al. (2021): 2021 State of High Tide Flooding and Annual Outlook

Sea Level Rise

The rate of rise is accelerating and the U.S East and Gulf Coasts are higher than average.

NASA Sea Level Change Portal
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Sea Level
Rise
* About 1 foot (0.3 m)

1<
1O 8 e 0

100 years along the 0 e
US coastline

®* The rate of rise has
been accelerating
over the last 50

years... where is
it going?

2022 Interagency Sea
Level Rise Report

e How much sea level rise should the
U.S. expect by 20507

How much could sea levels rise by
2100 or 21507

What is the risk of a:

o 2-foot (disruptive) flood
o 3-foot (typically damaging) flood
o 4-foot (often-destructive) flood

now and by 20507
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What are Sea Level Rise Scenarios?

e Assessthe plaUSibl.e Sea Level Scenario in this Low Emissions High Emissi Considers Possibl
i Report Low Warming High Warming Rapid Ice Sheet Loss
future range using ARG (2100 Value)

Low (0.3 m) .

e Incorporate future

i ) . Int: diate-Low (0.5 m)
emissions, warming and remedmeT e O ®
our current scientific Eertoadiste {2 o) ) o O
understandi ng Intermediate-High (1.5 m) ) . .
e MR High (2m)
e 5 possibilities from Low O @
tO ngh (1 tO 65 ﬁ' by . Small Contribution . Medium Contribution . Large Contribution

2100)

U.S. sea levels expected to Contiguous U.S.

be, on average, 10-12 in. 07 Toy
higher in the next 30 years 0€ 1
(2020-2050) 05 1
€ 04 1
® Equals rise from the past 100 years T o5
3 03
Observations agree with models 3 02
01
Smaller range across scenarios and a5
greater confidence in the potential 0
SLR in next 30 years ' 1980 2000 2020 2040
— | oW
= |ntermediate-low === Altimetry observations
= |ntermediate &= Tide-gauge observations
=== |ntermediate-high === Present trajectory
High
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Sea Level Rise Scenarios Differ Geographically

Intermediate High (1.5m) (2050)

e Physical processes affect U.S.
coastlines differently:
o Vertical land motion
o Heating/Circulation
o Where ice melts

0.6

0.5

0.4

0.3

Sea Level Rise (m)

e Higher sea levels projected along
East and Gulf vs. West Coasts

e Observations and models agree

Regionally, U.S. sea level rise
will be different.

By 2050, sea levels are
expected to be higher
(2020-2050):

0.25 - 0.35 m for the East coast
0.35 - 0.45 m for the Gulf coast

0.1 - 0.2 m for the West coast

0.2 - 0.25 m for the Caribbean

0.15 - 0.2 m for the Hawaiian Islands
0.2 - 0.25 m for northern Alaska
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High Tide Flood Risk Communication

flooding is about moderate is 2.75" and major is 4' above high tide)

Beginning to graduate risk within FEMA's coastal floodplain

> Shallow flooding in the most Widespread flooding of Severe flooding will cause

vulnerable locations near the vulnerable areas will resultin an extensive inundation and flooding
waterfront and shoreline resulting elevated threat of property of numerous roads and buildings
in a low threat of property damage. resulting in a significant threat to
damage. » 1to2feet of inundation property and life.

» Up to 1foot of inundation in primarily in shoreline and » 2to3feetor moreof
shoreline and vulnerable areas. vulnerable areas. inundation.
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Sea Level Rise, Loss of Freeboard and Flooding

Typical reach of
daily ‘tides’—bell
shaped curve
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High tide flood risk Alerts
NOAA Coastal Inundation Dashboard

V Coastal Inundation Dashboard About W Station List W SharoMap ¥ Logend WP LatostData = [ Muls-Station View

EY L7 ™ e

CANADA
:-.h ") Y

?é“'f i

Patch.com (photo: Annapolis Office of Emergency Management)

Dispiay Time: Wed, Apr 6, 2022 9:12 am (EDT)

Sea Level Rise and Acceleration in Flood Frequencies
and the Transition from Storm Surge-to-Tidal Flooding

See below for the high tide flooding trends and outlooks for each tide station monitored by NOAA.

o
Projected
High Tide
Flood Days
in 2021

Mayport (Bar Pilots
Dock),FL

Year Fiood Days

2021
Projected High Tide Flood Days

Year Flood Days

2022

2050 40-60

Average No. of flood days in 2000: 1
Record No. of flood days: 8

@ TIDES:

Home | Products | The State of High Tide Flooding and Annual Outiook
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A growing need (sea level rise) to graduate flood risk

within FEMA Coastal Floodplain

By regionalizing tide gauge data (points
shown), gridded probabilities can be
localized for any community...local risk is
estimated from a regional perspective.
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What does 2050 hold with 30 more years of SLR?

A coastal flood with significant consequences to
coastal infrastructure, communities, and ecosystems
without additional risk reduction measures.
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In 2050:
! St. Petersburg/ Tampa Bay
! (w/ 0.35 m of additional rise):

Minor: >50 days/year

(1 ‘event’/year in 2020)

* Moderate: 1-5 events/year
(5-year event in 2020)

* Major: 5-year event
(20-year event in 2020}

“Moderate Level High Tide Flooding”
in Norfolk, VA

Then (1990): Every 5 years
Now (2020): 1 event/year :
Headlights (2050): 5-10 events/year
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Summary Points

e Nationally, sea levels are headed about 1 foot higher in the next 30 years (2020-
2050) and at least 2 feet or more by 2100.

e [ower emissions = lower sea levels by 2100+

e \Without action, US headed for a ~2050 coastal flood regime shift: 1 foot
separates minor (~2'), moderate (3') and major (4') flood severity levels.

e Elevation matters—lower elevations are at greater risk.

e Heavier rains, stronger storms and rising groundwater tables are compounding
factors.

@ National Ocean Service
sl Oceanc nd Amospherc Adminisision
V praek:

2022 Sea Level Rise Technical Report

Updated projections available through 2150 for all U.S. coastal waters.

Questions?

News & Features  Understandiing Sea L

William Sweet/NOAA

william.sweet@noaa.gov

Ben Hamlington/NASA

Benjamin.D.Hamlington@jpl.nasa.gov

3.2.2.3 Questions and Answers

Question:

So, if | understand correctly, a flood that was happening every once every 10 years can now be
expected maybe once a year and something that was happening once every 100 years we
could now expect every 10 years. Is that understanding correct?
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Answer:

More or less. The idea is that the storms may not be changing, but the water levels that are
associated with the let’s say 1% or 5% chance event will become more frequent as sea level
rises. A lesser storm can produce a similar water level height, as it’s referenced to ground,
looking forward with higher sea levels. So yes, as sea level increases, there would be an
increase in flood frequency or the likelihood of flooding without any changes in storms.

Question:

If we go way out on the tail, can | extrapolate and say something that I'd expect once in a million
years would now happen once in a hundred thousand years?

Answer:

That is of interest, but to get out there to those low probabilities like the 10,000-year event, we
need to think about ways of assessing risk, like what is the sedimentary evidence? There’s
evidence that the hurricane Sandy storm surges have happened in New York maybe 3 or 4
times in the last 500 years if we start using other records. So that really gets into data
exploration. You really need to up your sample size to understand. Mathematically, you can
extend the tail of those plots | showed you out to a million years. Would | have faith in it? The
confidence intervals would explode. That's an emerging science to say how can we actually get
more data sets involved to give us more robust very rare event water level probability.

Question:

Have coastal reclamation, estuary dam construction, etc., been taken into account in assessing
sea level rise?

Answer:

Yes. We pulled directly from the IPCC AR6. Groundwater pumping is contributing now.
Impoundment was definitely something that helped retain water on land in the fifties, sixties,
seventies, but it's a small contribution, maybe 5%. It varies, but has been factored in. It's a small
contribution about 5%. A much smaller contributor than melting of ice sheets and thermal
expansion.

3.2.3 Presentation 1B-3: Observation-based Trajectory of Future Sea Level for the
Coastal United States Tracks Near High-end Model Projections

Authors: Benjamin Hamlington?, Don Chambers?, Thomas Frederikse?!, Soenke Dangendorf3,
Severine Fournier?, Brett Buzzanga!?, R. Steven Nerem*; INASA Jet Propulsion Laboratory,
2University of South Florida, Tulane University, “University of Colorado, Boulder

Speaker: Benjamin Hamlington
3.23.1 Abstract

With its increasing record length and subsequent reduction in influence of shorter-term
variability on measured trends, satellite altimeter measurements of sea level provide an
opportunity to assess near-term sea level rise. Here, we use gridded measurements of sea level
created from the network of satellite altimeters in tandem with tide gauge observations to
produce observation-based trajectories of sea level rise along the coastlines of the United
States from now until 2050. These trajectories are produced by extrapolating the altimeter-
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measured rate and acceleration from 1993 to 2020, with two separate approaches used to
account for the potential impact of internal variability on the future estimates and associated
ranges. The trajectories are used to generate estimates of sea level rise in 2050 and
subsequent comparisons are made to model-based projections. It is found that observation-
based trajectories of sea level from satellite altimetry are near or above the higher-end model
projections contained in recent assessment reports, although ranges are still wide.

3.2.3.2 Presentation (ADAMS Accession No. ML23177A158)

National Aeronautics and =
Space Administration NASA SEA LEVEL CHANGE TEAM

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

Observation-based Trajectory of Future Sea Level for the
Coastal United States

Ben Hamlington, NASA JPL

Co-Authors:
William Sweet, NOAA; Don Chambers, USF; Thomas Frederikse, NASA JPL; Soenke Dangendorf, Tulane
University; Severine Fournier, NASA JPL; Brett Buzzanga, NASA JPL; R. Steven Nerem, University of Colorado
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- Global and Regional Sea Level Rise™ earth & environment
Scenarios for the United States . (5 S
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Observation-based trajectory of future sea level for
the coastal United States tracks near high-end
model projections
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Evolution of Observations, Sea Level Projections and
Planning

Observations
Records of sea level are getting longer, overlapping with projected time periods, and showing
significant accelerations.

Projections

+ With the updated science that is covered in the IPCC ARG report, the potential for high
amounts of sea-level rise from rapid ice sheet loss has been assessed to occur further into
the future.

Planning Horizons
As a result of a) the sea-level rise already experienced, b) the impacts already being felt, c)
the uncertainty of future sea-level rise on long timescales, important planning horizons have
shifted to the near-term.

Global and Regional Scenarios Sea Level Rise Scenarios for
the United States

What's in this report? What’s new?

« SLR Scenarios for U.S. at « Scenarios updated using science
regional (1-degree gridded) and from IPCC 6th Assessment Report
local level (tide gauges) from
2020 to 2150 « Comparisons of models vs. tide

gauge and altimeter observations

« Trajectories of SLR from 2020
to 2050 based on tide gauge « Increased focus on near-term
observations from 1970-2020 time period (2020-2050)
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Observation-Based Extrapolations/Trajectories

Motivation:

* As aresult of increasing observational record lengths, there an opportunity
to use tide gauge and satellite observations to assess near-term sea-level
rise.

What are we producing?
+ Observation-based extrapolations from tide gauge observations from 1970-
2050 at the global, national, regional and local levels.

How are these used?

+ Serve as an independent comparison to the scenarios.

* Provides information on current trajectory and which scenario we might
currently be following.

Observation-Based Extrapolated Projections

Procedure:
1. Eleven separate regions are chosen around the U.S. coastlines to minimize the effects of highly
localized VLM and natural variability.

2. The tide gauges in each region are grouped and combined to generate a monthly time series of
relative sea level from 1920 to present.

3. Natural variability is partially removed through regression analysis using climate indices
representing El Nifio-Southern Oscillation, Pacific Decadal Oscillation and North Atlantic
Oscillation.

4. The rate and acceleration from 1970 to present is computed and the uncertainty on each term is
assessed accounting for the influence of remaining natural variability.

5. The rates, accelerations and uncertainties are used to generate an ensemble extrapolations with a
baseline year of 2000 and extending to 2050. Median projections and a likely (17th-83rd) range are
computed from this ensemble.
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Observation Trajectories vs. Scenarios

Global Scenarios 2020-2050 (relative to 2000)
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Observation Trajectories vs. Scenarios
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Observation Trajectories vs. Scenarios
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(A) Scenarios and observed trajectory of sea level rise for Pago Pago, American Samoa, from Sweet et al. (2022),
showing disagreement between observations and the range of future projections. (B) Vertical land motion
measured at the ASPA GPS station in Pago Pago. Adapted from Collini et al. (2022).

3-59




Using Satellite Altimeters to Assess Trajectory

nasa Satellite Record of Sea Level Rise
2022

CURRENT RATE
0.44 cm/year

A 2022 RISE
0.27cm

GLOBAL RISE SINCE 1993 (CM)
(%) S
GLOBAL RISE SINCE 1993 (INCHES)

TOTAL RISE

9.1cm
SINCE 1993

Using Satellite Altimeters to Assess Trajectory

Sea-Level Trends 2608-2008

Sea-Level Trend (Inches/Decade)
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Using Satellite Altimeters to Assess Trajectory
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Using Satellite Altimeters to Assess Trajectory
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Observations

* Records of sea level are getting longer, overlapping with projected time periods, and
showing significant accelerations - can be informative of trajectory of sea-level rise in
“near-term”.

Projections

»  With the updated science that is covered in the IPCC ARG report, the potential for high
amounts of sea-level rise from rapid ice sheet loss has been assessed to occur further
into the future > smaller range in the “near-term”.

Planning Horizons

* As aresult of a) the sea-level rise already experienced, b) the impacts already being felt,
¢) the uncertainty of future sea-level rise on long timescales, important planning horizons
have shifted to the near-term - need better information and a focus on the ”near-
term”.
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Thanks for your time!

Questions?

3.2.3.3 Questions and Answers

Question:
How does the sea level rise model consider ocean-atmosphere coupling?

Answer:

Not very well at this point. There are certainly simplifications that are made within the
projections. The scenarios that Billy and | have both talked about really connect to the AR6. The
foundation of those scenarios is within the IPCC ARG report and the way those projections are
built up are by integrating across different processes, so the ice sheet models incorporate a
certain amount of information and the CMIP5 and CMIP6 provide the ocean side of things. But
there are definitely limitations in how well certain processes are captured with the ocean
atmospheric coupling being one of those.

Question:

How can you check the quality of observational data in predicting sea level rise using observed
data?

Answer:

It's a difficult thing to do if we think about these trajectories going forward from our observations.
We have an associated likely range with those, where we try our best to capture the
uncertainties in the rates in accelerations what we can estimate from the observations
themselves. But any inference or interpretation of those observations must be considered
alongside those likely ranges, those uncertainties. So, | don’t know if there is a good way to
check. We can compare our observations to the models, but if there is misalignment it tells us
either we are not capturing something in the observational uncertainties or there is something
missing in the models. It requires additional research to find out where the problem might sit.
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Question:

On the whisker plot slide, what do the red dots represent? Are they projections based on
observed data?

Answer:

That’s right. They are projections based on observed data. | kind of glossed over this, but we
actually took a couple of different approaches to correct for the natural variability and its
influence on rates and accelerations and that was one of those specific ways of doing that. That
does go back to the other question. Trying to figure out ways to understand the separation of
natural variability from the forced response to isolate that trend that we want to project out into
the future within the observations is a really key part of this work and something that is ongoing
in terms of research.

3.2.4 Presentation 1B-4: National Weather Service Forecasts for the late December 2022
to mid-January 2023 West Coast Atmospheric Rivers

Authors: Mark Fresch?, Alex Lamers?; INOAA National Weather Service Office of Water
Prediction, 2NOAA National Weather Service Weather Prediction Center

Speakers: Mark Fresch, Alex Lamers
3.24.1 Abstract

Accurate precipitation and hydrologic forecasts are crucial for mitigating natural disasters such
as floods or droughts and optimizing reservoir operations for diverse and sometimes competing
user needs. This presentation will describe the heavy precipitation and flooding impacts from a
sequence of 9 atmospheric rivers into the state of California in approximately 3 weeks from late
December 2022 to mid-January 2023. In that time frame, the state of California received an
average of over 11 inches of precipitation. The presentation will describe how the National
Weather Service (NWS) forecasts these atmospheric rivers, the challenges of forecasting and
communicating the expected precipitation and associated impacts, and new frontiers in
forecasting these events.

The NWS has also developed the Hydrologic Ensemble Forecast Service (HEFS). The HEFS
uses “raw” precipitation and temperature forecasts from weather and climate forecast models
and provides bias-corrected ensemble forcing and streamflow forecasts at forecast locations
across the US. Streamflow forecasts from the HEFS have shown consistently better quality than
those from the climatologically based Ensemble Streamflow Prediction (ESP), which is being
replaced by the HEFS. This presentation explains HEFS, shows validation results for HEFS,
including from January 2023 atmospheric river events, and describes future enhancements for
the HEFS.
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3.24.2 Presentation (ADAMS Accession Nos. ML23177A159 and ML23177A160)

National Weather
Service Forecasts
for the late
December 2022 to
mid January 2023
West Coast
Atmospheric Rivers

Alex Lamers
Mark Fresch

OWP

OFFICE OF
WATER
PREDICTION

.What are Atmospheric Rivers?g.
‘Lx, narrow regions in the atmosphere, Iizri\er in the sgthat \ 7

transport most of the water vapor outside of the tropics
b - .. = = &/

Contributes to both the water supply and flooding risk

-

-
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What Happened In
January 20237

Total Precipitation

December 26, 2022 to January 17, 2023

» California statewide precip
average of 11.47 inches

» Equivalent to about 32 trillion
gallons of water

* Wettest 22 day stretch on record
at the following locations:

* Qakland (18.33")
* San Francisco Airport (15.28”)

» Stockton (10.79”)

Premﬁltatlon Accumulatlon Inches
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Total Snowfall

December 26, 2022 to January 17, 2023

* Over 15 feet of snow in about
3 weeks in the highest
elevations of the Sierra Nevada

* Sierra snowpack as of Jan 17:
e 251% of normal for the date

* 124% of April 1st average

* 240 inches (20’) at Mammoth
Mountain Main Lodge

* 182 inches (15’) at Donner Pass

Totals over 180 inches (15 feed) shaded in pink

Percent of Annual
Average Precipitation
December 26, 2022 to January 17, 2023

* Not exactly an apples-to-apples
comparison, but close.

« Stage IV observed precip from NWS and
PRISM annual averages

* Much of central California saw over
half their annual average
precipitation in about 3 weeks

* Observed Bay Area comparisons:
» Oakland: 88% of annual avg.

» Downtown San Fran.: 77% of annual avg.

22-Day Precipitation as Percent of Avg. Annual Precip
[ 0to10 [ 10t020 [ 201030 [ 30t040 [40to80 | 50t060 [ 60070
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Details Mattered Too

mber 29, 2022

January 1, 2023

January 4, 2023 January 9, 2023

24h Rainfall (inches)

1

January 16, 2023 January 17, 2023

Precipitation NOT Evenly
Distributed Across the 22 Days

Bursts of heavy precipitation with
specific atmospheric rivers led to more
hazardous impacts at times.

9 of these days were above the 95th
percentile for DJF daily precipitation in
California since 2005 (out of ~1600 days)
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Top 10 Wettest DJF Days in California 2005-2023

Jan. 5, 2008 Jan. 9, 2017 Jan. 10, 2023 Feb. 28, 2006 Dec. 20,2010

#1 #3 #4 #5
421k inches 36.1k inches 34.2k inches 321k inches 30.1k inches

X
i \ .
LR 5 >
i 3 J
_J 4 3
Dec. 16, 2016 Dec. 12,2014 Jan. 21,2012 Dec. 31, 2005 Jan. 17, 2019
# # 8 # #1
29.9k inches 29.7k inches 296k inches 29.5k inches 29.1k inches

3
|

P
pnal Vieather Service \
ther Prediclion Center
ge Park, MD

-7 R —
~ —
o )

4
|

23-day accumulated precipitation (inches), Dec. 26, 2022 to Jan. 18, 2023

Locally Severe Impacts (Felton, CA})
- 1 Fadatey L

toul dNCreek

i/ Legend

Monitoring Location

s @ Active Monitoring Locations
\ R 8 Dy [l Upstream Flowline 8
h 5 Downstream Flowline
3 N Santa Crur mif‘.“',,‘_'{"‘ Upstream Basin d |7
Ty S ke RiodelMar g ol 6
o b site w,,]?m—H
X Gage height, t @ 5
o ——— 4
o major flood crests i
3
: 5
R I\ 1-— Select point observations from CoCoRaHS
M o o

Gridded 24-hour precipitation (NetCDF) available
H at: https://water.weather.gov/precip/
T = - == [Mapping by NOAA/NWS Weather Prediction Center
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Extreme Precipitation Rates

Occasional instances of extreme precipitation rates embedded in the multi-week event led to significant impacts

UC Berkeley Central Sierra Snow Lab

@UCBCSSL
MASSIVE STATISTIC: Official| #snowfall rates of 7.5" per hou*t the lab
between 4-5pm today. Snow is Tight and TIuffy.

Onsite researcher recorded the daily 4pm measurement and went back
to check accumulation an hour later.

#CAwx #CAwater #CAsnow #Snow #Weather #AtmosphericRiver

P 192.3K views 0:12/0:20 apy 7

8:21 PM - Dec 31, 2022 - 520.7K Views

Rascal ll Racing

@PearsoriTriton

Serious Flooding @ Henry Adams St. San Francisco

Downtown San Francisco
On Decembe , 2022
2nd wettest day in 170+ y
1.82" rainfall in 2 hours (~1
0.97” rainfall in 1 hour (~2

3:23 PM  Dec 3

orecastin
Atmospheric Rivers
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Key Factors

* How much moisture is there in the atmosphere?
» How strong are the winds?

* What is the angle of approach?
= How long will it last?

Stronger winds that are more perpendicular to the
terrain gradient will lead to greater vertical motion

HEAVY RN
AND SNOW

WARM, MOIST
AIR FROMTHE
TROPICS

Integrated Vapor Transport

IVT is a combination of the atmospheric moisture content and the wind speeds, integrated through the troposphere.
A good metric that corresponds to a lot of the key factors for forecasting atmospheric rivers.

Forecasters can examine probabilistic data to get at the most likely timing and placement.

15-d ECMWF EPS Prob of IVT>250 kg/(ms) Model Run: 00Z Wed 4 Jan 2023

=

Hours.
N L0~ 195 hours

50°N

40°N

Examining the angle
of the winds is
important too!

w
@
z
‘l

35N

Latitude along West Goast
&
2
|

30°N = -] Integrated Water Vapor Transport (kg m ' 5 )
90-h forecast valid 18:00 UTC Sat 07 Jan 2023

W
S
<

Lot

25°N
140°W

n
a
4

16 15 14 13 12 11 10 9 8 7 6 &5 4 3 2 1 0
D Forecast Day from 00Z on Wed 4 Jan 2023 --------
ﬁ Ganter for wester

’.MJJ

0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
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QPF Serves as the Foundation

5 168-Hour Day 1-7 QPF

Valid 00Z Wed Jan 04 2023
Thru 00Z Wed Jan 11 2023
Issued: 2146Z Tue Jan 03 2023
Forecaster: WPC
DOC/NOAA/NWS/NCEP/WPC

* QPF is the Quantitative
Precipitation Forecast

* Collaborated with the entire NWS
field structure

* Our “best guess” for liquid
equivalent precipitation over the
next week

* Going to represent larger scale
average amounts, not every local
minimum and maximum

 Forecast extends out 7 days
* QPF can be, and is, fed into

hydrologic models and river
forecast models

QPF Verification for the Western U.S. in this Period

December 1, 2022 thru Jan. 18, 2023, Day 1 24-hour 1-inch QPF CSI 1.0
—_ = =, - I
o
X 0.8
| - l 0.6
-
LE]
-0.4
G kill for the bi ! joe
reater skill for the bigger events!
< o ® o < o 0.0
n ~ n ® anm © aamenon cHNmYWO~®
23838858330 RNl ARRRRNRRRNEEE3885883 132323517
B I T I B T O R D RO RORO RO
A AAAAAAAAAAAAAAAAAAAARAAASAASAAASA~000000000000000000
Month-Day
25
'wpcblent
c
mm\ggc
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nbmp
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i
£ ukmet 15
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What Does a Forecast of Rain Actually Mean?

Something very common... ...can have uncommon results

S — < — = = s R 4 ] . S " X
The average American will experience However, some people will never experience a
thousands of rainy days in their lifetime true flooding catastrophe

The context is crucial! If we’re forecasting an inch of rain it matters where that’s falling,
and how fast it’s falling. Is it all arriving in an hour, or evenly spread through the day?

We “Translate” with the Excessive Rainfall OQutlook

Answers the Question:

What are the chances of rainfall intense enough that
it would be expected to cause flash flooding?

Other Things to Know:

/ A situational awareness and planning tool
that “gets your head in the game”

x Not an explicit forecast of flash flooding at a
specific location

‘/ Accounts for uncertainty in placement, timing

all Outlook ey — - E SN g

1 Excessive Rain = of intense rainfall, and summarizes the larger
Yira 165 ToaJan 10,2055 [k of il exceedng fashfood guidance 3 scale risk factors such as wet soils
Issued: 1557 Mon Jan 09 2023 WS Ies oL ERRTL gl % 4
Forecaster: SNELL HIGH: At Least 70% SLGT: At Least 15 & ~R
DOC/NOAANWS/NCEP/WPC

MDT: At Least 40% MRGL: AtLeast5% § = =

Verification shows these probabilities are reliable. That is, when we say
there is a 40-70% chance of rainfall-induced flash flooding within 25
miles of a point, it really does happen about 50% of the time.
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Key Messages

* WPC has been producing plain language
Key Messages for winter storm events for
several years

» Goal: an easily-understood summary of
the most important weather information
over a larger region, combining insights
from WPC forecasters at the national
level, and local level NWS forecasters

« Took the unusual step in this case of
emphasizing the entire sequence of
atmospheric rivers and the cumulative
accumulation instead of focusing on each
individual event in isolation

« Developed novel map graphics to
combine the snow and rain forecast
information on a single map

| National Oceanic and
| 8 G

ic rivers will

e Strong Atmospheric River Arriving Today
A powerful atmospheric river is arriving in California today
and will continue into Thursday.

e Dang: Travel Conditi in the
Extremely heavy snow rates above 3 inches per hour are
nearly certain above 5000 feet, which will lead to
dangerous, and at times i travel in the

of northern and central California.

e Heavy Rain, Flooding Likely at Lower Elevations
Considerable flooding impacts are likely, especially
Wednesday Night to Thursday. Rain rates over 1 inch per
hour may lead to rapid water rises and mud and rock slides.
Coastal areas of California and the Sacramento Valley are
most at risk.

e Downed Trees and Power Outages Possible
Widespread wind gusts in excess of 50 MPH and saturated
soils may make trees more susceptible to blowing down,

i 3 Potential Snow Impacts through Frida

with power outages also possible. ! P A
@0 Moderate Impacts Disruptions to daily life

o S 2 Considerable disruptions to daily lf

e Additional Atmospheric Rivers into Next Week @ Extreme impacts s«:tai'z?m:m'::':on: 7 da:v o

The next atmospheric river will arrive Saturday, and another

one on Monday. The cumulative effect of many rounds of 7-Day Precipitation thru Early Wednesday, Jan 11
heavy precipitation may lead to increasing impacts. i 2 _

For more information go to: Weather Prediction Center
- o College Park, MD

Key Messages graphic issued by WPG on January 4th for the California atmospheric rivers

West Coast Atmospheric

early 2023

OFFICE OF
O \ x / P‘ WATER
PREDICTION

Rivers - Hydrologic'Ensemble
Forecast Service (HEFS)

\/

Mark Fresch, March 2023
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Hydrologic ensemble forecasts

<

A collection of streamflow (e.g.

Hourly River Level Probabilities
NAVARRO RIVER - NAVARRO (NVRC1)
Created: 1/7/2023 at 9:00 AM Pacific Time

rivers) forecasts 45 72840
Drives probabilistic forecasting ) 451028
needed for risk-based e —
decision making
= 30 + 20,880
Becoming the standard, over H z
single value (deterministic) 52 il /7(\\ 12208
forecasts £ \ bﬂ \\> -
Provides guidance to human i) \/é o
forecasters
10 - 2,190
h Jan 08 Jan 09 Jan 10 Jan 11 Jan 12 “
Sun Mon Tue Wed Thu
12am 12am 12am 12am 12am

Date/Time (Pacific)

Chance of River Level
Exceedanca (Feet)
Forecast Period:
01/07/2023 4 am - 01/12/2023 4 am

Flood Stage
2011 96%

=8~ Observed
Official Forecast
(Deterministic)
=&~ Ensemble Mean
£ Model Traces
Hourly Probabilities
0-5% chance
5-26% chance
25-40% chance
40-60% chance

Hydrological Ensemble Forecast Service (HEFS) - Introduction

HEFS incorporates forecasts of precipitation and temperature into the forecast, an improvement over

traditional hydrologic ensemble forecasts, which are based on climatology

HEFS
GLBW1 - HEFS Flow

Climatology-based ensemble forecast

GLBWI1 - ESP Flow

@

—— Deterministic forecast

~--+ Observations

L e et

on-,
ot

.-
et 090 -5 a-0 00

—— Deterministic forecast

~--+ Observations

.
Tttt eessee
e e

w
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HEFS structure

weather forecasts )

- E forcing
0 = flow
() = verification

WPC/RFC
forecasts
(1-5 days)

GEFS
(re)forecasts
(1-16 days)

Meteorological Ensemble
Forecast Processor
(MEFP)

* Handle bias/spread
* Merge in time
* Downscale (basin)

CFSv2
(re)forecasts
(1-270 days)

Climatology

Ensemble
Post-processor
(EnsPost)
» Correct bias
* Quantify uncertainty
* Use recent obs.

Bias-corrected
ensemble flow
forecasts

Raw ensemble
flow forecasts
(flow models)

Ensemble

(any)

Verification
System (EVS)

New York City - Early HEFS user

NYC Water Supply
« Croton; Catskill; and Delaware
watersheds

« Includes 19 reservoirs, 3 lakes; 2000
square miles

« Serves 9 million people
« Delivers 1.1 billion gallons/day

« Uses HEFS forecasts in a decision
support system

+ Avoids ($10B+) water filtration costs

@

Catskill/Delaware 4
Watersheds &

NVC -~
New York City's
Water Supply System

[ Catskill / Delaware Watershed Area

[0 Croton Watershed Area

W Rivers and Reservoirs

——— Catskill Aqueduct and Tunnels
Croton Aqueduct

= Delaware Aqueduct and Tunncls
County Borders
State Borders

www.ayc.gov/dep )

[&)]

3-76




New York City Reservoir Management Decisions

Ashokan Reservoir

“Mission critical decision
to manage shutdown of
RBWT Tunnel based on
HEFS forecasts”

Aqueduct Bypass

HEFS streamflow
forecasts are used to “HEFS forecasts critical to protecting
optimize and validate NYC drinking water quality during
the NYC OST for high turbidity events”
million/billion dollar
applications

Risk to water availability from
Delaware Basin reservoirs

L T
S0
50-
“HEFS forecasts help 291
3 optimize rule curves for 38': I I I | I I
(Cannonsville Reservoir Spillway) seasonal storage objectives
in NYC reservoirs” “HEFS forecasts used to determine risks

to conservation releases”

<

Russian River/Lake Mendocino, CA

5’2'\
Xy

G

+ Based on a multi-agency study on Lake
Mendocino, reservoir operations were
changed to use HEFS forecasts to Russian River
inform decisions about releasing or
storing water

+ The study used 25 yrs of HEFS
hindcasts

+ Process can be replicated in other
watersheds

©@
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Russian River/Lake Mendocino FIRO

9

Simulated Lake Mendocino Storage 1985 - 2010
120000 " T T T T T T 9 T T
|
100000 - |
&‘; 80000 -
&
()
=]
5
& 60000 - -
40000 - =
20000 ! 1 1 . ! | 1 1 1 1
1985 1987 1990 1992 1995 1997 2000 2002 2005 2007 2010
Date
Existing Of Fo— Forecast O Perfect Forecast Operations - Spillway

103%

86%

69%

52%

34%

17%

Percent Storage Capacity

Dec 30th HEFS for the same event

River Level (Feet)

Hourly River Level Probabilities
COSUMNES RIVER - MICHIGAN BAR (MHBC1)
Created: 12/30/2022 at 9:00 AM Pacific Time

Chance of River Level
Exceedance (Feet)
Forecast Period:

24 am - 23 4 am
18 -] = =r 83,016
16 - 58,304 Flood Stage
1201t 23%
14 \ - 38,837
12 1201t Flood Stage / ~ - 24082 _,
g
3
5  =e=Observed
;m“ Official Forecast
10 13,479 (Deterministic)
~&- Ensemble Mean
== Model Traces
8 — \/\ 6,422 Hourly Probabilities
\ \ 0-5% chance
= . S — 5-25% chance
/ — T 25-40% chance
) 2248 40-60% chance
4- ‘* 411
Dec 31 Jan 01 Jan 02 Jan 03 Jan 04
Sat Sun Mon Tue Wed
12am 12am 12am 12am 12am
Date/Time (Pacific)
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January 8th forecast that resulted in major flooding

40

35—

30 -

River Level (Feet)

25—

20

Hourly River Level Probabilities
BEAR CREEK - MCKEE ROAD (MEEC1)
Created: 1/8/2023 at 9:00 AM Pacific Time

23.0 ft Flood Stage /

T 18,197

~ 14,672

— 10,758

= 7,453

17.0 ft Moniitor Stage

\‘\

—

T
- 2,790

(840) mopd

4734

1,277

36

Chance of River Level
Exceedance (Feet)

/2023 4 am

Flood Stage
201 28%

7011 95%
Monitor Stage

=& Observed

° Official Forecast
(Deterministic)

=@~ Ensemble Mean
Model Traces

Hourly Probabilities
0-5% chance
5-25% chance
25-40% chance
40-60% chance

Jan 09 Jan 10 Jan 11 Jan 12 Jan 13
Mon Tue Wed Thu Fri
12am 12am 12am 12am 12am

Date/Time (Pacific)

10

River Level (Feet)

26

24 —

22

20

18 =

Hourly River Level Probabilities
RUSSIAN RIVER - HOPLAND (HOPC1)
Created: 1/7/2023 at 9:00 AM Pacific Time

2\ AN

- 30,430

I~ 24,869

~ 20,009

15,809

- 11,705

- 8,351

10 ~|

Jan 08 Jan 09 Jan 10 Jan 11
Sun Mon Tue Wed
12am 12am 12am 12am

Date/Time (Pacific)

2,353

— 1,417
Jan 12
Thu
12am

Chance of River Level
Exceedance (Feet)
Forecast Period:

01/07/2023 4 am - 01/12/2
Max
5%
10%.
25%
50%.
75%
90%

) Flood Stage
95%. 150t 96%

== Observed

Official Forecast
(Deterministic)
=@~ Ensemble Mean

Model Traces

(s42) mojd

Hourly Probabilities
0-5% chance
5-25% chance
25-40% chance
40-60% chance

"
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Hourly River Level Probabilities
NAVARRO RIVER - NAVARRO (NVRC1)
Created; 1/7/2023 at 9:00 AM Pacific Time

01,

45 — 72,840
40 - 49,029
35 31,300
Fl St
30 20,880 . ot s
& n i
L 5
® z
25 —| /7(‘ \ 13,808 5 ervet
g
23.0 ft Flood S| E icia ecast
(Deterministic
o
20 — 8,788 nse le Mean
2 Model Traces
\/ 4 Hourly Probabilities
15— 4,995 0-5% chance

5-25% chance

25-40% chance

Summary - HEFS Advantages

e Provides probabilistic streamflow forecasts

e Incorporates the latest weather forecasts

e Allows for risk-based decision making

e (Guidance to human streamflow forecasters

e Completing US roll-out in May 2023 - 95% done

° Futurte: address limitations, especially large precip
events

@
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Thank You!

£, ®
&) . -
7 For more information: Mark Fresch
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https://water.noaa.gov
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3.2.4.3 Questions and Answers

Question:

Broadly, how does the recent December-January, and | guess maybe continuing, atmospheric
river events in California, compare to the ARkStorm scenario® that was developed in a 2011
USGS report? It's obviously less than that but broadly how does it compare? Is it 20%, 50%,
60%7?.

Answer:

David Novak’: In terms of peaks, the ARkStorm event was towards 100”. | think this event
peaked at about 40”.

Joseph Kanney: This is about 40%.

Question:

In Alex’s presentation, he made some comments about the skill of the quantitative precipitation
forecast (QPF) and it being better for the bigger events. | recall a report from the 2010 time-
frame by Marty Ralph, Mark Dettinger and other folks in the Journal of Hyrdometeorology that
compared about 20 years’ worth of QPF, not just for atmospheric rivers, but more broadly for
other storms as well. They had the exact opposite conclusion, that is, the more intense the
precipitation event, the worse the skill was in terms of timing and location. So, my question is,
has the forecasting improved that much broadly, over all types of storms, or is this improvement

6 A modeled scenario of U.S. West Coast winter storm events induced by the formation of Atmospheric Rivers (AR)
and capable of causing massive and devastating flooding. https://www.usgs.gov/programs/science-application-for-
risk-reduction/science/arkstorm-scenario

7 Provided this response in the meeting chat.
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that you’ve noted there something that is more pertaining to the atmospheric river events, that
our forecasting has gotten much better for them.

Answer:

Zack Taylor: In general, the QPF forecasting has improved, just with the improvements in
numerical weather prediction, maybe not necessarily tied to the specific atmospheric river
forecasting. On average, we've seen ~15% improvement in QPF over the decade. This
improvement lags other elements. Atmospheric rivers are some of the better forecast
phenomena, but there is certainly room for improvement. Summer-time isolated thunderstorms
are poorly resolved.

Mark Fresch: | can’t speak to pulling out the data from atmospheric rivers only and comparing it
to overall performance.

Question:
How will climate change affect atmospheric river strength and frequency?

Answer:

Zack Taylor: In terms of climate change and how it impacts these weather events, like all
impacts across all weather events, we would expect to see potentially stronger systems and
maybe perhaps more frequent systems. For atmospheric rivers specifically you might see a
greater frequency within a season perhaps or maybe the strength of them could be stronger. |
think that’'s what we would expect in a changing climate, that the intensity and frequency would
be amplified, whether that means more frequent of them or that the strength of them specifically.
But the direct ties there are a little bit more loose in terms of one particular event to climate
change.

Mark Fresch: Also, on Day 2, there’s a talk by some of my colleagues on precipitation
frequency. They are better to speak towards precipitation frequency than | am.
Question:

Are atmospheric rivers associated with exceedance probabilities?

Answer:

Mark Fresch: We provide exceedance probabilities for any event, including atmospheric rivers.
For the different thresholds of flooding, those are available, and atmospheric rivers are no
different than any other flooding event in that regard, as far as the products available.

Question:

How can atmospheric river events affect the probable maximum precipitation used in riverine
flood or LIP assessments?

Answer:

Mark Fresch: The Hydrologic Ensemble Forecast System (HEFS) is calibrated using past data.
We like to use at least 10 years of data, and the most recent data is the data that we favor,
although it's a bit lagging. It's not predictive in as far as calibrating the hydrologic models or
HEFS ensembles. Again, those atmospheric rivers aren’t labelled as special events, but they
are in the period of record. So those values of observed precipitation are used to calibrate
HEFS, but they are just part of the record.
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3.2.5 Presentation 1B-5: Sharpening of cold-season storms over the western United
States

Authors: Xiaodong Chen, L. Ruby Leung, Yang Gao, Ying Liu, Mark Wigmosta; Pacific
Northwest National Laboratory

Speaker: L. Ruby Leung
3.25.1 Abstract

Winter storms are responsible for billion-dollar economic losses in the western United States.
Because storm structures are not well resolved by global climate models, it is not well
established how single events and their structures change with warming. Here we use regional
storm-resolving simulations to investigate climate change impact on western U.S. winter storms.
Under a high-emissions scenario, precipitation volume from the top 20% of winter storms is
projected to increase by up to 40% across the region by mid-century. The average increase in
precipitation volume (31%) is contributed by 22% from increasing area coverage and 19% from
increasing storm intensity, while a robust storm sharpening with larger increase in storm centre
precipitation compared with increase in storm area reduces precipitation volume by 10%.
Ignoring storm sharpening could result in overestimation of the changes in design storms
currently used in infrastructure planning in the region.
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3.25.2

Presentation (ADAMS Accession No. ML23177A161)

\g/

Pacific
Northwest

NATIONAL LABORATORY

Sharpening of Cold Season
Storms in the Western US

L. Ruby Leung

Pacific Northwest National Laboratory

20 March 2023

PFHA Research Workshop

ENERGY BATTELLE

PNNL ia oparated by Batiells for the LS. Department of Energy

~~  Grid based vs. storm event based analysis of
pacific «« €xtreme precipitation

NATIONAL LABORATORY

* Analysis of flood risk based on grid-scale precipitation ignores the spatial structure of
precipitation produced by storms

* Changes in event-scale precipitation produced simultaneously by the same storms are more
relevant to downstream hazards

¢ |In engineering design, grid precipitation is converted to area-averaged values using grid-to-
area relationship (area-reduction-factor, ARF), which is assumed to be stationary

'nvg = Prot /Acot
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Northwest

AAAAAAAAAAAAAAAA

* Storm-resolving simulations performed using WRF for 1981-
2010 and 2041-2070 using pseudo-global warming (PGW) over
the western US at 6 km grid spacing

* PGW experiments were performed using climate perturbations
simulated by 5 GCMs in CMIP5

* |dentified a total of 8843 daily storm events in 1981-2010
* Storms are analyzed using 4 storm metrics

Pacific Storm metrics

Northwest

Iavg = Prot/Ator

Prot = Ator X It X SC

Iav,g = Prot /Aot
SC = Lyl

S %L A Fupy = T
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(a) sample daily precipitation
(1981-02-26)
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Identifying storms

(b) Patch identification
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\zy/ Storm-resolving simulations well capture the

Pacific

Northwest  StOrm metrics from observations

Precipitation event features (P¢ne=5 mm/day)
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Pacific

Northwest  StOrm metrics from observations

Larger increases in peak intensity than mean intensity,

particularly for storms with higher precipitation percentiles

(typically AR storms)
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‘?/ Decomposition of precipitation volume changes

Pacific
Northwest
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g 2_HIST (NARR}

Area-reduction-factor (ARF)

Regional precipitation = Point precipitation x ARF

a__PNW
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Failure to account for the reduced ARF biases the regional

precipitation by up to 10% too high

Sharpening of cold season storms in the western US
Pacific
Northwest

unonsceonson: o Failure to account for climate change significantly underestimates flood risk due to

increasing precipitation volume (slow rising flood) and increasing peak intensity

(flash flood).

« Accounting for climate change, grid scale precipitation analysis overestimates flood
risk by ignoring storm sharpening or decreasing area reduction factor (spatial

concentration).

a Current b Future

O o A S

AP
Warming to make California downpours even wetter, study says

Chen, X,, Leung, L. R., Gao, Y., Liu, Y. & Wigmosta, M. “Sharpening of cold-season storms over the western United States,”
Nature Climate Change 13, 167-173 (2023). [DOI: 10.1038/s41558-022-01578-0]
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:,{ Background

Northwest

* Increasing extreme precipitation with warming may amplify flood risk

Analysis of flood risk based on grid-scale precipitation ignores the spatial
structure of precipitation produced by storms

Changes in event-scale precipitation produced simultaneously by the same
storms are more relevant to downstream hazards than grid-scale precipitation
associated with different precipitation events

* In engineering design, grid precipitation is converted to area-averaged values

using grid-to-area relationship (area-reduction-factor, ARF), which is assumed to
be stationary

* Event-scale analysis is needed to determine potential changes in ARF, but GCMs
are too coarse to support event-scale analysis of storms

\:/ Response of extreme precipitation events to
Pacific

Northwest Climate change

a Current

Inug = Pror /Aror
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Northwest

* By mid-century under RCP8.5, storm-resolving simulations driven by CMIP5
models project 40% increase in precipitation volume for the top 20% storms

* The increase in precipitation volume is contributed by increase in precipitation
area (22%), increase in storm center precipitation intensity (19%), and offset by
storm sharpening (-10%)

* The 19% increase in storm peak intensity increases risk of localized flooding

* Ignoring the changing area-intensity relationship due to storm sharpening could
overestimate the watershed design storms by up to 10% or 7-75mm across the
western US.

3.25.3 Questions and Answers

Question:
Have you applied this to the East Coast or Alaska?

Answer:

After seeing these results for the western United States, and because these are cold season
storms, | would imagine that warm season storms, such as those convective storms that happen
over the central and eastern United States, could potentially behave in a similar way. As |
mentioned before, the reason we get this special concentration is because the of the increased
moisture in the future and therefore releasing more latent energy that causes the vertical motion
to become stronger. Because of this, | would expect that perhaps for convective storms, this
kind of spatial concentration may become even larger. We have started analyzing similar kinds
of simulations produced by other storms across the United States and then we can look at how
warm season storms might behave, similarly or not, for a comparison.

Question:

Your description of how the vertical motion plays into this makes a lot of sense for mesoscale
convective systems in terms of the enhanced updraft but also the downdraft of cold air. But |
had a bit of a problem wrapping my head around that explanation when you are talking about
these cold season storms on the west coast, which are large-scale or synoptic-scale systems.
Can you maybe explain that a little bit more. What is the mechanism for how those vertical
motions play out in these synoptic systems?

Answer:

In my view, regardless of whether you are talking about storms that are associated with synoptic
systems or storms that might be related to convection or things like that, essentially all storms
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have vertical motion. You have to have some kind of convergence, whether the convergence is
brought about by temperature gradients or by some other mechanisms like convective available
potential energy. So, you always need to have vertical motion. So regardless then, in the future
when you have more moisture, so you can consider then the moisture will be converged by the
vertical motion and then producing a large amount of precipitation and therefore releasing more
latent energy. The latent energy then becomes a feedback to the vertical motion to make the
vertical motion even stronger. So, in fact, | think the mechanism would be very similar except
like how big would the storms be: like frontal storms versus mesoscale convective systems as
well as how strong the vertical motion is. | think that this would really distinguish between the
behavior of the two types of storms in terms of their changes in the future. But overall, | think the
picture remains similar in that you need to have vertical motion, and vertical motion can induce
downward motion towards the edges of the storm and that would actually suppress the
precipitation to cause lighter precipitation near the edge.

3.2.6 Presentation 1B-6: 2022 U.S. Billion-dollar Weather and Climate Disasters
Analysis and Tools

Author: Adam Smith, NOAA National Centers for Environmental Information (NCEI)
Speaker: Adam Smith
3.2.6.1 Abstract

The NOAA National Centers for Environmental Information (NCEI) has released the final update
to its 2022 Billion-dollar disaster report (www.ncei.noaa.gov/access/billions), confirming another
intense year of costly disasters and extremes throughout much of the country.
In 2022, the U.S. experienced 18 separate weather and climate disasters costing at least 1
billion dollars. That number puts 2022 into a three-way tie with 2017 and 2011 for the third-
highest number of billion-dollar disasters in a calendar year, behind the 22 events in 2020 and
the 20 events in 2021. It was another year with a high diversity of destructive disasters:

e 1 winter storm/cold wave event (across the central and eastern U.S.).
1 wildfire event (wildfires across the western U.S. including Alaska).
1 drought and heat wave event (across the western and central U.S.).
1 flooding event (in Missouri and Kentucky).
2 tornado outbreaks (across the southern and southeastern U.S.).
3 tropical cyclones (Fiona, lan and Nicole).
9 severe weather/hail events (across many parts of the country, including a derecho in
the central U.S).

2022 was also third highest in total costs (behind 2017 and 2005), with a price tag of at least
$165.0 billion. Over the last seven years (2016-2022), 122 separate billion-dollar disasters have
killed at least 5,000 people and cost >$1 trillion in damage. In addition, the $100 billion cost
figure has been eclipsed in 5 of the last six years (2017-2022 with 2019 being the exception).
One of the drivers of this cost is that the U.S. has been impacted by landfalling Category 4 or 5
hurricanes in five of the last six years, including Hurricanes Harvey, Irma, Maria, Michael, Laura,
Ida, and lan.

The increase in population and material wealth over the last several decades are an important
cause for the rising costs. These trends are further complicated by the fact that much of the
growth has taken place in vulnerable areas like coasts, the wildland-urban interface, and river
floodplains. Vulnerability is especially high where building codes are insufficient for reducing
damage from extreme events. Climate change is also supercharging the increasing frequency
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and intensity of certain types of extreme weather that lead to billion-dollar disasters—most
notably the rise in vulnerability to drought, lengthening wildfire seasons in the Western states,
and the potential for extremely heavy rainfall becoming more common in the eastern states. Sea
level rise is worsening hurricane storm surge flooding. Given all of these compounding hazard
risks, there is an increased need to focus on where we build, how we build, and investing in
infrastructure updates that are designed for a 21st-century climate.

3.2.6.2 Presentation (ADAMS Accession No. ML23177A162)

2022 U.S. Billion-dollar Weather and
Climate Disasters Analysis and Tools

Better understanding disaster costs, hazard risk and
resilience over space and time

Adam B. Smith, Applied Climatologist

NOAA National Centers for Environmental Information (NCEI)
Climate Science and Services Division
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U.S Billion-dollar Weather and Climate Disasters

Outline:

- Context for Measuring Disaster Impact

- Data Sources / What we are Measuring
- 2022 U.S. Disasters in Historical Context

- Data, Tools, Hazard & Socioeconomic
Vulnerability Mapping

NOAA’s National Centers for Environmental Information (NCEI) —
Climate Science and Service Division

Statutory mission to describe the climate of the United States and act as the
"Nation's Scorekeeper" regarding the trends and anomalies of weather and climate.

o As part of this responsibility we also analyze extreme weather and climate events in the U.S. that have great
economic and societal impacts known as “U.S. Billion-dollar Weather & Climate Disasters”

o NCEI's U.S. billion-dollar disaster analysis seeks to bring the best public and private disaster loss data together in a
systematic approach. To that end, we maintain a consistent record of weather and climate disasters with costs equaling
or exceeding $1 billion in damages (adjusting for inflation) using high-quality data sources and peer-reviewed methods.

Period of record: 1980-2022 (Quarterly updates)
The U.S. has sustained 341 separate weather and climate disasters since 1980 where overall damages/costs reached or exceeded $1 billion.
Total, direct costs exceed $2.475 trillion (CPl-adjusted to 2022).

- U.S. Billon-dollar Weather and Climate Disasters ~ 2022 in Context

3-95



To capture losses requires a broad array of public and private data

Hurricanes/ | Severe Local Winter Crop Wildfire Drought / Heat Inland /
Tropical Storms Storms Freeze Wave Riverine
Storms Flooding

X X

Insurance & Reinsurance X X X
FEMA — X X X X X X
Presidential Disaster Declarations

FEMA - X X
National Flood Insurance Program

USDA - X X X X X X X
Risk Management Agency

National Interagency Fire Center X

Energy Information Administration X X X X X

US Army Corps of Engineers X

State Agencies / Storm Events Database X X X X X X X

Account for total, direct losses (i.e., insured and uninsured) for assets including:
* physical damage to residential, commercial, and government buildings
* material assets (content) within a building
* time element losses (i.e., time costs for businesses; hotel costs for loss of living quarters) « mental or physical healthcare-
¢ vehicles, boats, offshore energy platforms, military bases related costs;
* public infrastructure (i.e., roads, bridges, levees, electrical systems, hydropower) + all downstream (indirect) costs
* Agricultural / forestry assets (i.e., crops, livestock, commercial timber, wildfire fighting)

We do not account for:

= natural capital/envn. degradation;

U.S. 2022 Billion-Dollar Weather and Climate Disasters

] @ Drought/Heat Wave &g Flooding () Hail @ Hurricane (g Severe Weather ~ @g) Tomado Outbreak @) Wildfire ) Winter Storm/Cold Wave

North Central @- North Central North Central North Central and

Severe Weather Hail Storms Hail Storms Eastern Severe Weather
May 11-12 May 9 May 19 July 22-24
Central and Eastern Winter
Severe v&i’}ﬂ:ﬁ » # Storm and Cold Wave
June 7-8 December 21-26

Central Derecho
‘@R June 13

Kentucky and
/" Missouri Flooding

July 26-28

Southeastern
Tornado Outbreak
April 4-6

Western/Central Drought @——
and Heat Wave 2022

Western Wildfires / )

Spring-Fall ~—————————@ Hurricane Nicole
November 10-11
Southern and Central o Hurricane lan
Severehg ;i‘ﬁe,; September 2830
- Southern Southern n ;
g"’ \! Texas Hail Storms Severe Weather Tornado Outbreak —@ Hurricane Fiona
& YA February 21- 22 April 11-13 March 30 o September 17-18
ares o e
This map denotes the approximate location for each of the 18 sep billion-doll: and climate di: that imy d the United States in 2022.
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U.S. Billion-dollar event frequency (1980-2022), annual cost, 5-year cost avg.
United States Billion-Dollar Disaster Events 1980-2022 (CPI-Adjusted)

¥ Drought Count B Flooding Count B Freeze Count W Severe Storm Count Tropical Cyclone Count
= wildfire Count B Winter Storm Count — Combined Disaster Cost Costs 95% CI — 5-Year Avg Costs
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Updated: January 10, 2023 Powered by ZingChart
g Western wildfires, severe storms, inland flooding and hurricane costs all on the rise
» 5-year annual cost average >$119.1 billion; disaster costs over the last 7 years (2016-2022) = $1.026 trillion

Cumulative U.S. billion-dollar disaster frequency (year-to-date) for years 1980-2022

1980-2022 United States Billion-Dollar Disaster Event Count (CPI-Adjusted)
# 2018 (15) € 2011(18) B 2017(18) ® 2021 (20) A 2020(22) ¥* 2022 (18) — Average (7.9)
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¢ 1980 - 2022: annual average: 7.9 events (CPl-adjusted). 2018-2022 (5-year average): 17.8 events (CPl-adjusted)
* 2022 - 18 events [11 severe storm events, 3 tropical cyclones, 1 floods, 1 winter storm, drought & wildfire]
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* Th

* 2022 cost total ($165.0 billion — 3" highest) vs. the 43-year period of record at $57.5 billion

Cumulative U.S. billion-dollar disaster cost (year-to-date) for years 1980-2022

1980-2022 United States Billion-Dollar Disaster Event Cost (CPI-Adjusted)

& 2020 ($114.38) € 2012 ($150.38) B 2021($155.3B) @® 2005 ($253.58) A 2017($373.2B) % 2022($165.1B) — Average ($57.6B)
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m { rs for U.S. - 2017 ($373.2 billion): 2 253.5 billion): 2022 (S165.0 billion

From 1980-2022, the U.S. South, Central and Southeast regions experienced a
higher cost from billion-dollar disaster events. CA, NY, NJ, PR and V.I. as well.

1980-2022 Billion-Dollar Weather and Climate Disaster Cost (CPI-Adjusted) |@'

« Reflects the severity,
vulnerability and exposure of
weather and climate events
impacting different regions

* The top 3 most impacted states:
Texas (5376 billion)
Florida (3373 billion)

Cost

United States
8 drought:
Tropical Cyclone:

$5M-100M Louisiana ($293 billion)
$100M-250M
$250M-500M . .
o1 " The relative costs are more acute in
aB.28 Louisiana, as its population and
$28-58 economic size is much smaller than
$58-108 Texas or Florida.
$10B-20B
$20B-508 .o s ‘
o BIE Lguusuana also has a high frequency of
$1008-2008 disaster events, which can leads to
$2008+ compounding, cascading
— = = = socioeconomic impacts.
s2508+ [ Flooding: $1008-2008 [ Freeze: 5208-508 [ Severe Storm: $250B+
5131+ [ wildfire: $1008-2008 (i) Winter Storm: $508-1008 ([ All Disasters: $2.4T+
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The 2022 disaster costs for each state as a % of that state's 2022 GDP (economic
output)... clear impact from billion-dollar disaster events.

2022 Billion-Dollar Weather and Climate Disaster Cost as % of State GDP (CPI-Adjusted) @'

4 ‘ » Compound hazards and
; / cascading impacts slow

down recovery and

increase the cost

+ Disasters can have strong
s W effects on economic growth
(GDP) post-disaster.

Cost %
<0.05%

0.05-0.5%

0.5-1%

{ 1-2%

& A ] 2-3%

e % e 3-5%

A w —— = 5-7.5%

|- —— 7.5-10%

Florida

9 Drought: 0% (i Flooding: 0% () Freeze: 0% @ severe Storm: <0.05%
Tropical Cyclone: 7.5-10% [ Wildfire: 0% () Winter Storm: 0% () All Disasters: 7.5-10%

From 1980-2022, the U.S. has experienced 341 distinct billion-dollar weather & climate
events - each causing at least $1 billion in direct losses

- Total, direct losses from these 341 events exceeds $2.475 trillion (CPl-adjusted, 2022)

eertpe  mews SO PR om0 S g et
3 Drought 30 0.7 8.8% i‘ 13.2% $7.6B 99/
& Flooding 37 0.9 10.9% $177.98% 7.2% $4.88 $4.18 676 16
O 9 0.2 2.6% $35.384 1.4% $3.98 $0.8B 162 4
8 scvere storm 163 3.8 47.8% $383.78'¢ 15.5% $2.48 $8.98 1,982 46
Tropical Cyclone 60 14 17.6% ‘ 53.9% $31.08B 160
& wildfire 21 0.5 6.2% $133.18(¢ 5.4% $6.3B $3.1B 435 10
@ winter storm 21 05 6.2% s84.98% (@ 3.4%*% s4.28% s2.08% 1,401 33
@ Aupisasters 341 7.9 100.0%  $2,476.28% 100.0%% $7.38%  $s7.6BF 15821 368

'Deaths associated with drought are the result of heat waves. (Not all droughts are accompanied by extreme heat waves.)
Flooding events (river basin or urban flooding from excessive rainfall) are separate from inland flood damage caused by tropical cyclone events.
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Time Period

Billion-Dollar Disasters

Events/Year

Percent of Total Cost

Comparison of U.S. Billion-dollar disaster stats over time

Cost/Year

Deaths

Deaths/Year

1980s (1980-1989)
1990s (1990-1999)
2000s (2000-2009)
20105 (2010:2019) D
Last 5 Years (2018-2022)
Last 3 Years (2020-2022)
Last Year (2022)

All Years (1980-2022)

31

55

67

128

89

60

18

341

3.1

55

6.7

12.8

17.8

20.0

18.0

7.9

$204.98

$313.68B

$586.8B

§ $936.38 )

$595.58%
$434.68%
$165.08%

$2,476.28F

12.7%

23.7%

37.8%

24.0%F

17.6%%

6.7%%

100.0%*

$20.5B
$31.4B
$58.78
$93.6B
$119.18%
$144.98%
$165.08%

$57.68%

1,751

1,460

474

15,821

297

306

310

523

350

487

474

368

The number and cost of disasters are increasing over time due to a combination of increased exposure (i.e., values at risk of possible
loss), vulnerability (i.e., where we build; how we build) and that climate change is increasing the frequency of some types of extremes that

lead to billion-dollar disasters (NCA 2018, Chapter 2}

Severe storm and inland flooding events frequent during Spring and Summer
Wildfires and hurricanes most frequent during Fall months.

United States Billion-Dollar Disaster Type Counts By Month 1980-2022 (CPI-Adjusted)
B Flooding

Tropical Cyclone ® Wildfire W Winter Storm
807 80

® Drought B Freeze W Severe Storm

r70

7oi

60+ f60
50 f50
401 40
30+ ‘ 30
201 f20
104 10
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* Visualizing the 43-year frequency of climatology of extreme, damaging events across the Nation.
* A way for decision-makers to understand which types of large events typically occur at what times of year, by region.
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Historic record for multiple, billion-dollar events, by month

United States Billion-Dollar Disaster Frequency 1980-2022 (CPI-Adjusted)
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In recent years (2017-2022), there were just 18 days on average between billion-dollar disasters compared to 82 days in the 1980s.
Shorter time intervals between disasters often mean less time and resources available to respond, recover and prepare for future events.
This increased frequency of events produces cascading impacts that are particularly challenging to vulnerable socioeconomic populations.

Summary
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Summary

Overview g TimeSeries  Climatology Stats Events FAQ References n " "
This map provides county risk scores for
County Risk Assessment @ combined severe storm events (i.e.,
Risk Score disaster types: tornado, hail, high wind damage)
[ [ J[ - = reflecting a‘county’s ?nnualized hazard
— = s o = frequency; its potential hazard cost

related to building value, crop value and

population exposure; and its social

- vulnerability and resilience to recover
from hazard impacts based on dozens of

socioeconomic variables.

©

Severe Storm Risk

L The map highlights that Dallas County,
; ' Texas has a very high score for severe
storm risk due to its historic frequency of
being impacted by these events in
addition to having a large urban

75
- - . .
2 2 o population and valuable exposure, which
+ I & § R further increases the damage potential
| ik Score for severe storm impacts and costs.
{ : e
United States Texas Dallas County 16
Severe Storm Risk [ Juss  —T
Disaster and Summary Disaster and Summary
References Overview  RiskMapping  TimeSeries  Climatology Stats Events FAQ References

Overview  RiskMapping  TimeSeries  Climatology Stats Events FAQ

— —
ke - - - T - T - R - PR -

| Below Poverty v | em— | yiobile Homes v | Below Poverty v|e Mobile Homes >
Mobile Homes @' Population Below Poverty @’
¥ = i Z WY A
= # L -
L
¥
2E
% of Homes % of Population
=
United States Georgia Taylor County United States Alabama Perry County
Below Poverty ) 0 Below Poverty e
B Mobile Homes  E—

Mobile Homes

3-102



Adam.Smith@noaa.gov

For interactive data, charts, mapping,
and disaster summaries (1980-2022):

uh ﬁhﬁkﬁh

www.ncei.noaa.gov/access/billions

New county & census tract risk mapping: © % e

l..
www.ncei.noaa.gov/access/billions/mapping IIIIIIII.I.I

For more detail on disasters, county data, methodology, and uncertainty, see:
NOAA National Centers for Environmental Information (NCEI) U.S. Billion-Dollar Weather and Climate Disasters
(2022). https://www.ncdc.noaa.gov/billions/, DOI: 10.25921/stkw-7w73

Smith, A., and R. Katz, 2013: U.S. Billion-dollar Weather and Climate Disasters: Data Sources, Trends, Accuracy and Biases.
Natural Hazards., DOI: 10.1007/s11069-013-0566-5

Smith, A., and J. Matthews, 2015: Quantifying Uncertainty and Variable Sensitivity within the U.S. Billion-dollar Weather and
Climate Disaster Cost Estimates. Natural Hazards., DOI: 10.1007/s11068-015-1678-x

Zuzak, C., E. Goodenough, C. Stanton, M. Mowrer, N. Ranalli, D. Kealey, and J. Rozelle. 2021. National Risk Index Technical
Documentation (fema.gov). Federal Emergency Management Agency, Washington, DC. Adam.Smith@noaa.gov
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3.2.6.3 Questions and Answers

Question:
How do you account for overlap in the data, for example, severe storms and flooding?

Answer:

Joseph Kanney®: In what Adam presented, there isn’t overlap. The flooding impacts are
separate from the severe storms. Severe storm in this context means high wind events. The
criterion for high winds is over 58 mph or something like that. So, it's high wind phenomena like
tornadoes, straight-line winds, etc. Also hail is included in the severe storm category. So those
sorts of damages would be in severe storms. If the same storm had flooding, then that would be
counted under flooding. So, there’s no an overlap in that.

Question:

Are costs for prior years adjusted to 2022 dollars before determining the number of billion-dollar
events?

Answer:

Joseph Kanney: Slide 6 shows that the costs are CPI (Consumer Price Index) adjusted..

3.2.7 1B-7: Climate and Weather Panel Discussion

Moderator: Elena Yegorova, NRC/RES

8 Adam Smith was not available for questions during the workshop.
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Participants:
Michael Kuperberg, Executive Director, U.S. Global Research Program
William Sweet, NOAA National Ocean Service
Benjamin Hamlington, NASA Jet Propulsion Laboratory
Mark Fresch, NOAA National Weather Service Office of Water Prediction
L. Ruby Leung, Pacific Northwest National Laboratory

Question:

Regarding PFHA for nuclear power plants, which one is more effective, PFHA based on past
meteorological or hydrological data or PFHA based on forecast results considering climate
change?

Answer:

Michael Kuperberg: | don’t know, this is not my area. | do think that it is dangerous to assume
stationarity when we know that is not the case and will not be the case going forward.

Question:

Nuclear facility site characterization activities are carried out within a quality assurance plan.
What is the quality assurance plan for climate change assessment activities?

Answer:

Michael Kuperberg: It seems to me that the world has changed its view very recently from |
don’t believe it” to “OK, | believe it, what do | do?” The research enterprise is struggling to move
quickly enough to answer those questions. And in the absence of authoritative data, what we
are seeing is a wild west of people using what they find (e.g., Google online). We are well aware
of the need and the challenge, and we are working very hard on coming up with a resolution to
it. But right this second, authoritatively across the government, | can’t tell you that there is a
single place. There is a lot of good information. | don’t mean to downplay that. Unfortunately it is
very siloed. Where you ought to go and whether you’ll find exactly what you need within the
government depends on what you are looking for. Maybe you’ll find what you are looking for
outside the government.

Question:
What do you see as the most exciting new science emerging out of the USGCRP program?

Answer:

Michael Kuperberg: It has to do with extremes. When you are worried about really important
infrastructure, you have to be concerned about those extremely high-impact, low probability
events. They are very difficult for us to tease out of our understanding because they happen so
infrequently and it's very hard to model them. But there is a lot of work going on. What you
heard from Ruby earlier today and the work of Billy Sweet and a lot of their colleagues around
the federally funded research enterprises focused on dealing with extreme events and those tail
risks.

Question:

What are some of the measures that can be taken to prepare for the coastal flood regime shifts
that you discussed in your presentation?
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Answer:

William Sweet: For built infrastructure, it seems like some of the first things that communities are
doing are stormwater upgrades, whether it's inflow preventors and outflows (i.e., active pump
systems). Charleston and Miami are looking at moving water downhill, down gradient in storm
water systems that are gone. Green infrastructure. Also, raising sea walls. Use the maps to get
a sense of what’s getting wet now and what'’s likely to start getting wet more often. Can you
move infrastructure? It's hard because right now a lot of it is at a local level and communities
are asked to adapt, change, deal with it. Collectively, if we could keep emissions in check,
perhaps there wouldn’t be that much mitigation needed moving forward. But that doesn’t really
bode well at a municipal level when you are saying “I have a problem and what do | need to
do?” Storm barriers work, but they come at a cost for ecosystems. Storm and waste-water
systems are the ones that are at the front edge of the impacts right now. Combined systems
and septic systems are starting to fail.

Question:

What are the limitations of current methods used to measure sea level rise; we have satellite
altimetry and tide gages. How can these limitations be addressed to improve the accuracy and
precision of sea level rise measurements?

Answer:

Benjamin Hamlington: We have known for a long time that our satellite observations don’t get us
very close to the coast. Tide gages certainly do get us up to the coast, but there are gaps
between them so there’s big spatial gaps between our tide gage observations. While the two
can work together nicely (the tide gages can help get our open ocean information from satellites
ultimately to the coast), both of them still have these limitations that really prevent us providing
information everywhere along the coastlines. | think there are necessary developments on the
satellite side to fill some of those gaps. One in particular is the Surface Water and Ocean
Topography (SWOT) Mission, , which we launched in December 2022 here at NASA. It's going
to get us closer to the coast and start measuring some of those higher-resolution, smaller-scale
features that we know are happening along the coastline. Right now, we are limited somewhat
by the data directly at the coast, but | think there are these opportunities to do better and to start
to fill some of those gaps, including with technologies that we are just launching now. The next
decade or so is going to be a big evolution in our ability to deliver information at the coast.

Question:

When you work with the tide gages, especially when you are doing the regionalization, | assume
that you define some sort of a homogenous region and within that region, you can use those
collective tide gages to improve the at-site results. As a practical matter, how big are the
homogenous regions when you are talking about the tide gages? Is it like you are going from at-
site to three or at-site to ten? How much power do you get from the regionalization?

Answer:

Benjamin Hamlington: In terms of what the ice sheets are contributing, these are very large-
scale patterns; you aren’t getting much variability along the coast. As you start to think about
other processes, that's where you start to get more and more local and regional, like ocean
dynamics. Those changes often drive how we group regionally. The groupings we had for that
technical report were really driven by considerations of ocean dynamics. Where you have
common ocean signals you can then group. To get even more local, the big issue then is
subsidence. It can be very localized along the coastlines of the world and indeed of the U.S. As
you start to group regionally, you are going to miss some of those vertical land motion signals
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that could be quite local. There are definitely utilities in starting to group, and reasons to do that,
and simplifications that can be made, but you have to be aware of the information that you are
losing when you are doing that regionalization.

William Sweet: In terms of extreme water levels, previous regional frequency-type analysis
oftentimes try to make very large homogenous regions. That has been done and we’ve found it
useful for, say, the Pacific Islands where you just don’t have enough gages. You need very big
physically defined regions that the statistics work out, so it is homogenous. Although in the
gridded for the United States, we did a 500-mile diameter and you typically had plenty of tide
gages except along certain areas of the Florida coast. Statistically it tends to get sort of bogged
down after greater than 10 gages. That is something we are going to continue to work with and
get improvement of the results. | think that it’'s important to recognize the storms that are
missed, in general. Without including past storms or synthetic storms. For instance, the tide
gage at Virginia Key has had periodic gaps in it. When hurricane Andrew came across Haulover
Key it didn’t pick up the big surge that occurred away from it. Reanalysis is a step in the right
direction, but ultimately, | think you need the dynamical model simulated historical storms as
well as unknown storms, with the regionalization approach to really get at a robust solution.

Question:

I've got a question for Ruby, and its relation to the impact of the storm sharpening on the larger
basins in the Pacific Northwest, in particular the Columbia River basin. Given that we will be
expecting snow on the higher elevations, with rainfall at the foothills. But then that snow field
melts during the spring runoff, so it must be a very complicated pattern you're going to be
building up in relation to the Columbia River Basin given how vast it is and how complicated the
various mechanisms are. Can you possibly comment on that?

Answer:

Ruby Leung: | think you brought up a very important point about storm analysis. In what | have
been showing in my presentation, we did not separate the precipitation into rainfall versus
snowfall, but we know that this separation is very important. We know that under global
warming, more of the precipitation would be falling in the form of rain, rather than snow and
therefore contribute more immediately or directly to flooding. In fact, the next step for this type of
analysis would be to separate out the rainfall versus the snowfall. One speculation is that the
storm sharpening normally happens in areas where the mountain has very large effects. But
that would also mean that perhaps the sharpening happens in a region of high elevation such
that even under global warming, maybe the change from rainfall to snowfall is not that
significant, meaning that the increased intensity of the precipitation would still be in the form of
snow. But this is just a speculation. | think that this is an important point that we need to
continue to look into.

Question:

Where do you see modeling going in the next 5 to 10 years? Can we quit worrying about
downscaling? Are we going to be able to take care of this with regional models and high-
resolution earth system models?

Answer:

Michael Kuperberg: So, we are seeing a real demand for downscaled climate data and sort of

an argument over which is the right downscaling approach to use. Earth system models run at
100 km. I can’t make decisions at that scale, so we downscale and then you derive things from
that. Then you’ve got regional climate models and you’ve got the modelers saying don’t worry,
we will be at 5 km in a few years with exascale computing, etc.
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Ruby Leung: This is interesting because we just achieved a milestone for the DOE Energy
Exascale Earth System Model project. We now have a graphical processing unit (GPU) enabled
global cloud-resolving model at 3 km resolution that we can run on the fastest machine in the
world. This is the first exascale computer. We got our first benchmark running this global scale 3
km resolution model on the first exascale computer: you can simulate 1 year running on the
whole machine in 1 day. As you can imagine, this is not fast enough for any useful simulations.
If we need to provide information for decision-making, we need to provide a lot of simulations to
capture the uncertainty and we also need all kinds of simulations like different scenarios and
things like that. So, | would say that, even in the next ten years will we not be able to run this
kind of global cloud resolving model to provide the type of information needed for supporting
decisions. But it doesn’t mean that this type of model would not be useful because there are
other types of simulations besides running one thousand years of simulations. | mentioned an
approach that we use called pseudo global warming (PGW) where you can select a specific
storm that happened in the past and simulate how it looks in the future. For that type of
simulation, you want high resolution so you can actually resolve the storm, but you don’t need to
run it for thousands of years. You only need to run the storm for a few days and perturb the
conditions to see how it would look. So, | would say that we need to think along the line of what
are the different uses of these different types of approaches and how can we combine them
together. In the future, regional model is one way of doing dynamical downscaling. But even for
global models we now have the capability to zoom in to a specific region of interest to do high-
resolution only over a region, but still within a global context. So there are multiple approaches
that we can and should take advantage of in thinking about how we can provide higher
resolution information to support decisions.

Question:

You mentioned the pseudo global warming (PGW) modeling again. Do you have to downscale
the reanalysis before doing the pseudo global warming or do we have enough fine scale
reanalysis model results out there at this point in time.

Answer:

Ruby Leung: It depends on whether you already have simulations driven by some trustworthy
boundary condition such as reanalysis. Different groups have done that kind of simulation, so
you can build on that and take those as your control simulations and run the future projection by
perturbing the boundary conditions corresponding to some projected mean changes provided by
global models. This is one way you can take advantage of some existing simulations and data.
Also, as | mentioned, for PGW simulations in the past, we refer to that type of simulation as
continuously running for let's say 10 years or 30 years. But now you can also take the storyline
approach, which is a very similar kind of approach, but you only run it for a collection of storms,
or a collection of extreme events. You don’t have to run it continuously for decades. That would
be much more do-able.

Question:

Everyone wants answers, data and modeling, at local scales. By downscaling and regional
modeling, we have some ability to do that. To what extent is the National Climate Assessment
going to move to more local scales. Right now, it’s like the northeast, the southeast. I'm sure
that you get questions coming back like: "Where in the south? Can you give me more local
information?” So, what is the NCA thinking about in that regard?

Answer:
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Michael Kuperberg: The national climate assessment is 32 chapters, 1700 pages now and |
think that everybody recognizes that it can’t keep getting bigger. It keeps getting bigger because
we continue to try to cover more and more information. Regions were an addition, | think, in
NCAS3. National wasn’t good enough. Regions went from 8 to 10, | believe, in NCA4. We are still
with 10 regions and yes, we are getting questions like that: “| can’t make any decisions until you
tell me in my building, on my city block what the temperature is going to be in 2050.” Personally,
| think that’s a red herring. It's going to be hotter, plan for it, or wetter or drier, we can tell you
what those trends are. That aside, human nature says that we won’t want to make decisions
until we can get sufficiently resolved information until we feel comfortable making those
decisions. | hope what happens with the NCA is that it has an associated information resource
that’s more of what you are talking about. We can’t just keep making the thing bigger and bigger
until you find there’s a chapter for each zip code. But the information exists and | think that
instead of us just pulling out and cherry picking examples to share with people, | think we can
provide that information as a resource that you can dive further into when you want to go
beyond the level of detail that we can provide in the document.

Question:

What are the challenges in forecasting atmospheric rivers (ARs) and what key improvements to
forecasting models are planned by the National Weather Service?

Answer:

Zack Taylor: The things that we’re looking at in terms of forecasting atmospheric rivers are: how
much moisture we’re dealing with and, within that, how strong are the winds that transport within
the AR, and then in terms of more on the mesoscale or local level, what is the angle of the
approach against the terrain and how that might impact the vertical lift and the precipitation.
Finally, how long it's going to last. The duration obviously is a big component in terms of the
precipitation forecasting within the AR. The key ingredients are moisture, angle of the AR, and
then the duration are the key factors that forecasters generally look for in terms of forecasting
the severity of the atmospheric rivers.

Question:

You had satellites and gages working in parallel to be able to collect data, so does that mean if
you for example got partial data from a tide gage, does the satellite complete the rest of it? For
example, if the flood is too high for the gage to really understand the actual data going on, did
the satellite finish that data?

Answer:

Benjamin Hamlington: | wish that was possible. It's not really a one-to-one match. We can find
ways to combine with consideration of the different time and space scales, but they are not
exactly exchangeable. But there is a lot of research to go into how we can leverage the two
together.

Question:

The second part of my question was how do you deal with partial data? It gives you a lot of
information but doesn’t take you all the way to the actual realistic scenarios that's happening.
Like in the example | gave if the flood is too high for the gage to actually measure.

Answer:
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Benjamin Hamlington: Within the sea level research community, we’re increasingly viewing it as
a network of observations and observational platforms. So, a lot of the most interesting
research, and | think most important research, is finding ways to leverage a diverse range of
observations to get at what you are ultimately looking for.

William Sweet: If a gage gets destroyed, they’ll come in and re-survey afterwards and get like a
high-water mark around where the tide gage was. As in anything it has to be surveyed, it has to
fit into a reference frame. We have benchmarks that have elevations on them, like terrestrial
elevations that you can make measurements to, so it can match the other types of
measurements that are there. That'’s fairly standard practice after a big event. There will also be
high water marks that will eventually be used by FEMA to help calibrate the flooding models that
go into FEMA for instance.

Question:

| think having the moderate and the major flooding categories are good because they include
impacts and, as | understand it, they're defined by local folks on ground who know what’s going
to get flooded at different water levels. To what extent does that definition include the economic
value of the infrastructure? If it does, that's good in one way. But on the other hand it might have
to be adjusted over time. How is that taken into account?

Answer:

William Sweet: Right now we are working with FEMA on their next update for the National Risk
Index. They take these levels (minor, moderate, and major) and the associated elevations, and
do an exposure on the ground. They get the building footprints within that to come up with what
would be impacted. | think they have a damage curve that they have used previously. So we do
flood frequencies exposure, let's say moving forward to 2050. How is that likely to change?
Those are the kind of things that they are looking to incorporate. But you're right, the damage is
key. It would be great to talk sea level rise in money. Don’t even talk about sea level rise, just
talk about changes in money. That would get people’s attention. But the minor, moderate, major
at least is a communication starting point that people hearing the weather service issue coastal
flood warning, can take these measures. So, it means something. People can relate to it. It
makes it very personal. What tide gage means something to folks? Getting that money aspect is
key. So, the best thing I've seen is the National Risk Index. | know there’s other vendor groups
out there, private industry groups that do a lot more of the insurance-type secrets that’s harder
for some of us to get our hands on to really do these types of assessments.

3.3 Day 2: Session 2A — Precipitation

Session Chair: Joseph Kanney, NRC/RES

3.3.1 Presentation 2A-1: NOAA'’s Exploration of Future Probable Maximum Precipitation
Datasets and Methods

Authors: Kelly Mahoney?, Janice Bytheway?, Diana Stovern?, James Correia®, Sarah Trojniaks,
Ben Moore?; INOAA Physical Sciences Laboratory (PSL), °2NOAA PSL/University of Colorado
Boulder & Cooperative Institute for Earth System Research and Data Science (CIESRDS),
SUniversity of Colorado Boulder & CIESRDS, NOAA/NWS/Weather Prediction Center

Speaker: Kelly Mahoney
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3.3.1.1 Abstract

Under recent Congressional support, NOAA has renewed ability to study, develop, and
operationalize updated probable maximum precipitation (PMP) estimates. One of the first steps
in this process is NOAA’s support of a National Academies of Science, Engineering, and
Medicine (NASEM) study to examine the pressing questions, needs, and modern scientific
capabilities to inform the process. This study is now underway, and we will provide information
about its objectives, process, and intended outcomes.

NOAA is also actively performing research to optimize for extreme precipitation estimation
analyses of existing, experimental, and possible future operational datasets. These include
guantitative precipitation estimation (QPE), quantitative precipitation forecast (QPF), and
numerical weather prediction (NWP) based datasets, as well as exploration of approaches to
generate new datasets. This talk will highlight early results focusing on the assessment of the
strengths and weaknesses of NOAA’s operational QPE products, particularly in areas of
complex terrain and limited observations. We will also highlight emerging results from
characterization of the QPF skill and error characteristics of NOAA’s operational high-resolution
forecast models, including the High-Resolution Rapid Refresh (HRRR) and High-Resolution
Ensemble Forecast (HREF) model datasets. We will detail next steps for further exploration and
will welcome feedback and discussion from the audience of these research plans, as well as
invite potential stakeholder partnerships for testing and evaluation.
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3.3.1.2 Presentation (ADAMS Accession No. ML23177A163)

How hard can it possibly rain?
NOAA'’s exploration of future probable maximum
precipitation datasets and methods

Johnstown Flood of May 31,1889 (2,200 lives lost) Hurricane Harvey flooding August 29, 2017 (107 lives Iost)

Kelly Mahoney, Janice Bytheway, Diana Stovern, James Correia, Sarah Trojniak, Ben Moore
NOAA | OAR | Physical Sciences Laboratory & NOAA | NWS | Weather Prediction Center & Univ of CO/CIESRDS
8th Annual NRC Probabilistic Flood Hazard Assessment (PFHA) Research Workshop 03/22/23

the United States

Dams are critical for water management, flood control

‘ ~§2,000 dams in the U.S.

States nationwide face the problem of high-hazard dams

High-hazard dams: Loss of life results from failure, mis-operation

@
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Dams are critical for water management, flood control

Why do dams fail?

<

Overtopping (48%)

Piping/Internal Erosion (46%)

FO u nd atiO n (4%) This week in California...

Seismic (2%) s it . ‘

Oroville Dam floodgates opened as storms fill massive reservoir

Dam operators seek to reduce flood risk as California’s second-largest reservoir steadily rises

00000

g Dams overtopping due to
excessive rainfall

Probable Maximum Precipitation (PMP)

©@

Probable Maximum Precipitation (PMP) is the maximum depth of
precipitation over a given area and duration that is meteorologically possible

A conceptual “upper bound” of physically-possible precipitation

Used to ensure that structures like high-hazard dams are safely designed,
operated, and maintained
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OFFICE OF
How does PMP relate to OW P s o @
P rec I p I tat I o n Freq u e n cy? Probable Maximum Precipitation (PMP) and Atlas 14 Precipitation Frequency (PF)

Comparison

Purpose: Describe differentiation between Probable Maximum Precipitation (PMP) and Atlas 14
P itation Freq y (PF) estil i i

Comparison PMP Precipitation Frequency (Atias 14)

Definition Defined as the precipitation depth, at a
Defined as the greatest depth of precipitation | particular location and for a given duration
for a given duration meleoroloaically possible | that has a statistically-expected 1-n-YY
for a design watershed or a given storm areg | chance of being excesded in any given year
al a particular location at a particular time of | Where YY is the annual recurrence interval.
year (World Meteorological Organization.
WMO-No. 1045, 2009)

Defined for finite points on the earth surface
Defined for areas such as watersheds; can
cover up to 10,000 square miles.

Development | Storm-based approach that uses archived Point-based approach that uses observed

EXa m p Ie- and projected storms to assess extrame point precipitation (e.g., rain gages) without
b rainfall events that can be geographically regard to causative storm everits.
High hazard transposed o the study area
Incorporales statistical methods.

d amsvs. Incorporates meteorologic and statistical

methods. Current methods assume stationary climate
Ievees Future methods under development are

Future PMP studies should account for expected to consider non-slationary climate
climate change. impact on point locations.

Method details in Atlas 14, Volume 11
Method summary in ESEWG Section ¢

recommendalions report, Section 4.2.2
Use Used for design of large-scale, critical Used for design of engineering projects and

faciities and assets (e.g. dams. nuclear planning and development (e.g

power plants) to address high-hazard risks for

@vents invalving catastrophic failure. small-scale infrastructure, fiood nsk) to
design at acceptable risk level

Considered to represent the “worst case” Not intended for use beyond 1000-year

@ maximum rainfall to be able to occur. average recurrence interval, or 1/1000 5

annual exceedance probability.

PMP suffers from outdated data, methods,
lack of sustained support

e Science of extreme precipitation has
advanced since federally-produced estimates
created.

e Some recent events have exceeded the PMP
(e.g., Hurricane Harvey 2017), but PMP more
often criticized for being far too high (and
deterministic) — expensive engineering to

meet requirements
e Climate change is not accounted for

e Dams are aging. Climate is changing. — e 1L
Infrastructure risk assessment is becoming Summary of| el |
& H NOAA's* s S o o i i hrian o Poctaton Esme | 1200
higher-stakes. N(_awer science and tools offer , ;. .tcorol0™ e e
untapped potential. gical Reportsi- -
(“HMRs") —
@ e ey 105
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New federal support for PMP modernization

e Infrastructure Investment and Jobs Act
/Bipartisan Infrastructure Law (FY 2022-2026)

INFRASTRUCTURE BILL

and PRECIP Act (passed Dec 2022) < § Q = ﬁ. @
e Provide support to NOAA to modernize PMP Fondoes  Uporade andrrewmt $658 Water Change

110B 73B Rail Quality  Protection
$ : $66B $55B $508B

A FE P oae A @

Airports  Public Environmental Electric Transportation Reconnecting
& Ports  Transit Clean-Up Vehicles Safety Communities

“... convene an ad hoc committee to consider $42B $39B $21B  $15B $11B $1B
approaches for estimating probable
maximum precipitation (PMP) in a changing
climate, with the goal of recommending an
updated approach, appropriate for
decision-maker needs...that can serve as a
national standard.”

e Fund NOAA to work with the National Academies
of Science, Engineering, and Medicine to:

PUBLIC LAW 117-58—NOV. 15, 2021

(3) $492,000,000 shall be for coastal and inland flood and
inundation mapping and forecasting, and next-generation water
modeling activities, including modernized precipitation fre-
quency and probable maximum studies;

<

National Academies Study on PMP: When and how?

¢ Study kicked off in October 2022. It will take two years to complete.

e Committee of 12 volunteer experts

e Publicinformation gatherings coming up to broadly engage public- and
private-sector users and stakeholders of PMP estimates

Sign up for announcements: https://www.nationalacademies.org/our-work/modernizing-probable-maximum-precipitation-estimation

¢ Culminate in recommendations/report published on publicly available website

NATIONAL s

Engineering

/\CADEM I ES Medicine

©@
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NOAA'’s next steps for PMP under BIL and PRECIP Act

Estimating Bounds on

e Work with National Academies Study Extrene Precipitation

EUCHLS A Brief asesoment

e Pursueresearch to develop and prototype innovative
science, tools

o Consider, develop key dynamical model
capabilities

o Balance scientific possibilities with user

appetite/needs/capabilities Continue to test

. . and develop
o Test possible approaches with relevant research

stakeholder groups approaches

e Ultimate goal: Federally-endorsed,
state-of-the-science-informed design values for safe
infrastructure engineering and operations

<

21st Century Dam Safety
Rules for Extreme Precipitation
in a Changing Climate

Update existing
assessments of
PMP needs

Estimating Bounds on

e Work with National Academies Study Extreme Precipitation

EUEHLS A brief asesoment

e Pursueresearch to develop and prototype innovative
science, tools

o Consider, develop key dynamical model
capabilities

o Balance scientific possibilities with user
appetite/needs/capabilities

Continue to test
. . and develop
o Test possible approaches with relevant research

stakeholder groups approaches

e Ultimate goal: Federally-endorsed,
state-of-the-science-informed design values for safe
infrastructure engineering and operations

<

21st Century Dam Safety
Rules for Extreme Precipitation
in a Changing Climate

Update existing
assessments of
PMP needs

10
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Why emphasize dynamical modeling?

Dynamical model benefits to dam safety applications,
updated PMP estimation:

o Continuous in space and time

o Reduce need for many spatial, temporal, physical
assumptions

o Huge benefit in data-sparse regions of complex &
high-elevation topography

o Quantification of uncertainty, incorporation of climate
change scenarios

o Physical integration with newer dynamical hydrologic models pades
e

WRF simulated storm-total precipitation over mode!
topography from Rattlesnake, Idaho 1909

Mahoney, Kelly M., Chesley McColl), Doug Hultstrand, Bil Kappel, Bill McCormick, Gilbert P. Compo
New capabilities, increasing computational resources offer o b o o it oo 10 moserze
promise for dynamical model-driven, “PMP-like” product

Design, tractability, support, applications to be explored...

&

Opportunities: Use numerical models more comprehensively

Example from CO-NM REPS using 5-year record of experimental HRRR

Mining available model-based datasets

> “Ensemble” of all HRRR forecasts (prototyped for CO-NM PMP project)

> What else can be mined? National precipitation (obs, forecast) datasets LT e 7, 000%

precipitation forecasts:

How to generate a suite of model representations of
physically-possible, ii ffy 2 precipitation states?

©@
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Opportunities: Use numerical models more comprehensively

Example from CO-NM REPS using 5-year record of experimental HRRR
Jorecasts

Mining available model-based datasets
> “Ensemble” of all HRRR forecasts (prototyped for CO-NM PMP project)

> What else can be mined? National precipitation (obs, forecast) datasets

An extreme precipitation-optimized ensemble
0 High-resolution (“convection-permitting”)

0 Go beyond selected historical events

0 Maximize spatial, temporal continuity

¥ 5= TS heah
Layer together" 31, 000+ - i B
precipitation forecasts: g S
How hard does it rain? B S S
e AW

How to generate a suite of model representations of
physically-possible, internalfy consi: , precipitation states?

A super-ensemble suited to a “PMP-like” problem?
O Increase period of record using historical reanalyses from 1800s0

0 Take advantage of state-of-the-art ensemble design methods (e.g., adjoint
methods, initial state perturbation optimization), stochastic physics

0 Perturbations to maximize dynamically-derived sensitivities toward
maximizing precipitation

. State-of-the-art perturbation strategies,
v moisture-maximizing ‘butterflies’?

Opportunities: Use numerical models more comprehensively

Mining available model-based datasets
> “Ensemble” of all HRRR forecasts (prototyped for CO-NM PMP project)

[>> What else can be mined? National precipitation (obs, forecast) datasets ]

Characterize representation of extreme precip in NOAA’s existing QPE, QPF datasets

Percent of Time Model is Max Rainfal for Daily Forecast peniod

__ =  NOAA QPE products

MRMS Pass 1 MRMS Pass 2 MRMS Radar Only Stage IV
an AN

BN :nsw
NOAA High-Res QPF products o o

HOW 1075 105'W 1025 )ﬂw UOW 1075 105 1025°W mw U0W 1075 105 1025° 100 110 10725 105° 1025 100°W

g
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> Are they useful?

<

Opportunities: Use numerical models more comprehensively
NOAA has multiple convection-allowing models and ensemble modeling systems
> Are their forecasts physically consistent, and do they produce extremes to help with PMP modernization?

> What are the relative strengths, weaknesses, general error characteristics of different models?

> Are there regions of the CONUS where these models are less adequate for purpose?

> The High Resolution Ensemble Forecast System (HREF)

HREF
&0 QP (i), onss

HREF member :
by member _/ g™
forecast for Tl |
2023-03-10

©@

Opportunities: Use numerical models more comprehensively

NOAA has multiple convection-allowing models (CAMs) and ensemble modeling systems

> Set of different high resolution forecast models at varied initialization times cobbled into an “ensemble of opportunity”
> The “ensemble to beat” when it comes high impact forecasts for severe and hazardous weather events

> The developmental “sandbox” for a new, formal ensemble: the next generation Rapid Refresh Forecast System (RRFS)

> Caveats

o Not a formally desighed ensemble system - all
members not equally likely - but adequate for
spread at certain scales.

o Minimal use of advanced data assimilation and
thus current observations.

o Individual members have slightly different grid
spacing and thus representation of physical
processes.
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Opportunities: Use numerical models more comprehensively

NOAA has multiple convection-allowing models and ensemble modeling systems

- Are they useful?

\d

A

- Are their forecasts physically consistent, and do they produce extremes to help with PMP modernization?
> What are the relative strengths, weaknesses, general error characteristics of different models?

> Are there regions of the CONUS where these models are less adequate for purpose?

Analysis approaches

1. Ensemble analysis 2. Individual member analysis
+  What can we learn from means, maxima, and + Members have different cores, physics, initial
advanced probabilistic diagnostics? conditions...outputs (forecast skill, biases, etc.} will vary;
value in preserving and understanding sources of
- Ensemble means reduce data volume, compute ensemble spread
requirements; limit ability to understand, interpret,
explain individual member contribution, physical - Multiple high-resolution members makes for very large
process fidelity datasets, and computationally expensive analysis
calculations

<

Opportunities: Use numerical models more comprehensively

NOAA has multiple convection-allowing models and ensemble modeling systems

> Are they useful?

> Are their forecasts physically consistent, and do they produce extremes to help with PMP modernization?
> What are the relative strengths, weaknesses, general error characteristics of different models?

> Are there regions of the CONUS where these models are less adequate for purpose?

Analysis approaches

1. Ensemble analysis 2. Individual member analysis
+  What can we learn from means, maxima, and + Members have different cores, physics, initial
advanced probabilistic diagnostics? conditions...outputs (forecast skill, biases, etc.} will vary;
value in preserving and understanding sources of
- Ensgmble meaps .redu.<.:e data volume, cqmpute ensemble spread
requirements; limit ability to understand, interpret,
explain individual member contribution, physical - Multiple high-resolution members makes for very large
process fidelity datasets, and computationally expensive analysis
calculations

©@
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Opportunities: Use numerical models more comprehensively

1. Ensemble analysis

+  What can we learn from means, maxima, and advanced probabilistic diagnostics?

- Ensemble means reduce data volume, compute requirements; limit ability to understand, interpret, explain

individual member contribution, physical process fidelity

When using an ensemble mean, peak values are smoothed out
and too low; extremes are removed.

Probability Matched Mean (PMM) and Local Probability Matched Mean
(LPMM) are useful diagnostics that maintain the spatial distribution of
the ensemble mean, but retain peak values of individual members

e PMM uses entire domain
e | PMM looks over smaller areas to keep coherent precip areas
separate

<

1. Rank the gridded rainfall from all n QPFs from largest to smallest, the keep every nth
value starting with the n/2-th value.
2. Rank the gridded rainfall from the ensemble mean from largest to smallest.
3. Match the two histograms, mapping rain rates from (1) onto locations from (2).
(from Beth Ebed )

Rank form largest to smallest (]

Improving Ensemble QPF Dr. Dai Kan (NMC)

HREF Analysis of 2022 Summer Convective Season
Observed monthly precipitation (inches; NOAA AHPS archive)

June 2022

July 2022
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HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Ensemble Mean Analysis

August 1in=25.4mm

June frequency ﬁf 1 in‘l h~! events per day July frequency of 1 i 1 h~! events per day

August frequency of 1in 1 h-* events per day
12000 —— HREF pmmn g7y —— HREF pmmn —— HREF pmmn
—— HREF lpmm —— HREF lpmm 120001 —— HREF [pmm
10000 - HREF mean 12000 —— HREF mean ~— HREF mean
--- MRMS QPE --- MRMS QPE 10000{ --= MRMS QPE
9 2 10000 g
2 8000 2
H § § 8000
2 3 g
@ $ s000 3
5 5
o 6000 e 5 6000
£ £ 6000 H
> s 5
2 4000 z = 4000
4000
2000 055 2000
) o = P = 5
12345678910 1213”)516]7{6]92 2223242526272‘82930 12345678 910111213141516171819202122232425262728293031 12345678 910111213141516171819202122232425262728293031
Day Day

e HREF\ensemble mean significantly underestimates observed (MRMS) 1-h precipitation amounts
e The PMM highlights precipitation forecast maxima most clearly relative to other means

Analysis: Diana Stovern

HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Ensemble Mean Analysis

August  1in=254mm

June frequency of 1in 1 h=! events per day July frequency of 1in 1 h~" events per day August frequency of 1in 1 h-! events per day
12000 —— HREF pmmn s —— HREF pmmn —— HREF pmmn
—— HREF lpmm —— HREF Ipmm 120001 —— HREF Ipmm
10000 - HREF mean 12000 —— HREF mean - HREF mean
--- MRMS QPE === MRMS QPE 100004 === MRMS QPE
2 8000 10000 5
§ g § 8000
o i; 8000 _:
5
o 6000 C 5 6000
2 £ 6000 £
5 5 5
2 4000+ z Z 4000
4000
2000 20604 2000
0 ot — — 0
12345678 9101112131415161718192021222324252627282930 12345678 910111213141516171819202122232425262728293031 1234356738 910111213141516171819202122232425262728293031
Day Day Bay
June 2022 1 hr Precip Frequency July 2022 1 hr Precip Frequency August 2022 1 hr Precip Frequency
Max 1-hr (mm) - pmm Max 1-hr (mm) - pmm Max 1-hr (mm) === jpmm
s 7 7
1 pmmn - 1894 == pmmn o pmmn - 157.6 = pmmn i pmmn-1496 W pmmn
Ipmm - 149.5 = MRMS Ipmm - 101.9 - MRMS Ipmm - 85.7 - MRMS
mean - 61.9 o L) mean- 37.9 === mean mean - 36.2 S mean
MRMS - 178.6 10 MRMS - 1537 10 MRMS - 1471
> > >
3 3 3
g gt F i
£ g0 g
10t 10!
107} 10- }
o 20 40 60 80 100 120 140 160 ] 20 40 80 100 120 140 160 0 20 40 60 80 100 120 140 160

1 hr Precip Amount (mm) 1 hr Precip Amount (mm)

1 hr Precip Amount (mm) A nafysis: Diana Stovern

3-121




HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Ensemble Mean Analysis

August 1in=25.4mm

June frequency of 1in 1 h~! events per day July frequency of 1 i 1 h~! events per day August frequency of 1 in 1 h~! events per day
12000 —— HREF pmmn P —— HREF pmmn —— HREF pmmn
—— HREF lpmm —— HREF Ipmm 120001 —— HREF [pmm
10000 - HREF mean 12000 —— HREF mean —— HREF mean

--- MRMS QPE === MRMS QPE 100004 --- MRMS QPE

8000 10000
8000
8000

L 6000

"
4000

In terms of the frequency of 1 in/hr observed events, LPMM and PMM diagnostics are more closely matched.
Wll next compare monthly performance of frequency of all events vs. 1 in/hr events

6000 -

Number of Events
Number of Events
Number of Events

4000

=

2000

PMM maximum precipitation corresponds well to the MRMS observed precipitation throughout the summer [0
June 2022 1 hr Precip Frequency July 2022 1 hr Precip Frequency August 2022 1 hr Precip Frequency
Max 1-hr (mm) - pmm Max 1-hr (mm) - jpmm . Max 1-hr (mm) === jpmm
w prmn - 189.4 = pmmn W pmmn - 157.6 = pmmn e0 prmmn - 149 6 = pmmn
Ipmm - 149.5 - MRMS Ipmm - 101.9 - MRMS Ipmm - 85.7 - MRMS
mean-619 SN meary mean- 37.9 . mean mean - 36.2 . mean

MRMS - 178.6 0% MRMS - 153.7 10* MRMS - 147.1

Fraquency
Frequency
Frequency

0 20 40 60 8 100 120 140 160 [ 20 40 60 80 100 120 140 160 0 20 40 60 B0 100 120 140 160
1 hr Precip Amount (mm) 1 hr Precip Amount (mm) 1 hr Precip Amount (mm) A naiysis: Diana Stovern

Opportunities: Use numerical models more comprehensively

NOAA has multiple convection-allowing models and ensemble modeling systems

> Are they useful?

y

Are their forecasts physically consistent, and do they produce extremes to help with PMP modernization?

What are the relative strengths, weaknesses, general error characteristics of different models?

Y

> Are there regions of the CONUS where these models are less adequate for purpose?

Analysis approaches

1. Ensemble analysis 2. Individual member analysis
+  What can we learn from means, maxima, and + Members have different cores, physics, initial
advanced probabilistic diagnostics? conditions...outputs (forecast skill, biases, etc.} will vary;

value in preserving and understanding sources of

- Ensemble means reduce data volume, compute ensemble spread

requirements; limit ability to understand, interpret,

explain individual member contribution, physical - Multiple high-resolution members makes for very large
process fidelity datasets, and computationally expensive analysis
calculations

©@
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HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Which of the HREF members provides the maximum daily rainfall?

Forecasts Initialized Hourly Forecasts Initialized 3-hourly Forecasts Initialized 6-hourly
A = A -

Y

Forecasts Initialized 12-hourly
<
Most Frequent Maximum

Member for Different
Forecast Lengths

ARW FV3 NSSL HRRR NAM  ARW_LAG FV3_LAG NSSL_LAG HRRR_LAG NAM_LAG
HREF Member Analysis: Janice Bytheway

HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Which of the HREF members provides the maximum daily rainfall?

Forecasts Initialized 3-hourly Forecasts Initialized 6-hourly
A Ny ’ ) »

Forecasts Initialized Hourly
< -

NSSL HRRR NAM  ARW.LAG FV3LAG NSSLLLAG HRRRLAG NAM_LAG

Forecasts Initialized Daily

N N

Most Frequent Maximum
Member for Different
Forecast Lengths

o=

o

e Depends on how often we consider a new model run
For hourly-updated forecasts each hour, HRRR and lag-HRRR generally provide maximum daily accumulation over most of

the US; NSSL dominates in southeast and North American Monsoon
Daily rainfall calculated from daily-initialized forecasts highlights NSSL model in western US and lag-NAM east of Rockies
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HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Number of Events Rain exceeds 1° in 1h

How much do individual
members agree with
exceedances of 1in/hour?

Number of Observad
Ocurrences

LW

e Inobservations, most occurrences of 1”/hour along the Gulf
Coast, into the Great Plains and North American Monsoon
region

Number of Observed

Ocurrences

P

Analysis: Janice Bytheway

HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

How much do individual
members agree with
exceedances of 1in/hour?

Number of Events Rain

Number of Observed
Ocurrences

exceeds 1" in 1h

e Inobservations, most occurrences of 1”in 1
hour along the Gulf Coast, into the Great
Plains and North American Monsoon region.

e Inthe HREF forecasts, fairly common to
have one member predict 1"/h.

e  Frequency with which 2 models predict 1"/h
fairly similar to frequency of observations of

Number of Times 4
Models Forecast

‘r T ”
M odets Forecast 1"/h
= N 9

e Increasingly unlikely to have additional
models agree on a prediction of 1"/h

Number of Times 10
jodels Forecast

Analysis: Janice Bytheway
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HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Number of Events Rain exceeds 1° in 1h

Number of Observed Number of Times 1

How much do individual L et e Inobservations, most occurrences of 17in1
members agree with ' hour along the Gulf Coast, into the Great

xceedances of 1 in/hour? Plains and North American Monsoon region.
excee €s ® e Inthe HREF forecasts, fairly common to
have one member predict 1"/h.

: f e e  Frequency with which 2 models predict 17/h
, D AR itly similar to frequency of observations of
) bty L “m?:(s";’uf;'?:::j_‘v_“ 1"/h
Number of Times 1 Number of Times 2>

Models Forecast Models Forecast
1 1\.‘_‘ . A -

l’\,._;.

3,
o e,

HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Number of Events Rain exceeds 1° in 1h

Arratysisanice Bythevay

Number of Observed Number of Times 1
M t

e Inobservations, most occurrences of 1”in 1
hour along the Gulf Coast, into the Great
Plains and North American Monsoon region.

e Inthe HREF forecasts, fairly common to
have one member predict 1"/h.

e  Frequency with which 2 models predict 1"/h
fairly similar to frequency of observations of

Number of Times 4 Number of Times 5 ”
Models Forecast Modeis Forecast 1"/h
W

“T,j‘ e Increasingly unlikely to have additional
i models agree on a prediction of 1”/h

How much do individual
members agree with
exceedances of 1in/hour?

Nu of Times 3
Models Forecast
I T R

Number of Times 10

jels Forecast

L i 3§ g
ST %

Analysis: Janice Bytheway
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HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Given an observation of 1” of rainfall has fallen (in 1 or 3h), what is
the probability that N model members will have predicted1” in the

same time period, and within a given radius?

0.40

0.35 4

0.30 1

Given Obs, P(nModels Forecast)

—— 1h, 25km
—— 1h, 50km
—— 3h, 25km
— 3h, 50km

0.25

0.20

P(F|O)

0.15

0.10

0 2 a 6 8 10
Number of Models Forecasting
Example: 1 h, 25-km (blue line)
> If 1”/hour is observed, ~38% chance none of the members will
predict 1"/hour within 25 km
> But a 5% chance that 4 members will have extreme rainfall
{1"/hour) within a 25-km radius)

Analysis: Janice Bytheway|

HREF Analysis of 2022 Summer Convective Season - Preliminary Results
from the Day 1 - 00 UTC Forecast over CONUS: Individual Member Analysis

Given an observation of 1" of rainfall has fallen (in1 or 3h), what is
the probability that N model members will have predicted 1" in the
same time period, and within a given radius?

Given N model members predict extreme rainfall, what is the
probability that it will be observed within a given radius?

0.40

Given Obs, P(nModels Forecast)

—— 1h, 25km 10 — 1h, 25km L
—— 1h, 50km — 1h, 50km s
035 4 #
—— 3h, 25km —— 3h, 25km
—— 3h, 50km | — 3h, 50km
0301 98
0.25 4
0.6
S 0.20 [y
™ 2
a a
0.15 0.4 1
0.10 4
024
0.05 4
0.00 0.0

0 2 4 6 8 10
Number of Models Forecasting

Example: 1 h, 24-km (blue line)

> If 1"/hour is observed, ~38% chance none of the members will

predict 1"/hour within 25 km

> Buta 5% chance that 4 members will have extreme rainfall

{1"/hour) within a 25-km radius)

Given nModels Forecast, P(Obs w/in radius)

2 4 Kg) 8 10
Number of Models Forecasting

Never more than 6 models predicting 1”/hour {in this period)

For 1"/hour within 25 km, HREF useful for highlighting extreme
rainfall: when up to 3 members agree: i.e., if 3/10 models predict,
there's a 30% chance it was observed)

> For larger

radius or longer period, HREF underpredicts somewhat
Analysis: Janice Bytheway]|
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Summary: Preliminary characterization of extreme
precipitation in NOAA’s high-resolution datasets

<

Initial analysis of HREF for summer 2022: reinforces that convection-allowing ensemble of
sufficient size increases the ability to capture extreme rainfall and/or environments capable of
supporting extreme rainfall

Ensemble mean not useful for PMP, but diagnostics (PMM) helpful as reasonable skill, likelihood
demonstrated for at least one HREF member indicating extreme rainfall

Complementary analysis approaches: couple ensemble means, diagnostics with individual model
framework to understand forecast confidence, ability of modeling systems to capture extremes

Ensembles provide wiggle room for expected individual member failure from cascading errors and
challenging compound environments {e.g., convective outflow as trigger to extreme rainfall)

Future work: focus on optimization of ensemble design; analyses to investigate regional signals,
weather regime relationships (relevant for different steps, ingredients in existing PMP methods)

33

Summary: NOAA’s upcoming plans for PMP

©@

Estimating Bounds on

Continue to work with National Academies Study Extrenie Precipitation

EUCHLS A mrief Asesoment

Update existing
assessments of

Continue research to develop and prototype innovative BNIPfieses

analysis, model development, climate science

Ultimate goal: Federally-endorsed,
state-of-the-science-informed design values for safe
infrastructure engineering and operations

Timeline Continue to test ———=
21st Century Dam Safety
" : and develop Rules for Extreme Precipitation
o October 2022 - October 2024 National Academies research ina Changing Climate

approaches

Study, NOAA prototyping research

o 2024 -2026 NOAA responds to, implements study
recommendations

o By 2030: New PMP estimates produced, publicly
available
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Questions?

NOAA research efforts: National Academies study:

https://www.nationalacademies.org/our-work/moderni
zing-probable-maximum-precipitation-estimation

<

3.3.1.3 Questions and Answers

Question:

When we look at our risk analysis models for our [nuclear] plants, we have to choose a mission
time and it’s typically around 24 hours, but it could be shorter, it could be longer. So, with regard
to the tools you are going to be developing for PMP, is it going to be able to use a different
timescale or a selectable timescale, for example, a PMP on a 24-hour period, a 12-hour period,
or maybe even longer that 24? Can you select the timescale that you are interested in when you
are focusing in on a plant or a region?

Answer:

The caveat is, in terms of what results NOAA puts forth, it's going to depend on the
recommendation of the National Academies study. But in terms of the actual research we’re
developing, all of NOAA'’s high resolution dynamical models are well beyond an hourly time
cycle and increasingly sub-hourly information is available. | think that that is very possible to
have things that are scalable in duration and have near-continuity in the temporal resolution. So,
| think those options will be certainly available in terms of the research and it’s really useful to
hear from the community what those needs are and that they should be prioritized in terms of
how we decide to put out the official new guidance. So thank you for that.

Question:

Usually with the information that we’ve used from NOAA for the PMP or other estimates. | think
they have been capped at 24 hours, maybe I'm wrong. Will this go out beyond 24 hours?
Answer:

It could. For other regions they do go out beyond that, to 72 hours and so on. It depends on the
region and the weather phenomenon of interest. | think, once again, that’s an open question.
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They can go out longer, and whether or not they will go out longer in discrete chunks or in a
spectrum that you could cater to your own needs, | think it’s possible.
Comment:

Joseph Kanney: | think the dam safety community would certainly want much longer durations
for many of their applications.

Question:

Will the annual excess probability for the PMP will be presented when the improved PMPs are
announced?

Answer:

We explored that idea through the Colorado-New Mexico extreme precipitation study that |
mentioned, and | see a number of folks online who were part of trying to make that happen. It
was an interesting exploration. | do not know if or how it will happen here, but | think the
conversation is one to keep having. | completely understand that is how most of the user
community is going to be brought to the table here, by at least addressing each of those
approaches.

3.3.2 Presentation 2A-2: The “Perfect Storm”: Can Atmospheric Models Improve
Confidence in Probable Maximum Precipitation (PMP)?

Author: Emilie Tarouilly, University of California, Los Angeles
Speaker: Emilie Tarouilly
3.3.21 Abstract

The flood that would result from the greatest depth of precipitation “meteorologically possible”,
or Probable Maximum Precipitation (PMP) is used to ensure the safety of nuclear power plants,
among other high-risk structures. Historically, PMP has been estimated by scaling
(extrapolating) depth-area-duration relationships obtained from severe historical storms,
following guidelines from the so-called Hydrometeorological Reports (HMRSs). Over the last
decade, frameworks that leverage numerical weather prediction models to predict precipitation
resulting from the addition of moisture (called relative humidity maximization, or RHM) have
been developed. Incorporating current understanding of precipitation processes in those model-
based methods represents an important advance.

Nonetheless, model-based PMP still relies on key assumptions: (1) that severe historical storms
achieved maximum efficiency (moisture conversion to precipitation), such that only moisture
needs to be maximized and (2) that maximizing moisture (i.e., saturating the atmosphere) near
the target basin is realistic and consistently maximizes precipitation. Numerical weather
prediction models allow us to re-evaluate those assumptions and perform scenario analyses to
develop physically-based guidelines on how to reliably maximize storms. Additionally, as the
use of model-based tools introduces new challenges such as model uncertainty, our scenarios
include different model setups and parametrizations that aim to characterize the magnitude of
this uncertainty.

Focusing on the Feather River basin in California, we downscale the most severe historical

storms from ERADS reanalysis using the WRF model. Using this ensemble of high-resolution
simulations, we seek to identify key attributes of these storms (storm orientation, convection and
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large-scale convergence) that control precipitation efficiency and we characterize the nonlinear
precipitation response to the addition of moisture in our simulations. In so doing, we highlight
that PMP would be better presented as an ensemble of values, such that uncertainty can be
communicated, rather than a single estimate, and develop guidance for the engineering
community on how to consistently maximize storms.

3.3.2.2 Presentation (ADAMS Accession No. ML23177A164)

Land Surface
Hydrology

Research
Group

The Perfect Storm:

How Atmospheric Models Can Improve
Confidence In Probable Maximum Precipitation

Emilie Tarouillyl, Dennis Lettenmaier?

1 Department of Civil & Environmental Engineering, University of California, Los Angeles, Los Angeles, CA
2 Department of Geography, University of California, Los Angeles, Los Angeles, CA

. ﬁ Future Investigators in NASA
UCLA Samuell {) W Santelfor Westetn Weather Earth and Space Science and

E
Civil & Environmental Engineering V e Technology (FINESST)

Context: PMP Estimates & Dam Safety

* Probable Maximum Precipitation (PMP):
* “The greatest depth of precipitation physically possible”
* Key concept to ensure dam can safely pass any flood that may occur

* NOAA Hydrometeorological Report (“HMR PMP”) guidelines

* Severe historical storm amplified linearly assuming more moisture
available

* Here we focus on more recently developed “model-based PMP”
* Atmospheric model to predict storm’s precipitation response to added
moisture

* Major improvement, though existing challenges (e.g., storm sample
size) remain and new challenges (e.g., model uncertainty) emerge
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Research Questions

How is the model-based PMP estimate affected by the following sources of uncertainty:
1. Model uncertainty (e.g., initial conditions, choice of parametrization)?
2. Storm efficiency uncertainty due to small sample of historical storms?
3. Moisture maximization uncertainty (how much moisture to add, when and where?)

Goals: Improve the robustness of model-based PMP estimates by better
representing uncertainty and providing the engineering community with more
physically-based guidelines on how to reliably maximize storms

Study Domain

3000

Feather River basin (3600 sgq mi)
above Oroville dam, California

2500

| 12000

11500

1000

500

Altitude (meters)
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Model-based PMP Procedure

(Common To All Experiments)

(1) Storm Selection from Forcing Dataset
Storm with the largest 3-day precipitation _gj{ A
totals are selected from ERAS reanalysis :

(2) Storm Reconstruction
Reconstruct (i.e., downscale)
selected storms using regional

climate model (WRF)
(3) Storm Amplification

Amplification of the storms using the Relative
Humidity Maximization (RHM) method (100%
relative humidity at model boundaries)

Model-based PMP Procedure
(Sensitivity Analysis)

(Q1) Identify a larger sample of storms to
evaluate importance of storm efficiency

(1) Storm Selection from Forcing Dataset
Storm with the largest 3-day precipitation
totals are selected from ERAS reanalysis

(2) Storm Reconstruction
Reconstruct (i.e., downscale)
selected storms using regional

climate model (\WRF)
(3) Storm Amplification

Amplification of the storms using the Relative | i (Q2) Vary modeling setup to evaluate
Humidity Maximization (RHM) method (100% paTio ST InoRR ng Tk
relative humidity at model boundaries)

(Q3) Vary moisture perturbations to
evaluate importance of implementation
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. Solution: Design an ensemble of PMP
simulations that samples these known
sources of uncertainty + Assess the

Ry o resulting range of possible PMP estimates

;S

Storm #1
Feb. 1986

Storm #2
Jan. 1997

Maximized
i.e., maximized storm

i.e., “real” historical storm

(a) Initial Condition Uncertainty (“IC/BC") -
1-8 SKEBS perturbations to IC

T
(b) Parametrization Uncertainty (“Physics”)
1—8 Combinations of Physics Options u
2 Miaophysics 2 Cumulus 2 PBL

(c) Model Error Uneerulnty (“SKEBS”) n
1-8 SKEBS Perturbations to interior grid

| (d) combinations of (a), (b) and () | | .. ]
S —" et g
56 ens. members 56 56 56

Model Uncertainty

Sampling known sources of

uncertainty e.g., impact of:

« Different physics parametrizations

¢ Error ("SKEBS” perturbations) in
initial conditions and model
simulations

56 ensemble members for each
version (reconstructed and
maximized) of each storm (Feb. 1986
and Jan. 1997)
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Model Uncertainty

Results: Uncertainty estimates

February 1986 January 1997 Reconstructed storms differ:
Rec. Max "y I A = é T * Magnitude differs
i
E . :
oo e i it e * Quality of reconstruction
+/-StDev 28
Min/Ma H 118 mm | w 28§ <
= e | o 58 and spread differ
200 g 'ES”
i & g Yet maximized storms have
) 2z similar behavior
i - 0
O At G ngev o 3\\7& o @ o * 3-day totals roughly 400 mm
* Ensemble spread ~100 mm
Model Uncertainty
. » .
Results: Uncertainty estimates
February 1986 January 1997 Reconstructed storms differ:
Rec. Max ] ; ® g + Magnitude differs
- :”":::8 99 mm samm 40 @ E i o
o o e } ! i * Quality of reconstruction
MinMax 118 mm tesmm | E 8 and spread differ
Y Cao (Obs) i Sa
m E3
wi e b Yet maximized storms have
T o e n
Rz similar behavior

* 3-day totals roughly 400 mm

& Y o o o o o
0% '70?“ 3(\0‘}' '5\\7“\' Q\W Q’lw Q":w
* Ensemble spread ~100 mm

= Ensemble 90" perc is ~110% of the ensemble mean i.e., uncertainty would not
cause maximized totals to be much greater than existing single-value estimates
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Key Points

* Wider assessment of model uncertainty needs to be conducted:
* Impact of different forcing datasets?
* Does uncertainty depend on storm type?
* Further assessment of model error (“SPPT” in addition to “SKEBS” perturbations)

* Model uncertainty is not large enough to be a barrier to the further
development of model-based PMP

* Nevertheless, an ensemble of PMP estimates rather than a single value
should be reported in order to represent the uncertainty

§glutlon‘
- Identify storm effncnenc_y,hlstorlcal max|ma
(e approxnmatéthe upper bounds .
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Storm Sample Uncertainty

Methods: Storm Selection before Downscaling

In addition to ERAS (historical) storms, use CESM2-LE (a GCM large ensemble)
to provide additional ~1200 years of artificial storms with same characteristics
(equally plausible) as ERAS

Top 10 storms by 3-day total precipitation (Feather basin average) before downscaling:

ERA5* CESM2*
Storm 3-day Precip (mm) Ens. Mem. Storm 3-day Precip (mm)
13-Oct-62 293.15 009 18-Jan-2011 291.83
18-Feb-86 246.95 003 13-Jan-1924 257.87
23-Dec-64 240.80 009 17-Dec-1985 249.63
1-Jan-97 229.15 007 26-Jan-1946 248.82
9-Jan-95 208.70 010 29-Dec-1979 247.23
9-Jan-17 196.46 001 29-Dec-1979 247.23
1-Dec-12 185.80 008 30-Dec-1906 246.68
10-Mar-95 184.24 003 16-1an-1973 242.26
31-Jan-63 181.22 005 16-Nov-1908 235.5
11-Nov-73 171.00 005 4-Jan-1924 228.86
*From 1950-2020i.e., ~70 years *x10 from 1900-2020 i.e., ~1200 years

Storm Sample Uncertainty

Results: Storm Efficiency in Model Reconstructions

CESM2-LE storms have efficiency
up to 30% higher than historical
storms from ERA5 (HMRs
assumed historical storms
reached maximum)

* Top 10 storms (ERAS),

¢ Top 10 storms (CESM2-LE),
downscaled

—— CDF ERAS 3-Day Total Precip (1950-2020),
Same on all plots

0.0

5 1 15 25
Precip Efficiency (Precip/PW)
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Storm Sample Uncertainty

Results: Storm Efficiency in Model Reconstructions

CESM2-LE storms have efficiency
up to 30% higher than historical
storms from ERA5 (HMRs
assumed historical storms
reached maximum)

* Top 10 storms (ERAS),

* Top 10 storms (CESM2-LE),
downscaled

:> HMR assumptions nOt Verified g - CDF ERAS 3-Day Total Precip (1950-2020),
= Could PMP estimates be larger if - it
. " . 0 5 10 15 20 25
storms with maximum theoretical Precip Efficiency (Precip/PW)
efficiency were found?

Storm Sample Uncertainty

Results: Impact of storm efficiency on PMP estimate

Downscaled

* Owing to higher storm 6
efficiency, CESM2-LE
storms have higher
precipitation than ERA5
storms

ERAS5

1.0 e
w
805/
o
0 100 200 300 400
3-Day Total Precip (mm)

CESM2-LE
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Storm Sample Uncertainty

Results: Impact of storm efficiency on PMP estimate

* Owing to higher storm

efficiency, CESM2-LE
storms have higher

precipitation than ERA5

storms

* Yet once amplified, CESM2-
LE storms do not produce
much larger totals than

ERAS storms

ERAS5

CDF
) "
tn ° :

CESM2-LE

Downscaled

0 100 200 300
3-Day Total Precip (mm)

400

0.0

Amplified

—

0

™ ..’
1

—— CDF ERAS 3-Day Total Precip (1950-2020),
Same on all plots

100 200 300 400
3-Day Total Precip (mm)

Storm Sample Uncertainty

Results: Impact of storm efficiency on PMP estimate

* Owing to higher storm

efficiency, CESM2-LE
storms have higher

precipitation than ERA5

storms

* Yet once amplified, CESM2-
LE storms do not produce
much larger totals than

ERAS storms

ERAS

CDF
° "
in e :

CESM2-LE

Downscaled

0 100 200 300
3-Day Total Precip (mm)

400

Amplified

—

0

a ..’
1

——  CDF ERAS 3-Day Total Precip (1950-2020),
Same on all plots

100 200 300 400
3-Day Total Precip (mm)

= Impacts of higher efficiencies on the resulting precipitation,

hence PMP estimate, appear to be minimal
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Storm Sample Uncertainty

Key Points

 Storms with up to 30% higher efficiency than historical storms exist,
but do not appear to produce larger maximized precipitation totals

* Nevertheless, the extended sample of storms examined here is only
an approximation to the theoretical upper bound of storm efficiency

* Storms from much larger samples should be assessed, which could
come from other GCM ensembles
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Results 1: Choice of Moisture Amounts

Jan. 1997 storm example . _
& * Relative Humidity

(a) Moisture Profiles (b) Resulting Precipitation Totals Maximization (RH M) consists
- of saturating the entire column
0 \h nemm.u (286 mm) | 400 €
= - Hosao1s fase cg * Most commonly used
‘E 200 S °E Max'd *20 (370 mm) i n= g . §
— o e Al 2000 @ » Alternatively, multiply moisture
g - & wc .
& SEq >% amounts in order to preserve
@ = P e 5 -
5 600 5 eE 9 ’T"\v\ 0 §8 the atmospheric profile
2 7 € ! ANRAS : o
& 800 28 6 /,\‘ AT\ W £ * Called Relative Humidity
f\a \ LAl v 1] .
o AW I YN Perturbation (RHP)
0 50 1 e o e P
ive Humidity (% c c o o N * Arguably more realistic
Relative Humidity (%) 3009 ’90‘" &P ¥ of g ¥

Results 1: Choice of Moisture Amounts

Jan. 1997 storm example

* Relative Humidity

(a) Moisture Profiles (b) Resulting Precipitation Totals Maximization (RH M) consists
. — — of saturating the entire column
% . [ cE * Most commonly used
3 200 N B Max'd *20 (370 mm) ) L W= : o .
= oF ol || 1222 2008 5 * Alternatively, multiply moisture
g - d wc .
§” ;>”§12 25 amounts in order to preserve
£ 600 - cB o9 33 the atmospheric profile
2 0w S 2o . . ge
& 800 856 =o * Called Relative Humidity
} O o .
1000, — = . 3y z Perturbation (RHP)
0 50 10)0 0

¢ Arguably more realistic

Relative Humidity (%

= RHP results in lower precipitation totals than RHM but may be more defensible
= Frequency analysis to decide how much moisture?
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Moisture Maximization

Results 2: Choice of Domain Size Ungertainty

Jan. 1997 storm example 5 g A 5
e * Moisture added in forcing dataset, i.e., at

— PMP S50 s domain boundary
—— Reconstr. = 5 ’
. Obs chephiatond A * Domain size controls how close to
o M study basin moisture is added
S E s (267 mm) we . L. .
g 2002 3 * Distance from study basin is a key factor in
££ ;fg determining how much precipitation
© = . .
@2 3 g increase results from the added moisture
>
<

Moisture Maximization

Results 2: Choice of Domain Size Uricartliy

Jan. 1997 storm example i i 7 i
P * Moisture added in forcing dataset, i.e., at

| — pmP o domain boundary
—— Reconstr. € . y

o b cE * Domain size controls how close to

S o study basin moisture is added

5E we " % .

45 = * Distance from study basin is a key factor in

£& §§ determining how much precipitation

T g = i i

o 3 S increase results from the added moisture
>
<

— Smaller domain has a big impact on precipitation
—> How to decide? Closest that is over the ocean?
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Moisture Maximization
Uncertainty

Key Points

* Moisture maximization (moisture amounts, distance from study
basin) exerts a strong influence on maximized precipitation totals,
hence PMP (more so than any other source of uncertainty)

* Next step towards producing guidelines will be to determine how to
decide on the appropriate implementation
* Choices should not produce unrealistically severe storms
* But also need to ensure storm is severe enough that it cannot be exceeded

* This will also depend on risk tolerance i.e., regulator/dam owner
and is not purely a science question

Conclusions

* This study is the first to quantify the impact of various sources of
uncertainty on model-based PMP estimates
* Uncertainty needs to be described and communicated
* But findings do not question the viability of model-based approaches

* Additional sources of uncertainty will need to be evaluated

* Most important for operational purposes will be to evaluate where
model-based PMP estimates differ from HMR PMP and why

* The atmospheric modeling tools used here will allow to:
* Force a hydrologic model to convert PMP to PMF
* Assess the impact of climate change on both PMP and PMF
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Thanks for listening!
Questions?
You can contact me at emtarouilly@ucla.edu
3.3.2.3 Questions and Answers

Due to technical issues, there was no Q&A for this presentation.

3.3.3 Presentation 2A-3: Improving the Reliability of Stochastic Modeling of Short-
Duration Precipitation by Characterizing Spatiotemporal Correlation Structure and
Marginal Distribution

Authors: Giuseppe Mascaro?!, Simon Papalexio?, Daniel Wright®; *Arizona State University,
2University of Calgary, 3University of Wisconsin-Madison

Speaker: Giuseppe Mascaro
3.33.1 Abstract

Realistic space-time stochastic simulations of short duration (<24 h) precipitation (P) provide
critical support for flood hazard assessment. In this talk, we improve the accuracy of space-time
simulations by increasing the ability to characterize and model the spatiotemporal correlation
structure (STCS) and the marginal distribution of short-duration P. We design a framework that
relies on multisite Monte Carlo simulations with the Complete Stochastic Modeling Solution
(CoSMoS) which we test with a dense network of 223 high-resolution (30 min) rain gages in
central Arizona. We first show that an analytical model and a three-parameter probability
distribution capture the empirical STCS and marginal distribution of P, respectively, across At’s
from 0.5 to 24 h in both the summer and winter seasons. We then carry out Monte Carlo
multisite stochastic simulations of P time series with CoSMoS which reveal significant seasonal
differences in the statistical properties of short-duration P, especially at low At: summer P
exhibits weaker STCS and heavy-tailed distributions because of the dominance of localized
convective thunderstorms, whereas winter P has stronger STCS and distributions with lighter
tails as a result of more widespread and longer frontal systems. Moreover, P is largely
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characterized by a homogeneous and isotropic STCS across the region, and by marginal
distributions with constant shape parameters and scale parameters and P occurrence
dependent on elevation. The only exception is winter P at At = 3 h, where the motion of frontal
storms could introduce anisotropy, and additional factors are required to explain the variability of
the scale parameter. The findings of this work are useful to generate more realistic stochastic P
models and validate convection-permitting atmospheric models.

3.3.3.2 Presentation (ADAMS Accession No. ML23177A165)

Improving the Reliability of Stochastic Modeling of Short-
Duration Precipitation by Characterizing Spatiotemporal
Correlation Structure and Marginal Distribution

Giuseppe Mascaro, Simon Papalexiou, and Daniel Wright

8th Annual Probabilistic Flood Hazard
Assessment Research Workshop

=, W USNRC
Stai s and Technol . .o e .
U, Department of Commes oo Session 2A: Precipitation

United States Nuclear Regulatory Commission

== &

Disasters Resilience Research Grant

@ SAFE % ﬁugmg ﬁm@u{ E%% Protecting People and the Environment March 22, 2023
v Motivation

v Study Area and Dataset
v Space-Time Correlation Structure and Marginal Distribution
v Monte Carlo Stochastic Simulations

v Conclusions and Future Work
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v Motivation

What are stochastic models of short-duration (<24 h) precipitation (P)?

- Multifractal model _ Meta-Gaussian model Categories of Paschalis
Es Eo.a ‘ ‘ etal. (2013):

5 (\\\IW\M x 02 \/\/\M 1. Multisite temporal
Syan-o1 Jan-02 Jan-03 & e e S simulations (e.g., Bardossy

01-Jan-2013 - P in mm over 45min 01-Jan-2013 01:00:00 - P in mm and Pelgram, 2009)
4

10

2. Superposition of two-

dimensional pulses (e.g.,
Cowpertwait et al., 2002)

3. Theory of random fields
(e.g., Papalexiou et al., 2021)

4, Scale invariance and

multifractality (e.g., Deidda
et al,, 2004)

© - N W & OO O N O ©

13 26 39 52 65 78 91 104 4 24 44 64 84 104
X (km) X (km)
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practical applications

Design storms for
stormwater infrastructure

Stochastic models of short-duration P are useful for several scientific and

Improve estimates of areal
reduction factors

Maximum water
depth (m)

ARF (-)

1.00
-~ = = -
T ) e
078
N G
050 S R — — ==
\_
025
00080 12h
250 500 750 1000 250 500 750 1000
Area (k)
- - wTP29 mean nontropical individual nontropical
e €3N 8 SLOMS e w mean tropical individual tropical

Wright et al. (2013)

What should these models be able to simulate?

5590 ‘ 200[8-08-25 00:]00 . 25?18:00 26@“)4:00
223 gages in Central AZ 2 {x
18 W 15
i + | 1
16 +
5
0 "
14 Aug25 Aug2b Aug27 Aug28 Aug29 Aug 30
2
128 - g
+ Zi5
10 Em
as
8 ¢ 0 L i
) Aug 25 Aug 2! ug 27 Aug28 Aug29 Aug 30
6 %
20 {2}
4 15
e . + o+ 10 P
2 i 5 =3 h
=
0 h + 0 t
: : Aug 25 Aug26 Aug27 Aug28 Aug29 Aug 30
P (mm/h) 220 km 2008

Increase accuracy of hydrologic
simulations (e.g. flash-flood forecasting)

=

Error model 1

12AM 12PM

Hjelmstad et al. (2021)
Shreshta et al. (2022)

Space-time correlation
structure (STCS):

X: random variable P at
time resolution Ar

{xj)t} = xj)ly xj)gy e
realization at j-th site

sx‘)T

Spatial correlation at distance &:
r({x .} {.xt_::}) — py(6 =93 km)

r{{x5.} {\}) — px(6 = 34 km)
Temporal correlation at lag
F({Xl)z}-, {Xl,z+3h}) — py(t = 3h)
Spatiotemporal correlation:
#{{x b {xpish}) = £x(8 = 93km, 7 = 3h)

6
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>20

P(m

2008-08-25 00:00

What should these models be able to simulate?

0
v y 5 10
223 gages in Central AZ {x e
BEER
+ +
i +
5
S 4 + 10%
LA £ i 7
SR
P e o 0 20 40 60 80 100
+ +
e O £ s 450
S * % 5 & | o %)
+ + i S o F (x)
+ * % LR @t il 3 P X|IX>0
. R :
+ - S TR + —
< + e e 105
H o oF + 4
: :’ ‘H + i = 13‘:*{ e *,:1:': g 1
+ . ; s 0 20 40 60 80 100
4 e
L 1: s e 3 ot i 100 { ]
et
* .+ Phoenix Metro + X34
.
3 + y
4
+ % + o+
) E
- 10°®
<
:
i & 0 20 40 60 80 100
220 km
m/h) x —P (mm/h)

v Study Area and Dataset

Distribution of zero and

nonzero P

X: random variable P at
time resolution Az

CDF of intermittent process:

Fx(0) = po+ (1 — po)Fxjx-0(%)

Probability Marginal
of zero P distribution of
nonzero P

In this talk, we will
characterize and model STCS
and marginal distribution,

which have received limited
attention
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Study Area and Dataset

T T T T
Main Képpen-Geiger regions:

. BWh g Temperate
BWK arid o]
BSh I Dsb

BSk Dfa  Cold
Dfo

Record length  Elevation
(years) (masl)
A 20-25 P 2365
26-30
a 31-35
4 36-40

i 110
Urbanized
areas

0 30 60 9 120 150 180 210
Inter-gage distance (km)

v Space-Time Correlation Structure and Marginal Distribution

High-resolution and high-density rain

gage network from Flood Control District

- | of Maricopa County (FCDMCQ):

- 365 gages (223 with >20 years)

- At=0.5,1,2,3,6,12,24h

- 1 gage every 95 km2 in 29,600 km?

- 1 gage every 23 km2 in Phoenix Metro
(2037 km?2)

Precipitation regime with two seasons:

- Summer (Jul-Sep): short (<1 h) and
localized convective thunderstorms
during the North American monsoon

- Winter (Nov-Mar): widespread storms
caused by cold fronts mainly originated
in the Pacific
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Space-Time Correlation Structure

Clayton-Weibull model for stationary, isotropic, and homogeneous STCS:

. 0\ T\ ~%
/)X(T,b;g) = {GXP[Q(b—) ] + ¢Xp [H(b_) ] - } <«— Papalexiou et al. (2021)
S T

Summer Winter
3 7 )

r(h) 25 100 & (km)

® Median empirical Ar=0.5h

Space-Time Correlation Structure

Clayton-Weibull model for stationary, isotropic, and homogeneous STCS:

ot = {oalo) T roalo) ] -1}
1

Spatial CS
Summer Winter
. o ) - t=0h
it ~—'f‘ 05 /
15 % Q
084 -
i heemaeen- d
064 O
i ) 05 ﬂ 50 100 150200
< o4 i < 05 t=24h o (km)
02t B i Temporal CS
o " LesstiielieseRtL s - i !
ME.. 0000 > 02 0=0km
0 N e © o1
24 \\’\ .......... =30 < 3
@ . Z 05
“ B, ) 3 “
9% N, _— = =4\
r(h) 120100 5 (km)
® Median empirical At=24h a=20km: B 0 1 2 3 4
lagk(-) !
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Marginal Distribution

L-moment ratio diagrams to identify good parametric distribution for /'y, ¥>0X) = Fy(x)
- Summer ; ohvedii 0 peveuWinter
; owd « Distributions capturing low, moderate, and heavy P
ik ‘ rates with two shape, y1 and 2, and one scale 8
10 4 parameters:
% R4 . i
: / - Generalized Gamma (§6),
o4 (@) Ar=0.5 h; ID = 4700 1". (b) Ar=0.5 h; ID = 4700 ! 7
NI P/ AR Pai - BurrType XII (BrX1])
% ke .~ - Generalized Extreme Type 4 (€ &4)
B 1ou] Nl ,
k. 108 . « BrXII most flexible, but infinite variance for > > 0.5
Tios 21 | @rx1l
104 (€} Ar=6 h; ID=1600 71 () D=6 h; ID = 1600 . i
e - gﬂ' ZS ]b" ,;/:a// 0 I SG P S %4 was selected: ) ) -
A 1 Xe 1 3 - 2
Fapeso® = Fgag = 1= { [exn((2)") = 1] "+ 1}
165 /i
b . - FE4 . Very good fit across seasons and Az
10| (@) Ar=24 h; 1D = 87800 Fod (h) A7=241h;1D=87800
020 Wi/ 3 BIN AT/ o . bl X0/ as 13
03 04 05 0.6 0703 Aﬂ;/‘(‘mrﬁ‘h,l )\.6 0703 04 05 06 07

Seasonal and spatial variability of po

1 0.995 0.95
TR
I " ﬁ 099 09
0.9 = iﬁ
vao 8 éWinter ': 0.985 0.85
éSummer : 098 08 z(mMSL)
0.7
051 23 6 12 24 | - - | . o7s 2000
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09! ° 0.98 08
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& | =,
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Marginal Distribution

Seasonal and spatial variability of & &4 parameters

v Monte Carlo Stochastic Simulations
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No apparent spatial control on y,
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Multisite Stochastic Simulations with CoSMoS

We performed Monte Carlo simulations with the Complete Stochastic
Modeling Solution (CoSMoS) framework

Fix) K #a FX(X) pX(59 T) px(é, T)
!// N Fx) /)X /)Z
STCS inflation
+ E— Z ~ NO,])
7 (h) z(h)
3 § (km) 5 (km)
Marginal Space-time correlation
( I:g‘listtributliotr_\ ofé(t) structure (STCS) of X STCS of Z l
at resolution

VAR(p)

Gaussian multivariate
autoregressive model

x(i, j, 1) = Fy'{FylzGi. j.0)| }o— z(i, j, 1) +— @ .

n
\ )
gl

Space-time P
fields
preserving
marginal
distribution,
intermittency
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&

Papalexiou et al. (2021; WRR)

Multisite Stochastic Simulations with CoSMoS

Monte Carlo simulations with CoSMoS to test two hypotheses:

1.Can the STCS be considered homogeneous and isotropic in each season?

2. Is the spatial variability of the marginal distribution captured by regional G &4
shape parameters and by linking [} and p, to elevation (z)?

For each At, 100 multisite time series for summer and winter P with same observed
record lengths:

Regional: CoSMoS — Clayton-Weibull STCS +< f =+ (f — p.) - e **
hHomogeneous mean value for y; and 7,

and isotropic

Hypotheses

testing — empirical observed VS. 90% confidence intervals of synthetically generated

18
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Multisite Stochastic Simulations with CoSMoS

1. Can the STCS be considered homogeneous and isotropic in each season?

(a) Summer ” (b) Winter
1.0 J -
] - A At=05h B
Frequency | Ar=05h \ —0- .
of observed 0.8 li‘x‘ =0Ath 0.8 \ 7=0-Ath :
High T 06\ - 064, |
< 041 k\ ‘04
0.2 0.2 Ar=24h
0 0 t=0Arh
1.0
1.0 At=05h Ar=24h
0.8 0.8 t=1-Ath t=1-Ath
low ZT 06 = 06} 100 outsideCl
Y 04|
= 90% confidence = e
interval synthetic 0.2 0.2
— = Gayton-Weibull ¢ e el i i unaa
STCS 0 25 50 751000 25 50 75 100 0 25 ‘50 75 100 0 25 <50 75 100
6 (km) 6 (km) o (km) o (km)
With very high

j ' Inm in winter
confidence in summer ost cases te

Multisite Stochastic Simulations with CoSMoS

2. Is the spatial variability of the marginal distribution captured by regional & &4 shape
parameters and by linking # and p, to z?

Summer Winter

Mean across all gages of
percent of ECDF outside 90%
confidence interval (Cl)

90% Cl Regional 107
« Empirical summer |
« Empirical winter

102 Welpa b 50 Ha) Summer o —, Regional o
105l0= i parameterization is
1000 20 40 60 80 1000 5 10 15— k_: oy appropriate In

- Do B I I I summer for all Ar and

B : e winter for Ar < 3 h

-] el

g 102 2 %05 1 2 3 /6 12

f =
(@) Ar=6h 103 >10% 0 ] .
1o, D= 1600 | outside CI E 20 | (b) Winter _- Additional factors
0 5 0w o 2 4 6 8 8 possibly needed to
o 7} . %
10 0 Ma=gan & 1 ) explain the
- I o i S e ae variability of winter P
e U1 I I I forAr=3h
102 s 2 o
A 10 i 05 1 23 6 12 24
ID = 87800 At (h)
103 103 H
0 1 2 3 4 0 0.5 1 1.5 20
x(mm h)
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v Conclusions and Future Work

Conclusions and Future Work

1. High-resolution, long-term, dense rain gage networks are a precious resource to
characterize and model key statistical properties of P

2. Clayton-Weibull STCS and & &4 are flexible models for STCS and Fy(x) of P
across scales and seasons

3. Significant seasonal differences in STCS and Fy(x) in Central Arizona

4. Monte Carlo experiments with CoSMoS show that:

- In most cases: homogeneous and isotropic STCS; regional, elevation-dependent
parameterization of Fiy(x)
- Exception in winter for A>3 h

5. Future work: apply CoSMoS while accounting for storm advection and
anisotropy
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What’s Next?

Synthetic 250-m, 30-min P fields around Arizona State University
_ Summer _ Winter
- 0(1) "\ TE Qe :
af 01 02 03 04 05 06 07 08 09 10 11 12 o g 01 02 03 04 05 06 07 08 09 10 11 12
2021-07-01 00:30 imm/30min) 2021-01-10 00:30 {mm/30 min)
A ” % r— = - — rs v 9
8
7
6
~12.5 km 5
4
3
334°N 2
1
v 10 N
112.0° W 111.9° W 112.0' W 111.9° W
Thanks!
L ]
i ?
Questions?
Giuseppe Mascaro: gmascaro@asu.edu
24
3.3.3.3 Questions and Answers
Question:

With respect to the copula used for the spatio-temporal correlation, why did you choose the
Clayton-Weibull copula? Did you compare it with other copulas?

Answer:
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This was part work reported in a couple of papers that my colleague, Professor Simon
Papalexio from the University of Calgary published in 2021 and 2022. They proposed a number
of combinations of correlation functions mixed with different copulas, but they did not test them
against the data. They proposed them, the equations are there in the papers. This is the first
time that these have been actually applied on such a large data set. So yes, there are other
copulas that have been proposed. We tried this one, and this was the one that worked the best
in this study region. It doesn’t mean that it’s the best everywhere and this has to be still
demonstrated.

Question:

Could two different copulas be chosen, one for time, the other for the space correlation?

Answer:

The idea of the copula is to essentially link two different marginal distributions, which in this
case are not really distributions but they are the decay of the correlation in space and the decay
of the correlation in time. They are mixed together to form the surface, so | think you should use
one copula at a time. You can choose different distributions of the decay, the marginal
distribution. We are actually improperly using the term distribution because this is a correlation
function. You can choose a different correlation function for space or time, but then the copula
that mixes them, that combines them, has to be one.

3.3.4 Presentation 2A-4: Stochastic Design Storm Sequence in the Lower Mississippi
River Basin

Authors: Yuan Liu, Daniel Wright; University of Wisconsin-Madison
Speaker: Yuan Liu
3.34.1 Abstract

This study aims to address major limitations of conventional univariate rainfall frequency
analysis, which includes the difficulty of incorporating information from relevant atmospheric
variables and representing the frequency of areal extremes that is relevant for flooding. Here we
proposed a new method of estimating extreme rainfall frequency based on rainstorm tracking
and atmospheric water balance. A rainstorm tracking algorithm STARCH was developed to
identify two-dimensional precipitation systems over the Mississippi Basin based on ERAS hourly
precipitation data from 1951 to 2020. The 70-year annual maximum rainstorm precipitation was
extracted and fitted to a multivariate distribution of atmospheric water balance components
using vine copulas. We used this approach to estimate precipitation frequency for rainstorm
areas from 5,000 to 100,000 km? and duration from 2 to 72 hours in the Mississippi Basin and
its five major subbasins. The estimated precipitation distribution fits well with the reference data
and is close to the conventional GEV distribution. The approach can estimate precipitation
frequency at arbitrary rainstorm duration and area and provides an alternative way to
characterize the depth-area-duration relationships of major storms in a basin. Our approach
explicitly modeled the contribution of atmospheric water balance components to extreme
precipitation. Of these, the water vapor flux convergence is the major contributor, while the
water vapor storage and a mass residual term can also be important, especially for rainstorms
with short durations and small areas. The approach can utilize additional atmospheric variables
to inform precipitation frequency analysis and benefits from advancements in reanalysis
products and storm tracking techniques. In the end, some recent work on developing stochastic
design storms for the Lower Mississippi River Basin will also be covered.
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3.34.2 Presentation (ADAMS Accession No. ML23177A166)

Stochastic Design Storm Sequence

in the Lower Mississippi River Basin

Yuan Liu, Daniel Wright
University of Wisconsin-Madison

Large-scale atmospheric variables Simulated storm ensembles

Flood risk in the Lower Mississippi Basin

Economic damage

= 1927 Mississippi Flood
$350 million

= 1973 Mississippi Flood
$250 million

= 2011 Mississippi Flood
$2.8 billion

= 2019 Mississippi Flood
$20 billion
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University of Wisconsin-Madison

Flood risk in the Lower Mississippi Basin

Flood damage will increase in the Mississippi Basin Economic damage
16 = 1927 Mississippi Flood
$350 million
12
= 1973 Mississippi Flood
. $250 million
= 2011 Mississippi Flood
4 GDP Exposed (in USD billions) $2_3 billion
= 2019 Mississippi Flood
0

: ' : : $20 billion
2010 2030 2050 2080

University of Wisconsin-Madison

Design storm sequence HYPO-58A (Myers, 1955)

fffff

‘ L 0 - r
N
\
HYPO - FLOOD 58A b HYPO - FLOOD 584 % HYPO - FLOOD 58A
STORMS STORMS STORMS

Used for all flood protection structures!

* Highlights: Storm sequencing in Mississippi flood
* Limitations:

* Single hypothetical event

* Lack of probability

* Lack of future climate impact
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Key rainfall generating mechanism:
(Su & Smith, 2022; Nayak & Villarini, 2017; Moore et al., 2012)

[ L o

Atmospheric river

Research objective:
Develop a stochastic storm sequence generator based on
atmospheric rivers and large-scale atmospheric variables

Storm 2 Storm 3

Water vapor

University of Wisconsin-Madison

University of Wisconsin-Madison
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University of Wisconsin-Madison

Method  AR-storm identification  Rainfall distribution fitting Noise field generation

Storm Tracking and Regional Characterization (STARCH, Liu & Wright, 2022)
1. AR event tracking: 1979-2021 AR-storm database

ERAS 3-hour integrated water vapor transport

2. Extract associated atmospheric variables:

)

Observed precipitation Large-scale precipitation Precipitable water 500 mb vertical velocity
AORC 0.03° grid ERAS reanalysis 0.25° grid

University of Wisconsin-Madison

Method  AR-storm identification  Rainfall distribution fitting Noise field generation

UW-Madison Probabilistic Downscaling (UWPD, Dave Lorenz)

1979-2021 Dec AR- Each 0.03° grid has observed rainfall and large-scale atmospheric variables.
storm database

%

Observed rainfall

of
|
|
x|
7]
!

x = T 7 3 6 %% U » ®

Precipitable water 500 mb vertical velocity

° w %

y f w w
1. Rainfall occurrence 2. Rainfall mangitude
y{0, 1} ~ Logistic(P,,;,(t)) v ~ Generalized Gamma(u(t), a(t), c)
u(t) = 6,+ 6, R+ 6, W+ 6, w
Prain(t) = agta, R+ a, W+ a3 w a(t) = yo+ Y Ry, WHy, w
¢ = constant
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University of Wisconsin-Madison
Method  AR-storm identification  Rainfall distribution fitting Noise field generation

STREAM (Hartke, et al., 2021) and pySTEPs (Pulkkinen et al., 2019)

1. Spatially correlated random noise

Multiply =

\

50.0

a5 Fourier Fourier
50 il spectrum spectrum
25 L]

wo} ¥ Moving window
Fourier transform

3’01 °. .
T3
2s

00 g q

-115 -110 -105 -100 -95 -90 -85 -80 -115 -110 -105 -100 -95 -90 -85 -80
Correlated Gaussian noise Observed rainfall field White Gaussian noise
0.03° resolution 0.03° resolution 0.03° resolution

//zenodo.org/record, eadthedocs.io/en/stable/

University of Wisconsin-Madison

Method  AR-storm identification  Rainfall distribution fitting Noise field generation

2. Temporally correlated random noise

T I,
"
475 » 1
450 J o o B
f v - & Hy
as ‘.., (--y ot £
00 1 s 2 ;. 4l r :'a’
s ", r i o
30 / oz, ¥ ‘ ’ o ’*
55 s “’l. 7y . : i ,’ ;.
X0 1 : I;'/e e A x Pl oA iy
-115 -110 -105 -100 -95 -90 -85 -80 -115 -110 -105 -100 -95 -90 -85 -80 ~-115 110 -105 100 95 90 85 -80
Final noise at t+1 Noise at t New noise at t+1

Transported by ERAS wind velocity
lag 1 autocorrelation of rainfall field

10
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University of Wisconsin-Madison

3. Transform noise to rainfall

1.0 +1.0
0.8 r0.8

>

R

=06 0.6

2

g 0.4 r0.4
0.2 r0.2
0.0 0.0

ot 10 20 30 M0 50
Rainfall
&

115 -110 -105 -100

Rainfall field

TP # e | s W 4./
ure idea 105 -1 s r % -85 -80

Probability field

University of Wisconsin-Madison

Method  AR-storm identification Rainfall distribution fitting Noise field generation

Overview: "
AR-storm Fitting Rainfall

database distributions
SR—

Repeat One storm

event

(é

Correlated
random noise
K

(e
Random storm
-

166 AR-storms 166,000 random storms
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University of Wisconsin-Madison

Results Random storm examples

- 2020-12-23T18 =

i ? :

Ve n

e "“ﬁ;} -
Observed Simulation

University of Wisconsin-Madison

Results Random storm examples

- 2020-12-11T15 )
Observed Simulation
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Results

Observed

Realization 1

Realization 2

Random storm examples

2020-12-24T706

2020-12-24T09 2020-3-24T12

[
.

University of Wisconsin-Madison

2020-12-24T15
-

University of Wisconsin-Madison

Results Random storm evaluation
Total precipitation Average wet area ratio
*lr=0.98 Storm 1 § *Tr=068
g 30 ;

40 ’ “ : +
- . 25 . & o
S Storm 2 S K 2] 4 i
Ex . 3‘} :.;20 g ; ﬁg*‘}‘;ﬂ; “f'
3 Y
I Storm 4 S 15 \:. ¢ }‘ tyt
S 20 f £ PR
E - ;] o 4 J
n _ #ﬂ* 10 ¢ : ot

5 )’)u)%

) 5
00 10 20 30 40 50 00 5 10 15 20 25 30 35

Observation (mm)

Observed Pjain
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University of Wisconsin-Madison

Discussion
Model features: Limitation of HYPO-58A:
» Wide range of hypothetical storms » Single hypothetical event
= Storm sequencing (future work) » Lack of probability
= Support probability = Lack of future climate impact

= Incorporate climate change impact

17

University of Wisconsin-Madison

Discussion GCM-based storm sequencing (future work)

Climate variable

Different
Initial condition ﬁ:;’::l:
Time o
Random storm sequence 1
Random storm sequence 2
» B E
CGM storm temporal sequence @ Random storm sequence n
(1900-2100, n ensembles)
Deep neural network -

Source: Earth Exploration Toolbook, Verisk

3-165



University of Wisconsin-Madison

Summary

m A stochastic storm sequence generator in the Lower Mississippi Basin
= Based on atmospheric rivers
= Informed by large-scale atmospheric variables

= Generate random storms (sequences) with realistic statistical properties

m Design rainfall in a changing climate
s GCMe-informed stochastic weather generator

= Storm sequencing

19

University of Wisconsin-Madison

[AC'K[ [OIW[LI-DIGIEIMENTIS)

National Science Foundation (funding source), Daniel Wright (my advisor), Dave Lorenz
(Center for Climatic Research, UW-Madison), Aaron Alexander, Ruihai Wu, and members in
Hydroclimatie Extremes Research Group at UW-Madison.
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University of Wisconsin-Madison

Large-scale atmospheric variables Simulated storm ensembles

3.3.4.3 Questions and Answers

Question:

What are the durations of the storms that you are focusing on here?

Answer:

The duration is variable because once we selected the storm from the dataset, it just tracks
storms from start to the end. Generally, we focus on storm durations longer than 24 hours, like
an average of 72 hours, but it varies.

3.3.5 Presentation 2A-5: An Update to the NOAA Atlas 14 National Precipitation
Frequency Standard

Authors: Michael St Laurent, Sandra Palovic, Carl Trypaluk, Dale Unruh, Fernando Salas;
NOAA National Weather Service Office of Water Prediction

Speaker: Michael St Laurent
3.35.1 Abstract

The National Weather Service’s Office of Water Prediction (OWP) has produced an authoritative
atlas of precipitation frequency estimates as volumes of the NOAA Atlas 14 "Precipitation-
Frequency Atlas of the United States", and these estimates are published on a Precipitation
Frequency Data Server with an interactive map interface. The Atlas 14 estimates are the de-
facto standard for a wide variety of design and planning activities under federal, state, and local
regulations, and are used to design stormwater management and transportation infrastructure,
develop design considerations for floodplain and watershed management, and perform
hydrologic studies for reservoir and flood protection projects.
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With support from the 2022 Bipartisan Infrastructure Law, OWP has received funding to update
the precipitation frequency standard. These updated precipitation frequency estimates will be
referred to as NOAA Atlas 15 and will be presented in two volumes. The first volume would
apply a consistent methodology that accounts for temporal trends in historical observations, and
the second volume would use future climate projections to generate adjustment factors for the
first volume. This new update is anticipated to (1) develop a seamless spatial national analysis,
(2) replace current Atlas 14 estimates based on historical data (historical estimates), (3) add
new product features to account for future precipitation information (future estimates), and (4)
enhance service delivery via new Web visualizations and data services.

This presentation will review the planning, and development efforts on the proposed NOAA
Atlas 15 update, and will discuss in detail the proposed methodology as well as additional
research that is anticipated to complete product development. The Atlas 15 estimates, once
completed, will provide critical information for the design of national infrastructure under a
changing climate.
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3.3.5.2 Presentation (ADAMS Accession No. ML23177A167)

An Update to the NOAA Atlas 14
National Precipitation
Frequency Standard

Michael St Laurent

March 21,2023

7 OBFICE OF
k / WATER
- | PREDICTION

What are Precipitation Frequency Estimates?

e Precipitation amounts for a specified storm duration and an annual exceedance probability (or
average annual recurrence interval).

e Precipitation Depth (or Intensity) for a specified Duration and Erequency (ARl or AEP).

DDF/IDF Curve for Specfied Location

Depth-Duration-Frequency (DDF) curves

b O1%AEP
B 102% AEP

; 05% AEP
20f...m 10% AEP
20%AEP
SO%AEP |
: 10 % AEP i
i 20 % AEP
10 = oo 50 96 AEP i
i 100 % AEP

Intensity-Duration-Frequency (IDF) curves

How much precipitation would be expected for a storm
event that is 10 days in duration and has a 1% chance
of being observed?

Precipitation {inches)

How rare is it to observe 5 inches of precipitation over
2 days?

Storm Duration
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Precipitation Frequency Data Serve as a Foundation for Built Infrastructure
Nationwide and Supports Prediction Mission

Hurricane Harvey Example

Type of structure Return period (years)
| Highwag culverts I
raffic 5-10
. o nbiie 1025
High traffic 50-100 ]
Secondary system 10-50
Primary system 50-100
Farm drainage
Culverts 5-50
Ditches 5-50
Urban drainage 225
Storm sewers in small cities 2;_50
Storm sewers in large cities
Airfields 510

Majority of built infrastructure leverages
precipitation frequency data for design and
planning under federal, state and local regulations

o Transportation
o Development and building code

FEMA National Flood Insurance Program
Risk management and Reinsurance Industry

Annual Exceodance Probabilities (AEPs) for the Worst Case d-day Rainfall

Precipitation
Frequency Data
facilitates the
comparison of
observed and
forecast
precipitation
with threshold
precipitation to
quantify the
severity and
spatiotemporal
nature of
extreme events
and their
impacts.

Hurricane Harvey, 25 - 31 August 2017

Hydrometeorological Design Studies Conter
Office of Water Prediction, National Weather Service
National Oceanic and Atmospheric Administration

2.

oW

Q
@
- o4 & y
s e 3
A Pl
b, :
B N .
X E (SIS

M Semiarid Southwest (Vol. 1)

Ohio River Basin & Surrounding States (Vol. 2)
8 Puerto Rico & U.S. Virgin Islands (Vol. 3)

[ Hawaiian Istands (Vol. 4)
Selected Pacific Islands (Vol. 5)
B california (Vol. 6)

B Alaska (Vol. 7)

EJ Midwester States (Vol. 8)
[ Southeaster States (Vol. 9)
[ Northeaster States (Vol. 10)
H Texas (Vol. 11)

I Interior Northwest (Vol. 12)
B East Coast (Vol. 13)

5w ow 75w

wn

Hydrometeorological Design Studies Center
{(HDSC)
e Since 2003, develops and updates

precipitation frequency estimates for the
United States and territories

e Part of Office of Water Prediction (NWS,
NOAA)

Funding Approach

e Performed at request of and funded by
states through FHWA - not from NWS

appropriation

e Discontinuities at volumes’ boundaries, and
irregular update cycle creates issues for
users

Volumes
e Volumel (2004): Semi arid Southwest

e Volume 11 (2018): Texas

e Volume 12 (2024): Montana, Idaho, and
Wyoming
e  Volume 13 (2025): Mid-Atlantic
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Atlas 15 Methodology Developed: Accounting for the Impact of Nonstationarity

Boston, MA
£ 10"
Stationary Historical IDFs (ex. NOAA Atlas 14)

. O Non-stationary Historical IDFs Z
Objective 1: Assess the suitability of g oo
state-of-the-science methodologiesfor | ..
nonstationary precipitation frequency analysis. -

B ) . . \ Historical IDFs s Future IDFs

Objective 2: Evaluate downscaled global projections Volume 1 Volume 2
ability to mimic extreme precipitation at the temporal ~ * / ;_—::ayr
and spatial scales needed for the engineering e
application. 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100

» Result of extensive, multi-year study conducted with Penn State University, University of
Illinois Urbana-Champaign and University of Wisconsin-Madison

« Testing done for Atlas 14 Volume 10 project area (Northeastern States)
« Development of methodology conducted in coordination with, and funded by, DOT FHWA

@ 5

#Preliminary Results

Major Methodology Enhancements

Regionalization
: Regional Parametrization @ grid cell
observation
weighting —
(eg. triweight loc=ag+ ay+ VPRISM + a, + RCP 67 —— Negative Log-Likelihood
' kernel) scale = exp(b, + b, * VPRISM + b, + RCP)
shaps=co N Boston, MA
65 10"
Final ites

Interpolation

% e
0.768 | 0.174 | 0.383 | 390 |-0632

| = P 8" 1-day 100-year

0.105 | 0.171

Spatial i N N -
b —

covariate Station | Year | AMS | PRISM | RCPA.S | Weight - 6"

(eg. PRISM) 1955 | 7.70 | 459 | 0584 |6.780-03 0 T —

4

4 1956 | 160 | 459 0592 | 6.78e-03
4 1957 | 1.54 459 0509 | 6.78e-03
1

4

i

ca 1-day 2-year

1958 | 242 459 0607 | 6.78e-03

1950 | 431 | 459 | 0614 |6.78e-03 2
R 1136 2009 | 213 | 47.75 | 2104 | 721003 0
Trend in Data 1136 | 2010| 532 | 47.75 | 2154 | 721603
113 | 2011 | 225 | 4775 | 2205 | 721003
T ' 1136 | 2012 | 197 4775 2256 7.21e-03
empora 113 | 2013 | 323 | 4775 | 2307 | 721603 0.16
Global Weighted Negative Log-ikelihood| 65,0269 —
covariate 0.14
(eg.In(CO,)
RCPB 5) o 100 200 300
. 6

3-171




Major Methodology Enhancements

Methodologies
e Quasi Stationary (QS) and Nonstationary (NS)

NS - regional maximum likelinood approach.

Method Emission Covariates

as RCP 4.5/8.5 None

NS2-year | RCP4.5/8.5 ‘year’

NS2-forc RCP 4.5/8.5 RCP delta radiative forcing

NS3-year | RCP4.5/8.5 ‘year’

NS3-forc RCP 4.5/8.5 RCP delta radiative forcing

*1950-2099 LOCA AMS dataused
Findings

e NS modeldirectly integrates nonstationary assumptions in the

model development, and provides greater flexibility with modeling

the shape parameter, and is faster to implement.

<

% Change vs. 1975 Ref Period

1-day 100-yr
RCP 4.5 RCP 8.5

50 50
s NS2-forc 5

~— NS2-time
40T — Ns3-forc
351 — NS3-time
301 QS

1975 2000 2025 2050 2075 2100 1975 2000 2025 2050 2075 2100
Year

RCP 8.5, 100-year 1-day

NS2-time
aen
a1
a1.08

8.9 5 1
406N = — =

VAW  TAOW T3OW T3

~

Evaluation

Datasets
e CMIP5LOCA, UWPD, BCCAvV2, and NA-CORDEX

UWPD: https:.//registry.opendata.aws/noaa-uwpd-cmip5/

Climate model scenarios
e RCP4.5and RCP8.5

Evaluation based on the historical period:
e Goodness of fit statistics

e Observation vs Model comparisons
+ Mean AMS, return periods, etc.

- Q-Qplots

e Performance of downscaled products at stations
not used in downscaling

e Represented spatial patterns
+  Mean annual maxima, return periods, etc.

<

Volume 10 - Mean AMS Observation vs Models

CORDEX

5 . - 5

@4 . @4

2 2

2 @ 2

%«3 & ?3

s s

22 22

2 2

o1 o1

0 0

o 1 2 3 4 5 o 1 2 3 4 5
Model(Inches) Model(Inches)
BCCAv2

5 5

Y . w4

2 . 2

2 . P 2

Y 2% =

2 ) 2

g2 S2

2 2

o1 81

0 0 )

o 1 2 3 4 5 o 1 _2 3 4 8
Model(Inches) Model(Inches)
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Evaluation

Datasets retained
e CMIP5 LOCA, UWPD, and NA-CORDEX

Performance based on observed vs models in 1960-2005

“historical” period.

Wu S, Markus M, Lorenz D, Angel JR, Grady K. A Comparative Analysis of the
Historical Accuracy of the Point Precipitation Frequency Estimates of Four Data
Sets and Their Projections for the Northeastern United States. Water. 2019;
11(6):1279. https://doi.org/10.3390/w11061279

Grady K, Markus M, Shu W, Wang F, Koric S. Assessment of the benefits of

climate model weights for ensemble analysis in three urban precipitation
frequency studies. JAWRA. 2022; DOJ: 10.1111/1752-1688.13065

LOCA

UWPD

<

BCCAv2

NA-CORDEX

Cormelation Coefficient

=
=
=

AMS  PDS2  PDS3
2 year

D598

AMS  PDS2  PDS3
10 year

D598

AMS  PDS2  PDS3

50 year

D533

=

=
£

AMS  PDS2 PDS3 PDS98
100-yesr

AMS  PDS2  PDS3 PDS98
S00-pear

RMSE

=

AMS  PDS2  PDS3
1000-year

PD338

AMS  PDS2 POS3 PDS9B
7-year

=

AMS  PDS2  PDS3
10-year

PDS9B

=

AMS  PDS2  PDS3
S50-year

POSa

:

AMS  PDS2 PDS3 PDSOB
100-year

=

AMS  POS2  PDS3
500-year

PDSIE

=

AMS  PDS2  PDS3
1000-year

POS98

The NOAA Atlas 15 Product

Volume 1: Based on historical gages and observed

trends factors
« First-ever, nationally-consistent, precip frequency data .
that serves as the basis for Volume 2
* Integrated terrain information “
« Accounts for trends in historical observations (when it
exists)

* Non-stationary trends represents a major
enhancement from Atlas 14

modeled non-stationary temporal changes

1-day 1% Annual Exceedance
Probability (AEP)

1-day 1% AEP %change
RCP8.5NS2L0OCA

@

Volume 2: Incorporates climate projection adjustment

Future precipitation informed by global climate models,

Provides adjustment factors to Volume 1 to calculate
future estimates

MULTI-MODEL
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Summary

Updating the statistical methodology to account for temporal
nonstationarity as follows:

1. changing parameterization estimation technique

2. adding covariates to the estimation of the distribution

parameters

3. altering regional technigue

4. altering the spatial interpolation technique

5. altering confidence interval technique

Adding new product features to account for future
precipitation information:
1. providing future estimates as adjustment factors to Volume 1
2. multi-model approach to account for the uncertainties
3. apply methodology in part A to calculate the precipitation
adjustment factors to methods that rely on extreme time series
from downscaled climate models

<

Software parallelized to efficiently scale

-

1-day 2-year

Projected NOAA Atlas 15 Timeline

« Sept. 2022 -
Distribute Public

« Pilot - Deliver Atlas
15 Vol.1and Vol. 2

+ CONUS - Initiate
60-day peer

Notification pilot over Montana. review for Atlas
Statement (PNS) Collect feedback 15 Vol.1and Vol. 2
and collect public on preliminary for CONUS (lower
feedback. estimates and Web 48 states). Collect
dissemination feedback on
* Jan.2023 - Host strategies. product.

technical
workshop with
federal partners.

and grants and
initiate product
development.

@

Evolve Atlas framework

Create qu controlled nationai
precipitation repository
Evaluate climate model projections

Develop Web dissemination solutions

+« CONUS - Complete
Atlas 15 Vol. 1and
Vol. 2 and deliver
estimates,
documentation and
supplementary
products to
stakeholders.

+ oCONUS - Initiate
peer review for
oCONUS (e.g.
Hawaii, Alaska,
Puerto Rico, U.S.
Virgin Islands,
Guamy). Collect
feedback.

+ oCONUS -
Complete Atlas 15
Vol. 1and Vol. 2 and
deliver estimates,
documentation and
supplementary
products to

stakeholders.
12
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3.35.3 Questions and Answers

Question:

Are the confidence intervals are going to take into account uncertainty that comes from sources
that were not addressed in NOAA Atlas 14, such as uncertainty that comes from statistical
modeling choices (choice of distribution or parameter estimation methods). Is it going to be
considered in the confidence intervals?

Answer:

Currently we do not have that included in our method, but we’d like to have more feedback on
that.

Question:
Later, when you consider climate models, will the uncertainty due to that be considered?

Answer:

Currently, we are handling uncertainty in the climate models by including the spread of the
individual ensemble members. A lot of what you saw in those slides were the median and then
the spread of the median. There’s also the spread of the individual ensemble members that
weren'’t really shown in those slides. A big part of this is also how we are going to show the final
information. If we show every single ensemble member, all the spread of information and so
forth, it can be kind of overwhelming of how to present that to the public. | think a lot of this will
also have to be solved during our web dissemination, in what we present as sort of the final
argument. If we show the true spread of everything, of every single ensemble member, you
could get pretty much any value, to be honest.

Question:
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Can you elaborate more on the point grid-based region? Are you looking for a homogeneous
region that includes the closest gages to each grid point?

Answer:

For the first part of that question (the grid-based regions), we did that so that we’d have smooth
transitions as you go from different areas. We’re not, for instance, doing a project for the
northeast or doing county by county, grouping together clusters of stations, we have sort of
have a rolling window. And then for the homogenous region, it’s kind of a tradeoff between
getting enough stations to have enough independent data (a big enough region to get sort of
how things are changing with time or with respect to a covariate) versus having a region that’s
just small enough to get local information. We don’t expect climate change to affect areas that
are 100 miles apart differently. They are probably going to be correlated. So, we need to make
the region size big enough to account for that.

Question:

How does your method validate estimates of future precipitation for the more extreme
recurrence intervals (ARI > 100) when using future projected data that is limited in length and
quality since GCMs are limited in their skill to simulate such extreme events (e.g., 1000-year
return period)

Answer:

One way we've done a sanity check is to compare to results from the National Climate
Assessment. So, for example in the Northeast, comparing the late century region average
percent changes to the ones we derived.

Question:
Will NA15 include future conditions up to 1000-year return periods like NA14 shows?

Answer:

We intend to provide up to the 1000-year, though the adjustment factors above 100-year are not
set in stone. It is very possible that adjustment factors above 100-year (% changes) are fixed to
the 100-year adjustment factors due to the reasons you mentioned.

Precipitation Panel Discussion (Session 2A-6)
Moderator: Joseph Kanney, NRC/RES

Participants:
Kelly Mahoney, NOAA Physical Sciences Laboratory
Emilie Tarouilly, University of California, Los Angeles
Giuseppe Mascaro, Arizona State University
Yuan Liu, University of Wisconsin-Madison
Michael St Laurent, NOAA National Weather Service, Office of Water Prediction

Question:

| was wondering if Kelly and Emilie could talk a little bit about the relationship between their two
studies because they were hitting on similar topics but maybe from a little bit different
perspective. Just help us understand how they relate.
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Answer:

Emilie Tarouilly: They were planned completely separately, but they do touch on very similar
problems. | think maybe Kelly, you can talk about what went into planning the Arizona-New

Mexico study as that happened first. That happened before | started the work that I'm doing

now.

Kelly Mahoney: | used to do things more like what Emilie’s working on, but as we’ve been given
this opportunity to do things more holistically for the nation, we’re kind of having a shift. So, |
view Emilie’s study as a really useful deep-dive demonstration of a method or a type of method
that we might want to consider going forward for NOAA. It is one of many really interesting
regional, phenomena-specific demonstrations that are being done right now. So when we’re
talking about doing something that works for the whole country, we will ultimately need to look at
a lot of different research approaches and methods and, again, leading back to the opportunity
that we’ve had as NOAA to put a lot of these sort of methodological and stakeholder-fit
guestions in the hands of the National Academies study. Part of their job will be to integrate the
meaning of studies like Emilie’s in the context of what we can use that’s suitable for the country.
That's the NOAA answer in terms of the research and the intersection there. We have long had
dynamical models and such derived products at our disposal, they just haven’t been brought to
bear on the PMP problem. They're very different worlds, the way PMP has been done versus
what could be done going forward. So, there’s a ton of open questions and | really appreciate
Emilie’s study trying to actually address some of the big pieces of that: the issues of uncertainty
and what it represents for an atmospheric river and so on.

Emilie Tarouilly: The way my work fits into what you are doing at the moment is that my
approach to this has been to look at PMP, and given that we’re most likely going to need
numerical models to improve PMP, what’s the biggest obstacle, what's are the biggest issues
that we have with the numerical models and what can we do to address those questions. That’s
why I've been looking at model uncertainty and trying to use an ensemble and artificial storms
because that’s one of the main questions that seems to be the biggest barrier to developing
model-based PMP further.

Question:

We’ve seen different approaches this morning. The spectrum ranges from hard-core statistical
approaches to mechanistic modeling approaches, and then there’s also bringing in the climate
models. In each of these particular approaches, | keep coming back to this question of how well
do we know that we are capturing the possible extremes? In regard to the dynamic modeling, do
we have the right physics in there to really capture the most extreme precipitation that we think
we might see? We also know that climate models have a problem with precipitation extremes
and | think that most people feel that the stochastic weather generation statistical approaches
sometimes we don’t capture the extremes either. What do you think is a way forward in that
regard?

Answer:

Giuseppe Mascaro: From a statistical perspective, an extreme is a rare event that you don’t
know exists until it happens. If that event has been recorded and it's part of your statistical
analysis, then that gives you some robustness and some trust on shape parameter that
captures the most intense extremes of a statistical distribution that you use, is actually perhaps
correct. Doing PMP is a way of setting a little bit of a limit to that. What Emilie is doing, for
example, through physics and numerical models can give an idea to help understand what the
shape of the statistical distribution that we use, in NOAA 14 for example, should be. Is there a
limit to that? Is it a bounded distribution? The distributions that we use statistically, have a
domain goes from zero to infinity. Is it really infinite? So, these are all questions that are open.
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It's a matter of increasing the sample size to give an answer and use physics and numerical
models to help narrow the range, | would say.

Kelly Mahoney: | appreciate that response, especially coming from the more dynamical side,
and so | think the power of the complement and the need for both approaches this is a natural
point. | think nowadays there’s an important third question or third party in the room too, which is
the stakeholder need and whether we are asking the right questions. Should we be spending all
of our time and resources chasing this one upper bound versus looking at decision points and
using a dynamical approach for part of that and supplementing space and time with statistical
approaches to get at what the true decision point is. With that | would just add that we’ve never
had more options than we do now and with that comes a huge responsibility. To the point about
climate models, you can mis-apply these things so easily. Even just looking at trends, if you are
using the wrong data set and you’re applying that even as one ingredient in a process we can
be misled. We have a lot of options in front of us and collectively we all have responsibility to
understand the limitations and strengths of each one

Emilie Tarouilly: | think a lot of the limitations of the numerical weather models that we've had
issues with for predicting future climates don’t necessarily apply to what we are doing with PMP,
for example issues with representing frequency properly and biases and so on. Because what
we’re doing with PMP is worst case scenario, we don’t have a lot of those issues with PMP so
that’s good. It doesn’t mean that there aren’t other issues, but there’s fewer than what people
typically have in mind with those models.

Yuan Liu: | was thinking about the perspective of integrating both the statistics and the current
model together. The statistical model can describe the extreme values using the shape
parameter but also the statistics distribution parameter can be informed externally by climate
models or large-scale atmospheric models to incorporate non- stationarity. Also, our current
model can provide many ensembles and that can give you more data and more objects that you
can use instead of just using historical record which is pretty limited, with few extreme events.
But the integration would be a very nice thing to do in the future.

Michael St Laurent: | was just going to relate it to Bill's question® here about using RCP8.51°:

You noted RCP8.5 as the % adjustment factor for climate change. Given that this RCP is
the most unlikely scenario and shown to already be incorrect, wouldn't utilizing RCP 4.5
(or CMIP6 SSP4.5'2) be a more realistic application? And how does this process plan
to utilize CMIP updates going forward and adjust for updated climate change outputs
going forward?

It's unrealistic, so we use all the ensembles to get a wide range of what can happen. One thing
we’ve experimented with is to weight the models. One way is to weight them based on the
historical period and we’ve gone over a little bit of weighting the different climate models in our
assessment report of. Another thing is to look at different external assessment reports. | know
that for CMIP6 specifically there are deemed hot models (unrealistic models), so we exclude
those from our analysis based on those recommendations. So, we use assessments that aren’t
just from us. We look at the literature too for that type of narrowing down.

Question:
Will NOAA Atlas15 include areal reduction factors for application of the data to catchments?

° Referring to a question from the meeting chat.

10 Representative Concentration Pathway (RCP) scenario 8.5.

11 Coupled Model Intercomparison Projects (CMIP) generation 6.
12 Shared Socioeconomic Pathway (SSP) scenario 4.5
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Answer:

Michael St Laurent: We’ve gotten a lot of questions about that. So, there’s definitely works for
the grantee process, that I'm not involved in, but there’s definitely talk about that.

Question:

Any possibilities to obtain NOAA draft data (for NY) for a statewide hydrologic study for the
State?

Answer:

Michael St Laurent: I’'m not sure about that, but | wrote it down and I'll ask the correct people for
that and get back to you.

34 Day 2: Session 2B — Riverine Flooding

Session Chair: Joseph Kanney, NRC/RES

3.4.1 Presentation 2B-1: Lowering the Barriers to Process-Based Probabilistic Flood
Frequency Analysis using the NextGen Water Modeling Framework

Authors: Daniel, Wright!, Ankita Pradhan!, Mohammad Sadegh Abbasian?!, Benjamin
Fitzgerald!, Gary Aaron?, Fred Ogdan?, Mathew Williamson?; *University of Wisconsin-Madison,
2NOAA National Water Service Office of Water Prediction

Speaker: Daniel, Wright
3411 Abstract

Explicit modeling of the joint roles of rainfall, soil moisture, snowpack, and other hydrologic
processes can improve estimates of flood frequency metrics such as the 100-year flood—as
well as provide insights into the combinations of physical hydrologic processes that control such
floods. These capabilities are particularly relevant for nonstationary climatic and land use
conditions, where conventional flood frequency analysis techniques, which ignore or
oversimplify flood physics, tend to suffer. This complexity of process-based approaches to flood
frequency analysis, however, place them beyond the expertise and resources of many users.
Under this project, we are developing an open-source workflow and Monte Carlo simulation
system that combines the NextGen Water Modeling Framework from NOAA'’s National Water
Center with the RainyDay rainfall analysis system from the University of Wisconsin-Madison. It
will leverage NextGen'’s hydrofabric, model selection, calibration, and intercomparison tools, as
well as unigue high-performance computing resources at University of Wisconsin. Project goals
include expanding the usability, reliability, and reproducibility of process-based hydrologic
modeling for flood frequency research and practice.
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3.4.1.2 Presentation (ADAMS Accession No. ML23177A168)

Lowering Barrier%to Process-
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Pitfalls of “statistics-only” flood frequency

| INVITED COMMENTARY ] ToDAY

HYDROLOGICAL PROCESSES
Hydrol. Process. 23, 1671-1675 (2009)
Published online 17 March 2009 in Wiley InterScience (www.interscience wiley.com). DOI: 10.1002/hyp.7292

Transcending limitations of stationarity and the return period:
process-based approach to flood estimation and risk
assessment

Murugesu Sivapalan'?#

and Jos M. Samuel*

Geophysical Research Letters’

RESEARCH LETTER Diverse Physical Processes Drive Upper-Tail Flood Quantiles in
10.1029/2022GL098855 the US Mountain West
Guo Yu!? ', Daniel B. Wright! (', and Frances V. Davenport®*

'Department of Civil and Environmental Engineering, University of Wisconsin-Madison, Madison, WI, USA, *Division
of Hydrologic Sciences, Desert Research Institute, Las Vegas, NV, USA, *Department of Earth System Science, Stanford
University, Stanford, CA, USA, “Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA

How can we use observational and modeling
advances to improve flood frequency analysis?

Observational Advances: gridded precipitation & other met datasets
Merged radar/gage/etc. datasets (e.g. AORC, Stage IV); satellites;
high-resolution regional/global climate models

2o

Modeling Advances: HPC-based distributed, physics-based models
(GSSHA, HLM, WRF-Hydro, NGEN, etc.)
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One solution: Process-Based Flood

Frequency Analysis
Step 1 Step 2 Step 3
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High Throughput Computing

HOW DO WE GET “LOTS” OF RAINFALL
SCENARIOS?

Open-source, Python-based RainyDay ‘
software

Stochastic Storm Transposition to

generate large numbers (100k+) of rainfall
scenarios

Uses archives of gridded precipitation data KE E P
(e.g. radar, climate models, satellites) CALM

Can provides reasonable estimates to AND
1,000+ year recurrence intervals for rainfall

and floods with 1-2 decades of data OPEN SOURCE
~10 years old; currently refactoring to EVE RYTH | N G

support xarray and dask libraries
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Storm Transposition
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Bernard, M.M., 1936, The unit hydrograph method and storm transposition of flood problems relating to
great storms in the Eastern United States, USGS Water Supply Paper 772

Gives “what-if” rainfall or flood scenarios—but

not their probability

I
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Y
rainfall in inches

Avarase dailv

Stochastic Storm
Transposition

Journal of Hydrology 1 (1963) 46-57;

USING THE PROBABILITY OF STORM TRANSPOSITION
FOR ESTIMATING THE FREQUENCY OF RARE FLOODS

G. N. ALEXANDER

State Rivers and Water Supply Commission, Armadale, Victoria, Australia

When estimating the frequency of rare floods from a given catchment using
storm rainfall data, the pertinent question is: “What is the probability of
a rainfall averaging more than d inches (in a specified duration) occurring
over the catchment in question within a long period such as the life of the

dam?”’
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Example 1: Turkey River, IA
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Example 2: Big Thompson River, CO
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Yu et al., Connecting Hydrometeorological Processes to Low-Probability
Floods in the Mountainous Colorado Front Range, WRR, 2021
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Example 3: Future Flood Frequency
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Unresolved questions with our approach
1. How do we select “transposition domains” objectively?

2. How can we account for model structural and parameter
uncertainty?

T Environmental Modelling & Software =
5 vl
Ll November 2018, Pages 191.201 =

A model-independent iterative ensemble

smoother for efficient history-matching
and uncertainty quantification in very high

dimensions

3. How can we lower the high “skill barriers”—meteorology, coding,
HPC, hydrologic modeling, calibration, etc.?

* NGEN solves these issues: Varied model formulations and calibration
approaches, hydrofabric and model-as-a-service simplify workflows
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Process-based flood frequency is
coming to HEC-HMS and NextGen!

- OFFICE OF
Check out poster 3A-1! O‘ X ZP ‘ SRR
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» Complex hydroclimatic regimes and trends mean that we need
more physical methods to estimate flood frequency

» Process-based methods give us an alternative way to estimate
flood frequency, and to understand what drives it

= Coming to flood modeling software near you!
= Soon: HEC-HMS; later: NGEN
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3.4.1.3 Questions and Answers

Question:

I’'m a big fan of the probabilistic modeling over pure statistics, but | was wondering, have you
looked at the answers you're getting out of the process-based probabilistic models and how
those compare to the suite of models one would get with alternate statistical modeling
approaches beyond just the Bulletin 17B, Bulletin 17C type of approaches and seeing sort of
how that process-based model compares to that range of uncertainties?

Answer:

One of those examples that | gave hinted at what you’re asking about. We published a paper, |
guess it was 2 years back in Water Resources Research where we were applying the method to
Big Thompson watershed in Colorado, which has had the attention of flood hydrologists for a
while now for reasons related to Big Thompson flood in the 70s and more recently during the big
storm in 2013. In that process we did compare against a mixture distribution statistical
approach. | blew through it in this presentation, but basically, the point here was that both the
mixture distribution and our hydrologic process-based approach gave very similar answers. So,
considering the physical processes that make up floods, the fact that a statistics-based method
and our method gave very similar answers suggests that those physical processes and being
able to explicitly account for them in one way or another is really important. If you don’t do that,
i.e., if you use a 17B or 17C sort of approach, you might get yourself into some trouble.

Question:

3-187



What parameters might be available within HEC-HMS for calibration that the user could toggle
when applying this new feature for stochastic storm transposition?

Answer:

That’s a great question, but one that I'm not able to answer very well. The HMS development
team is currently implementing the stochastic storm transposition within the HEC-HMS software.
If what you mean by calibration is literally calibrating your HMS model, then | suspect the
answer is going to be everything that you can do now in HMS. But when it comes to parameters
more related to the storm transposition piece, I’'m not entirely sure what all is going to be there. |
do know that you’ll be able to not only capture the issues related to the storm transposition itself.
but also be able to pair those transposed storms with seasonally appropriate randomly selected
initial conditions using centrally batched processing tools within the HMS software.

Question:

Have you experimented with drawing transposition regions based on precipitation ingredients in
combination with precipitation characteristics?

Answer:

We haven't. | think it's a really good idea and one that I'd be interested in exploring. | kind of
pretend that I'm a meteorologist, but that’s not really true based on my background. So, working
with Kelly, who asked the question here, and with others, | think would be the right way forward
on that. Our initial goal is, let's say, a rainfall-only approach, so that everything’s kind of self-
contained. You'd be transposing the same storms that you're using to define these transposition
domains. But | think, in the longer run, it's going to be useful to pull in additional characteristics,
or ingredients as you say.

Question:

Is there a method to group and bin weights for SST events to reduce the total sample size and
computational demand? I'm familiar with approaches to do this in fixed distributions (convolution
and stratified importance sampling), but don't know whether this is possible with storm
movement.

Answer:

We haven’t done a lot of work that does exactly what you're describing. But we are in some of
the changes that we’re currently making to RainyDay, some of those things would end up being
easier than they are right now. In general, computational demand hasn’t been a huge problem
with RainyDay, so you can run it on a laptop. The computational problems come in if you are
really trying to push to some of these very high-resolution radar datasets like 1-square
kilometer, 5-minute rainfall data. Then we are running into some memory problems. But we’re
going to able to work around those by re-writing the code and using some more modern Python
libraries.

Question:

What might be good ways to validate the process-based modeling? Can the modeling use past
extreme floods to test the validity of the model and its parameter inputs?

Answer:

When we do our hydrologic model calibration and validation, we take a very holistic view. Even
though we’'re really focused on modeling peak flows (that’s our end goal), to do this process-
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based approach, you really need to be able to simulate the entire hydrologic regime from low
flows to high flows and everything in between, as well as soil moisture and ET and everything
like that. You need to be able to simulate all those things well. So, we end up pulling in data, in
some cases for calibration and in other cases for validation, from different sources including
looking at seasonal water balances and annual ET amounts and things like that to try to make
sure that we’re doing all the processes as best as we can.

Question:

Can you incorporate a longer-term temporal window from preconditional factors. I'm thinking of
a brand-new paper that came out in Environmental Research Letters that groundwater-
contributed baseflow is better for predicting extremeness than precipitation on longer time
scales.

Answer:

We do draw from a seasonal climatology of watershed initial conditions (soil moisture,
snowpack, baseflow) to initialize each simulated flood. Not sure that is exactly answering your
question though.

Question:

I am wondering about the time window that you are using for the simulations and are there limits
on that window? For example, a six-month span or a 3 -day span?

Answer:

In the past we've used a +/-14-day window, so roughly a month. It would probably be ok to use
a shorter window. A longer window would likely get into trouble with snowpack occurring
unrealistically early or late in the season.

3.4.2 Presentation 2B-2: Towards the Development of a High-Resolution Historical
Flood Inundation Reanalysis Dataset for the Conterminous United States

Authors: Sudershan Gangrade?!, Ganesh Ghimire!, Shih-Chieh Kao?', Mario Morales-
Hernandez?, Michael Kelleher?!, Alfred Kalyanapu?; *Oak Ridge National Laboratory, 2University
of Zaragoza (Spain), 3Tennessee Technological University

Speaker: Sudershan Gangrade
3421 Abstract

To evaluate regional flood risks and develop long-term flood mitigation and resilience measures,
a high-resolution historical flood inundation dataset covering the entire conterminous United
States (CONUS) can be very valuable. The accurate representation of flood dynamics at a large
scale necessitates the solution of full 2D shallow water equations at a locally relevant spatial
resolution. We introduce a CONUS-wide implementation of a GPU-accelerated 2D
hydrodynamic model — TRITON (https://triton.ornl.gov/) to reconstruct major historic flood
events for all HUCO04 subregions. TRITON is driven by historic runoff and streamflow simulated
by a calibrated VIC-RAPID hydrologic modeling framework forced with National Center for
Environmental Prediction Stage IV hourly Quantitative Precipitation Estimates from 2002 to
2018. The baseline terrain information for the TRITON inundation model is provided by a 10m
National Elevation Dataset. The default TRITON implementation is driven by long-term climatic
mean runoff and streamflow to obtain steady-state channel flow conditions, which serve as
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initial water depths and velocity information for event-based TRITON simulation. The
performance of simulated flood inundation maps is evaluated using various temporally static
benchmark information, including high-water marks, remote sensing-derived inundation maps,
and local high-fidelity simulation maps. The temporal evolution of flood simulations is evaluated
using U.S. Geological Survey stage data. Finally, we discuss the challenges and barriers in
national/continental scale high-resolution inundation modeling, calibration and validation, and
future developments targeted to improve the representation of flood regimes, and their
implications for real-time flood forecasting.
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3.4.2.2 Presentation (ADAMS Accession No. ML23177A169)

h

&OAK RIDGE

‘National Laboratory

Towards the development of a high-resolution
historical flood inundation reanalysw da’rase’r for the
conterminous United States

8th Annual Probabilistic Flood Hazard Assessment Research %p

U.S. Nuclear Regulatory Commission's Office of Nuclear R(—;gu esearchy/ ‘

e

March 21-24, 2023 / R

{ i
Sudershan Gangrade’!, Ganesh R. Ghimire!, Shih-Chieh Kao!, Mario Morales- \
Herndndez?, Michael E Kelleher!, and Alfred J. Kalyanapu?

ORNL is managed by UT-Battelle, LLC for the US Department of Energy 4 ENERGY

High-Resolution Flood Inundation Reanalysis Dat

« Development of a historical inundation
reanalysis dataset

- Accurately represent flood dynamics and

aset

help evaluate flood risks

- Support develop long-term flood mitigation
and resilience measures

+ Objectives

- Develop a hierarchical modeling framework
to generate high resolution flood inundation
maps

- Reconstruct major historic flood events and
develop an inundation reanalysis dataset

- Evaluate flood inundation maps using
various benchmark information

¥ OAK RIDGE
¥ National Laboratory
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Hierarchical modeling framework for high-resolution
flood inundation mapping

Precipitation Hydrologic Streamflow Hydrodynamic
Modeling Routing Modeling
) o Routing Application for Two-dimensional Runoff
Radar-QPE Stage IV (ST4) Variable Infiltration Parallel computation of and Inundation Toolkit
Hourly, 4km Capacity (VIC) Discharge (RAPID) for Operational Needs
i s (TRITON)
o TN =

Gl Ensrgy and Moisture Fiusss

: 5 | ? ez :
J LIS -
2 : 3 - ok M
. B r— ¢ =1 e . Bolea et al. (2014),
R 2o Lapwe | ] doi:10.1155/2014/197907
. X W ) I ‘ e . . . -
T T ; 5

%O}\K RIDGE

"National Laboratory

Variable Infiltration Capacity (VIC) Model
& Vscroscals Byaraioge Mosel
* VIC Version 5 (Hamman et al., 2018) e et

- Macroscale, distributed hydrologic *
model )

G Co Vagetation Coverage.

- Reconfiguration of the legacy VIC
source code

* ORNL Setup and Calibration

- Based on the initial parameters from
9505V2 (Oubeidillah et al., 2014; Naz et
al., 2016)

Spatial Resolution = 1/24° (~4 km)
Driven by latest DaymetVv4

Comparison with the monthly USGS
WaterWatch runoff dataset

- Model Evaluation — 1982-2000 Hamman et al. {2018)
*OAK RIDGE

‘National Laboratory.

Variable Infiltration Capacity (VIC) Macroscale
Hydrologic Model

gEon. VIC s,
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VIC Performance

(a) USGS WaterWatch

» VIC5 (DaymetV4)

- Cadlibration results presented
at aggregated HUCO08

scale.
— Cadlibration period :1982—
2000
- Comparison with the
monthly USGS WaterWatch
runoff dataset L
€
E
8}
>

%OAK RIDGE

"National Laboratory
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(b) VIC
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(c) HUCO08 Mean Annual Runoff
(R®=0.87433 )
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(d) Monthly NSE

RAPID Streamflow Routing

» Routing Application for Parallel computation

of Discharge (RAPID)

» Muskingum parameters

- K:storage constant in time

- x: relative influence of inflow on storage

» Cadlibration (David et al., 2011)
- K=k*L/c
* L:River segment length (m)
» c:celerity (0.28 m/s)
= k:initial 0.131, calibrate from 0 to 1

» initial 0.258, calibrate from 0 t0 0.5

Wedge-shaped
storage = Ky(1 - Q)

Prismatic storage = KQ

;OAK RIDGE Bolea et al. (2014), doi:10.1155/2014/197907

‘National Laboratory.

0.00 ~0.25
—0.25~0.50:
— 050 ~ 0,75
— 0.75~1.00

RAPID_x
0.000 ~0.125
— 0.125~0.250
0.250 ~0.375
— 0375 ~0:500
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Performance of VIC-RAPID Streamflow driven by ST4
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TRITON Hydrodynamic Model

» Two-dimensional Runoff and Inundation Toolkit
for Operational Needs (TRITON)

- Developed by ORNL and TTU, supported by USAF
Numerical Weather Modeling Program (Morales-
Herndndez et al., 2021)

- https://code.ornl.gov/hydro/triton

* Physics-based hydrodynamic flood model
- Resolution of the 2D shallow water equations
- Can simulate the backwater effects
- Allow flash (pluvial) flood simulation

» Support multiple platforms
- Single GPU (CUDA)
- Multiple CPUs (OpenMP+MPI)
- Multiple GPUs (CUDA+MPI)

*OAK RIDGE

‘National Laboratory.
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TRITON Hydrodynamic Model

TRITON Inputs

Initial Conditi

TRITON Simulation

=
=
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I
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Solve full 2D shallow water equations

[T interior cells
f

1 [[] Hato cells
Al

[T Ghost celis
[ Modeea

1
7} Extended

T | Exchange

GPU acceleration Domain Decomposition

TRITON Output

Time Series Outputs

%OAK RIDGE

‘National Laboratory

TRITON Applications

« VIC-RAPID-TRITON has been successfully applied to simulate several flood events in the CONUS

- Hurricane Harvey, Laurag, Sally
- Central Tennessee Floods

- Midwestern Flood 2019 (Missouri River Basin)

* Hydrodynamic modeling in global watersheds using NASA LIS runoff outputs

- La Plata River Basin in South America
- Indus River Basin in Asia

Hurricane Harvey, 2017

%OAK RIDGE

‘National Laboratory.

Central Tennessee Flood, 2021

Pakistan Floods, 2022
Indus River Basin
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Multi-GPU architecture shows reasonable scaling performance for large-
scale modeling

1000 T 1 1 1024 T T »
multi-CPU Harvey multi-GPU Harvey 3 multi-CPU Harvey 4
multi-GPU Harvey —&— 2
multi-GPU Central Tenn. il
. 256 - Perfect scaling = - - - @ g
100 Summit nodes F
— ¥ é - .
g D (2) | 4 8 16 32 54 = 64 - > N
g g .
o 10 ° £
E §. P
E 16 - . 3
5 7] .
x A e
- ®
1 ; : A 1
4 -’
1 —;Yf |
0.1 I I I I ] 1
0 10 20 30 40 50 60 70 80 90 100 i 4 16 64 256 1024
BLUPS (-) Number of Summit nodes (-)

* Hurricane Harvey, 2017 (68 million cells @ 10m, 10-day simulation)

+ Central Tennessee floods, 2021 (700 million cells @ 10m, 10-day simulation)
%OAK RIDGE

"National Laboratory

Hindcast Flood Simulations

« Generate a CONUS-scale TRITON
implementation

- TRITON setup for 202 HUCO04s at 10 m
resolution

- Average TRITON domain size of ~1
billion grid cells

- Default TRITON inputs for any place
within CONUS

- Event based modeling using VIC-
RAPID driven by ST4 precipitation, 18
largest events based on 3-day runoff
at each HUC04

= [
« Radar-QPE Stage IV «VIC
(s14) « Hourly, 4km « Hourly, NHDPlus v2
s Hourly, 4km
\ Y 7

river network
¥ O0AK RIDGE
¥ National Laberatory

« TRITON
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TRITON Implementation Workflow

1. Area of Interest > Bounding Box

HUCO04 NED DEM [ SONUS 4km VIC and
2. Extract NED DEM > DEM map Shape 173 Arc Tiles [l VIC Runoff ll NHDPus_v2 RAPID
(AOI) Grid Qutputs
3. Extract NLCD > Manning's n map l 1
'
4, VIC Runoff Grids > Runoff map
5. RAPID streamflow > Upstream flow
(Stream Order >5) l J {
6. NHDPlus_v2 Slope > Downstream
= Y TRITON Streamflow surf Streamflow
Boundary Condition Computation DEMFile Raster Map Hydrograph/ Roﬁgﬁf‘:ss and Runoff
. ’ ” al Domain Boundary Map Hydrograph
7. TRITON run with climatological Condifion
runoff and streamflow > inifial | | \ |
conditions (stop criterion, change ] .
in flooded area/volume <= 1%) P
ninialWwater
Depths

8. Event based modeling usin? VIC-
RAPID driven by ST4 precipitfation,
18 largest events based on 3-day
runoft at each HUC04

%OAK RIDGE

"National Laboratory

Strategies for TRITON Evaluation

« Static and remote sensing based datasets
» USGS High water marks, Dartmouth Observatory

* RAPID NRT Flood Maps hitps://rapid-nri-flood-
maps.s3.amazonaws.com/index.html

« Temporal (USGS stage data)
» Event based sub-daily stage data comparisons where available

gOAK RIDGE

‘National Laboratory.
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Example - HUC0708

in lowa

* Binary comparison of
the spatial pattern of
flooding.

* Benchmark flood map -
RAPID NRT [Shen et al.
(2019)]

* Near Real-time High-
resolution (10 m) flood
inundation dataset over
the Contiguous United
States.

* Based on the Sentinel-1
SAR imagery (2016-
current) archive using
an automated Radar
Produced Inundation
Diary (RAPID) algorithm.

%OAK RIDGE

‘National Laboratory

Shen, Xinyi, Emmanouil N. Anagnostou, George H. Allen, G. Robert Brakenridge, and Albert J. Kettner. "Near-real-time
non-obstructed flocd inundation mapping using synthetic aperture radar." Remote Sensing of Environment 221 (2019):
302-315.

WSE (m]

Example - HUC0708 in lowa
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%OAK RIDGE
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Example - HUC0104

* HUCO4 based simulations in the CONUS reasonably represent
observed inundations

UsSGs01052500
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357

—— Observed WSE
— Simulated WSE
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04-08 04-11 04-14 04-17 04-20 04-23

Date

%UA K KIDGE
¥ Nutional Laboratory

Challenges and Future Opportunities

Lack of adequate large-scale benchmarking datasets for validation of
inundation predictions

DEM Related

- DEM needs additional hydro-conditioning; bridges and other road intersections can act as
local dams

- Lack of proper channel conveyance and reservoir bathymetry

- Lack of representation of levees/ flood defenses

Lack of reservoir operation representation
TRITON related

- Developing appropriate initial conditions prior to flood event

- Long-term disk space for file storage

¥ OAK RIDGE

‘National Laboratory.
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Summary

» Develop a hierarchical modeling framework to generate high resolution
flood inundation maps at large scale

» We reconstruct several historic flood events and are working towards
developing an inundation reanalysis dataset for the CONUS

» TRITON can solve full 2D shallow water equations at scale and can
reasonably capture the inundation extents and temporal evolution of the
flood events

N L]
Two-dimensional Runoff Inundation Toolkit W
for Operational Needs (TRITON) [
; e A BT A1 e SO R e E '

TRITON Source Code : https://code.ornl.gov/hydro/triton
Website : https://triton.ornl.gov

#0AK RIDGE

ional Laboratory

h OAK RIDGE
¥ National Laborarory

Thank you!
3.4.2.3 Questions and Answers
Question:

With respect to TRITON, what was the resolution of the cells used for a HUC-4 watershed?
What are the simulation times?
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Answer:

We used a 10-meter DEM for every HUC-4, and that becomes the base resolution for the
model. But it doesn’t have to be 10 meters. If there is finer resolution data available from lidar
we can use that. In terms of running the simulation, we simulate a 20-day flood event. We have
done 10-day flood events too, so it just depends. But to be consistent across all the HUC-4s, we
are sticking to a 20-day flood event simulation.

Question:
How does TRITON compare to HEC-RAS 2D which is widely used in the industry?

Answer:

In terms of similarities, we are also solving shallow water equations. The major difference is
TRITON’s ability to run on GPUs. It can efficiently utilize multiple GPUs to run on a very large
scale and solve a lot of cells within the domain. That becomes the main point in this case so that
we can efficiently conduct a large-scale simulation. For instance, we simulated a Hurricane
Harvey flood event that was around 70 million grid cells in the Houston area and we were able
to conduct that entire simulation, a 10-day simulation, in less than 30 minutes of wall time. |
believe that is currently not possible with HEC-RAS 2D.

Question:

When you are simulating these flooding events, how are you defining the events (the beginning
and end of the events) and how are you picking up the antecedent conditions such as saoil
moisture, the preceding flows, or maybe if you are in a cold region, things like snowpack? How
are you acquiring that information?

Answer:

To come up with the antecedent conditions, we are using a framework. In terms of the
hydrologic modeling, VIC is there, and then the RAPID*® model is there to do the stream routing.
Some of those hydrologic processes are captured by VIC. When it comes to the initial
conditions in the channels, the way we are approaching the problem currently is that we run the
TRITON long enough using some climatological mean run off and streamflow as an input to the
domain and let it run until it achieves a steady-state condition in the domain. That becomes our
starting point for these flood events. In terms of selecting the flood event itself, the way we are
doing it is at HUC-4 by HUC-4, so we look at the streamflow and the runoff for every HUC-4 and
select the annual maximum flood events for each of those HUC-4s and we try to keep the peak
towards the end of the simulation because that gives us the maximum inundation extent through
TRITON.

3.4.3 Presentation 2B-3: Quantifying Uncertainty for Local Intense Precipitation and
Riverine Flooding PFHA at Critical Structures on the Idaho National Labs Property

Authors: Ryan Johnson?, Shaun Carney?, Paul Micheletty?, Debbie Martin?, Bruce Barker?; 'RTI
International, 2MGS Engineering

Speaker: Ryan Johnson

13 Routing Application for Parallel computatlon of Discharge
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3.4.3.1 Abstract

Research Triangle Institute (RTI) International is performing Probabilistic Flood Hazards
Analyses (PFHA) for critical structures on the Idaho National Lab (INL) property to satisfy
requirements outlined in Department of Energy (DOE) STD-1020-2016, “Natural Phenomena
Hazards Analysis and Design Criteria for DOE Facilities”. Flooding hazards are separated into
two classifications in the DOE STD-1020-2016 standard—riverine flooding hazards and flooding
due to local intense precipitation (LIP). Depending on the location of a structure within the INL
property, both of these flood mechanisms and their associated aleatory variability and epistemic
uncertainty are considered. All structures regardless of location are evaluated for flooding from
LIP events. Structures located next to rivers are also evaluated for riverine flooding. Sources of
uncertainty evaluated for LIP and riverine flooding include precipitation frequency
characteristics, breaches of upstream embankments, hydrologic model parameters, Manning’s
surface roughness and culvert blockage. The Stochastic Event Flood Model (SEFM is used in
combination with U.S. Corps of Engineers (USACE) Hydrologic Engineering Center (HEC)
Hydrologic Modeling System (HEC-HMS) and River Analysis System (HEC-RAS) models to
conduct stochastic simulations, generate hydrologic hazard curves, and characterize uncertainty
in flood frequency estimates for specific buildings of interest. This presentation will discuss the
methods used to characterize uncertainties and propagate these through to uncertainties in key
flood metrics for critical infrastructure, as well as discussing methods employed to address
computational challenges with employing detailed structure-level hydraulic modeling in a
stochastic framework.
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128 *

Uncertainty for LIP and
Riverine Flooding PFHA at Critical
Structures on the INL Property

RTI I Center for Water Resources

INTERNATIONAL

9
. ms Engineering Consultants, Inc.

Idaho National Laboratory

* Purpose:

* PFHA analysis to satisfy Department of Energy (DOE) STD-1020-2016,
“Natural Phenomena Hazards Analysis and Design Criteria for DOE
Facilities”.

* Objective:

¢ Develop hazard curves for each structure to show range of inundation

for required AEP levels (based on performance design criteria)

........................
i g o2

uuuuu

LiDAR
High : 5535.52

“Low : 5045.15
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Site Hydraulics
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PFHA Framework

Two looped, nested Monte Carlo Simulation:
* Inner loop uncertainty; natural variability
* Precipitation

Sample Storm/
Initial Conditions

% Change Input
seasonality/template/depth Distribltions and Simulate Runoft
¢ QOuter loop uncertainty: knowledge Parameters Response

* Precipitation frequency
¢ Soils loss parameters

¢ Surface roughness

e Long-term precip/temp
¢ Dam failures

werva ¥y Reb g el Y
oo 0w 10x00 10 1 » wa 0

r

¥

[ Compute Single

Hydrologic Hazard Curve ]
]

Compute

. . " - i

»{ Uncertainty
Bounds

SEFM Input Sampling

Inner loop uncertainty; natural variability

» Stratified sampling of precipitation depth and
initial condition

Outer loop uncertainty: knowledge

» Scrambled Sobol’ Quasi Monte Carlo
sampling method

* Need to get all dimensions ranked

2D Sobol’ QMC

Initial condition bins (4)

Precipitation bins (10)

3D Sobol’ QMC
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Soils Uncertainty

78980-Hydraulic Conductivity 78380-Wetting Front Suiction

Prabability
Probabilit

1. Range of Parameter Values  rrmesr e :

Probability
Wetting Front

Parameter B

Parameter Value

a5 03 10 0z 04 [ i3
Hydraulic Conductivity Hydraulic Conductivity
Dry Mildly Saturated Wet
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2. Run long-term/event simulations with all parameters
sets

3. Compute combined rank

Manning’s Roughness

* Changes in roughness impact the timing of
off-site runoff and peak WSEL
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Culvert Blockage
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Incorporating Diversion Dam Failures

1. Define probabilities

2. Execute simulations with no failure

3. Execute additional breach simulations for cases
with overtopping (three formation assumptions)

4. Apply probability of breach to each simulation
based on depth of overtopping without failure

Probability of Failure

0o 1 15 i

Depth of Overtopping (ft)

~=#--lower =—@— Mostlikely =-#--Uppe

No failure

75% P(no fail): 75%

Failure Low impact breach formation
25% 33% Combined P(fail): 8.3% Froehlich 33%

Medium impact breach formation \ Von Thun and 33%
33% Combined P(fail): 8.3% Gillete
MacDonald 33%

High impact breach formation

33% Combined P(fail): 8.3%
13

Combining Uncertainty

* 16 outer loop realizations {Sobol’ QMC)
e 3,000 simulations per outer loop realization
* Fixed culvert blockage in separate sensitivity analysis

Temperature | Precipitation | Dam Breach
parameters

Precipitation Hydrologic

Realization ID|
frequency parameters

Manning’s N
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Median r:

o |
.
[ 2 |
[ 5 ]
[ 6 |
| 8 |
|
TN
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falie 3

0.46 I

14
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Results Uncertainty Impact

T 51203 vl Recumane ey s
i 20 na il o to00r 0000
i " + e ThunGileln_freach
i . N ireaeh oy
i 51292 .
7S
51288
51291

51266 /

51264+

ieaee '___4~
.
-

1262
i —
- sizes
T 05 ol oot ED 1204 05
Aun ) Excorabans Pk atady
- Hrosticats Erascr
scboned Brosch
$130.24 o Iranti e _tieaeh
o tieach Janca Recarsnce iterval s}
Salioncn 2 “an i Tl o W
na T + T 513022 513040 &
I o
g rca w 00 Falla S
H | corbmewooraue s
L SI3CI1 .. Cortined w00 Fallre 07

g

5130.14

513045

513012
a0

08 it on [ = s
Am sl Fxrencancs Prosa ity

fnnual Recurrence Interyal 875)
100 1001

. i . Annual Recurrence Interval (s
20 10.0 10000 100000 20 10.0 100 101 10000 100000
0-Comeined Stn
- irvert Blockays
512550 — Grlica! Curverl Blocrags
5124 5-
512525
126.00 S51240-

g €
2 2
Il o
B 5124.75 3
) £
& 751225
 5124.50 H]

5124.25

- 51220
5124.00
05 1 1 (5 01 I} EO 1E 05
Annual Exceedance Probability Annual Exceedance Probability

16

3-210



Impacts of Uncertainty

* Impacts of uncertainty are structure dependent!
*  Must consider many forms of uncertainty
* Uncertainty can be quantified
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Thank you

Ryan Johnson
rjjohnson@rti.org
(970)-498-1830

RTI ‘ Center for Water Resources

INTERNATIONAL

3.4.3.3 Questions and Answers

Question:

Did you say that riverine [flooding] is screened out everywhere on the INL site?

Answer:
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Yes.

Question

So, for this LIP example you presented, is this the only part of the INL site where LIP is an
issue? Did the other sites not matter or have you just not shown that?

Answer:

Actually, this was our third site and we’re doing another one now. LIP is always an issue. We
always have to look at it because LIP could happen anywhere on the site. Here there is no
major river going by the site, so it wasn’t important.

Question:

I've heard they've been a little concerned about Big Lost River and a Mackay Dam failure. But
you don’t think that’'s an issue?

Answer:

We looked at a site during last year’s analysis that was closer to the Big Lost. The Mackay Dam
failure is really the biggest concern there. But there was a diversion structure downstream. We
compared to paleoflood analyses and when we ran the flows to be expected for certain return
intervals, what actually makes it past the diversion structure was low enough that it wasn’t
creating water surface elevations that were in the realm of LIP and so LIP was actually the more
dominant source there.

Question:

What was the greatest 1-hr LIP depth from these simulations? Was that based on stochastically
derived rainfall amounts from observed events or maximized observational data in the region?
And how did that compare to the HMR 57 1-hr local storm PMP for the site?

Answer:

The 95" percentile [1-Hr LIP] depth the at 10-® [annual exceedance probability] | think was 3, to
3 % inches depth or somewhere in there. As far as how it's developed, I'm not completely expert
in that. That's MGSs and DTNs world, but | know that they developed a gridded L-moment
analysis looking at historical records and maximums and a gridded L-moment output for the
entire property. From that, they fit a four-parameter Kappa distribution to develop the
precipitation frequency curves.

Question:

Do you have any information about how that compares to HMR 57?

Answer:

| didn’t look at that personally.

3.4.4 Presentation 2B-4: Back to the Future: Paleoflood Hydrologic Analyses Provide
Insights into Extreme Flood Risk in the Tennessee River Basin

Authors: Lisa Davis?, Ray Lombardi?, Matthew Gage?; *University of Alabama, 2University of
Memphis
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Speaker: Lisa Davis
3441 Abstract

Extreme floods are likely underrepresented in many flow records. Quantitative paleoflood
hydrologic (QPH) techniques can reliably estimate the timing and magnitude of past extreme
floods, helping to increase their observations. Including paleoflood hydrologic data greatly
reduces the uncertainty associated with flood frequency analyses of low annual exceedance
probability floods. Because of their proximity to major population centers and river infrastructure,
many alluvial rivers urgently need new flood frequency analyses that incorporate a wider range
of hydroclimate regimes than possible with instrumented records alone. Erosion and deposition
cause channel dimensions to change over time in alluvial rivers, challenging the application of
many QPH methods originally developed in bedrock channels. In this presentation, we will
discuss several advances in QPH methods we used to develop paleoflood hydrologic data in
the Tennessee River (USA), which were then applied in probabilistic flood hazard assessments
made in collaboration with the Tennessee Valley Authority.
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3.4.4.2 Presentation (ADAMS Accession No. ML23177A171)

Paleoflood hydrologic analyses provide insights into
extreme flood risk in the Tennessee River Basin

Lisa Davis, Associate Professor
Department of Geography
University of Alabama
lisa.davis@ua.edu

Ray Lombardi, Assistant Professor
Department of Earth Sciences
University of Memphis

Matthew Gage, Director
Office of Archeological Research
University of Alabama
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The elevation of slackwater deposits identified in bedrock
channels typically is used in a 1-D, step-backwater model to
derive paleodischarges. England et al., 2019. NRC 4th Annual
Probabilistic Flood Hazard Assessment Workshop.
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Paleoperspectives on extreme floods

How exceptional are historic
floods of record? — Design
Flows

Have there been larger
floods?

— . FFA

“The Great Freshet of 1867,” Chattanooga, TN
Chattanooga Times Free Press
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Two study sites locate < 1 km apart
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FFA for BO1
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Guntersville Dam)

FFA generated with
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Figure 12. Flood frequency curves for the middle Tennessee River using paleoflood data from the
terrace and rock alcove. Dashed lines represent the 95% confidence interval.
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Figure 13. The comparison of flood frequency curves generated without paleoflood data (black)

and with paleoflood data (green).
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O 1. Floods of record exceeded by

paleofloods; uncertainty reduced in
revised FFAs

2. Advances in methods of particle size

KEY FINDINGS pertlz eyt AFH silas s

more alluvial rivers

3. QPH method advances made during
TVA work in TN Basin includes:
+ Combining paleoflood data from
floodplains with rock shelters

» Adjusting channel geometries for
aggrading cross-sections

» Using shear stress equations to
develop paleostage
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3.4.4.3 Questions and Answers

Question:

How should the possibility of change in watershed area, land use type, topography, surface
conditions, etc. be treated when estimating the probable maximum flood on rivers under future
climate change conditions?
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Answer:

Paleofloods are not quite the same as the PMF, but they can provide info about what extreme
floods are like under climate drivers in isolation of human changes to hydrology and the
landscape.

Thinking about you question a little more, one line of thinking is that if you can reconstruct floods
from warmer phases of past climates, this might help provide extreme flood information under a
warming climate. That could certainly help with validating simulations of worst-case scenarios.

Question:

Do you do any correction for grain shape, which will affect transport?

Answer:

There are no corrections for shape because we’re only working with sand particles, which are
the most transportable fraction of the sediment load for most rivers.

3.4.5 Presentation 2B-5: Testing New Approaches to Integrating Sediment-Based Flood
Records into Flood Frequency Models

Authors: Ray Lombardi?, Lisa Davis?, Tessa Harden®#, John F. England, Jr.%; *University of
Memphis, 2University of Alabama, *Thomas College, “U.S. Geological Survey, *U.S. Army Corps
of Engineers, Risk Management Center

Speaker: Ray Lombardi
3.45.1 Abstract

Increasingly probabilistic flood risk assessments for infrastructure (e.g., dams and levees) use
paleoflood hydrologic data (geomorphic and botanical evidence of past floods). Statistical
procedures, such as the Expected Moments Algorithm, incorporate paleoflood data into flood
frequency analyses (FFA) as a number of exceedances over perception thresholds (PTs).
Similarly, Non-exceedance bounds (NEBs) can constrain the right-tail of flood distributions by
defining a threshold that has not been exceeded over a specified period. Rivers vary in their
hydrogeomorphic complexities, and this can complicate the selection and application of PTs and
NEBs. We revisited these concepts, using case studies from previous work, to examine
challenges and potential alternatives for defining critical thresholds for FFA. We found that when
moderate and extreme paleoflood discharges are available selecting the smallest identified
paleoflood discharge as the PT discharge overestimates model certainty and reduces the
discharge estimates for flood with rare exceedance probabilities (< 0.01). In these cases, one
alternative involves using the 90th percentile discharge of the flood distribution to set a higher
PT and to determine which paleofloods are opportunistic peaks. Additionally, in locations where
evidence for a NEB is spatially inconsistent across a topographic surface, we one of the
following approaches can be taken: 1) defining a “hydrogeomorphic bound,” which is a surface
elevation representing the natural upper limit to fluvial activity identified using geomorphic
evidence of where the hillslope process domain ends and the fluvial process domain begins; or
2) using NEBs for years with known paleoflood estimates. By expanding these concepts, we
can apply paleoflood hydrologic data more consistently and in understudied regions.
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3.45.2 Presentation (ADAMS Accession No. ML23177A172)

8th Annual Probabilistic Flood Hazard Assessment Research Workshop

Testing new approaches to integrating sediment-
based floods records into flood frequency models

Dr. Ray Lombardi (Presenting), Assistant Professor

Dept. of Earth Sciences, Univ. of Memphis,
rimbardi@memphis.edu

Dr. Lisa Davis, Associate Professor
Dept. of Geography, Univ. of Alabama

Dr. Tessa Harden, Hydrologist, Assistant Professor
U.S. Geological Survey, Thomas College
Dr. John F. England, Jr., Lead Civil Engineer - Hydrologic

Hazards, U.S. Army Corps of Engineers, Risk Management
Center

Risk-Informed Decision Making
With Paleoflood Hydrological Data
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Risk-Informed Decision Making
With Paleoflood Hydrological Data

- Examp!e frpm Rapid City, S[? by Harden et al. (2011)
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Physical evidence of flooding ~—————— + Bulletin 17C flood frequency analyses
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First challenge: Wider range of possible flood flows

Physical evidence of flooding -~———————————————- - Bulletin 17C flood frequency analyses
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1. ldentify and use only the most extreme paleofloods
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2. Select Robust Perception Thresholds

An alternative approach to assign perception thresholds:
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Second challenge: Flood disturbance does not always occur or is preserved

A.
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Orange = No overbank flood deposits
g

O

1367 Inundation
undary

1129012840
e

< 10% gravel

< 10% gravel

C.

evation (m asl)
~
8

g

&

NE1 =183 masl
NE2 =180 m asl
NE3 =182 m asl
NE4 =193 masl

Fluvial surfaces w/ known exceedance
did not show evidence of flooding

71,000 m?/s

|
Last Site

0 500 1000 1500 2000

Distance (m)

245-285
Callyrs. B9

7 of 10
Robust options to assign non-exceedance bounds
Positive evidence of non-exceedance
ephra: ~ 2 kBP T Tephra NEB

() -
oo .
]
£ ".
2 2ksP 0kBP

| a | |

Benito et al. 2020 time

Min. flood depth to disturb stable fluvial surface
Min. by to exceed T Stable Fluvial
criticalshearstress | g __SurfaceNEB_ _

oo -
i VRS
2 7kBP 0ksp
o | J

England et al. 2010 time

8 of 10

3-230




A Hydrogeomeorphic Bound:
An additional alternative to NEBs the upper limit of fluvial processes

Blue = Overbank flood deposits
Orange = No overbank flood deposits
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We would like to thank:
¢ Tennessee Valley Authority (Joe Hoagland, TVA Vice President of Innovation and Research) for funding
this research.

¢ Miles Yaw and Curt Jawdy (TVA) for providing feedback throughout the project and sharing
unregulated systematic data and TVA resources.

¢ Matt Gage (University of Alabama) for helping us sample and obtain ARPA permitting prior to
sampling of sediments.

Questions?
Contact Ray Lombardi through email: rimbardi@memphis.edu

3.45.3 Questions and Answers
There were no questions for this presentation.

3.4.6 Presentation 2B-6: Using Paleoflood Analyses to Improve Hydrologic Loading for
USACE Dam Safety Risk Assessments: A Nationwide Approach

Authors: Keith Kelson?, Justin Pearce?, Amy LeFebvre?, Ryan Clark®, Bryan Freymuth*, Nathan
Williams®, John England?; *US Army Corps of Engineers (USACE), South Pacific Division Dam
Safety Production Center, 2USACE Risk Management Center, 3USACE Dam Safety
Modification Mandatory Center of Expertise, “‘USACE Northwest Division Risk Cadre, SUSACE
Lakes and Rivers Division Risk Cadre

Speaker: Keith Kelson
3.4.6.1 Abstract

Since 2015, results from paleoflood analyses (PFA) have been used to reduce uncertainties in
hydrologic loading components of USACE dam-safety risk assessments. A tiered approach
allows reductions of uncertainties through analyses having progressively greater detalil, if
supported within the risk-based decision framework. Tier 1 efforts are conducted to address
watershed PFA viability and to recommend actions for minimizing uncertainties in initial
hydrologic loading estimates. If appropriate, Tier 2 PFA are conducted where results are likely
to improve confidence and reduce uncertainties in hydrologic loadings, and therefore benefit the
risk assessment. Tier 2 PFA involve an integrated program of geologic and hydraulic analyses
to identify and characterize paleostage indicators (PSI) and non-exceedance bounds (NEB) that
constrain long-term paleoflood chronologies. Tier 2 often includes geologic and geomorphic
characterization of riverine flood-terrace and slackwater deposits to identify and date specific
flood events in the historic and pre-historic record, coupled with detailed hydraulic modeling to
characterize peak flood magnitudes. These efforts involve state-of-art deposit and soil
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characterization, multiple age-dating techniques (i.e., relative soil development, radiometric,
optically stimulated luminescence, mass spectrometry analyses), and 1D/2D hydraulic modeling
using HEC-RAS software to define flood water-surface elevations. The best-estimates and
ranges in peak discharge and age for all PSI/NEB are included into flow-frequency statistics
through use of perception thresholds and flow intervals, and sensitivity analyses provide
guidance on the value of PFA datasets in reservoir-stage frequency analyses. If needed, Tier 3
efforts are then conducted to resolve specific technical issues with a focus on characterizing
specific uncertainties in parameters that drive hydrologic loading. Incorporating PFA results into
flow-frequency curves has shown that frequencies of rare and extreme peak discharges can be
either over- or under-estimated compared to analyses using only historical data. PFA have been
successfully applied to USACE dam-safety risk assessments throughout many geographic and
meteorologic domains including projects on the Willamette River in Oregon, Missouri River in
North Dakota and South Dakota, and Carbon Canyon Wash and Mojave River in California.
These projects demonstrate applicability of PFA across the Nation. PFA are currently being
applied to ongoing risk assessments for USACE dams on the White River in Missouri and
Arkansas, the Naugatuck River in Connecticut, the Guadalupe, North Concho, and Red Rivers
in Texas, the Kootenai River in Montana, and the Arkansas River in Colorado. Overall, these
PFA add significant value to USACE dam-safety risk assessments by improving confidence and
reducing uncertainty in hydrologic loadings.
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3.4.6.2 Presentation (ADAMS Accession No. ML23177A173)

USING PALEOFLOOD ANALYSIS TO IMPROVE HYDROLOGIC
CHARACTERIZATIONS FOR DAM SAFETY:
USACE NATIONWIDE APPROACH

8th Annual Probabilistic Flood Hazard Assessment Research Workshop
Nuclear Regulatory Commission, Office of Nuclear Regulatory Research

Rockville, MD
March 22, 2023

USACE Paleoflood Team

Keith Kelson

Ryan Clark

John England

Bryan Freymuth

Amy LeFebvre

Justin Pearce

US Army Corps Nathan Williams
of Engineers «

USACE PORTFOLIO
700+ DAMS AND 16,000+ LEVEE MILES
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PALEOFLOOD ANALYSES- JUSTIFICATION
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PALEOFLOOD ANALYTICAL FRAMEWORK

Portfolio Screening
« Which sites are viable for yielding paleoflood data?
» For which facilities would paleoflood data be useful?

Tier 1: Paleoflood Viability Assessment v 5

« Is it possible to obtain paleoflood data?

« Would data result in narrower uncertainty or better confidence?

* Results should not be considered in risk assessments

Tier 2: Paleoflood Chronology and Flow-Frequency Evaluation
+ Obtain expected values and estimate reasonable range

« Will additional data narrow level of uncertainty and/or improve confidence?
« If uncertainties are acceptable, may be considered in risk assessments

Tier 3: Detailed Characterization and Uncertainty Reduction
» Focus on characterizing uncertainties in hydrologic loading
» Develop understanding sufficient to support modification / design

| USACE PALEOFLOOD PROGRAM
VIABILITY SCREENING L]

Geologic Criteria:
« Sediment Production

« Deposit Preservation

« Valley Stationarity
(O’Connor et al., 2014)

Hydrologic Criteria:
« Credible PFM

* OT Risk Driver
« Large uncertainties

Programmatic Criteria: ® Dam/Lock
» Upcoming Risk Analysis { @® PFA Screened
* Imminent H&H Analysis PFA Viability
« Favorable Schedule
@® High
© Moderate
© Low
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USACE PALEOFLOOD PROGRAM
COMPLETED ANALYSES

® Dam/Lock
PFA Status

@ Proof of Concept
@ Proof of Value
4 ® Completed

USACE PALEOFLOOD PROGRAM
COMPLETED AND ACTIVE ANALYSES

ooy Dal

opez Dar1o

tiain Dasi . | Byiod O ® Dam/Lock
""" : PFA Status
® Completed

® Active
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PALEOFLOOD TECHNICAL APPROACH:

=

Tiered and Progressively More Detailed (if/when needed)

Integrated and Multidisciplinary
« Surficial Geology and Geomorphology #
(Fluvial Processes, Soils Pedogenesis)

* Hydraulic Modeling

(RAS Model Calibration and Validation)

« Integrated Paleodischarge Estimation e — =
(G&G and H&H Combined Team Elicitation - =

* Hydrology and Flow-Frequency Analysis
(Historical, Systematic, and Paleoflood Records)

Result: Paleoflood Chronology and Magnitude = istsyears | oo | o0 | om0
1;;2!) R0 YwoEX, 10,000 2000 | 30000
March19s | 350 | 6000 9,000

PALEOSTAGE INDICATORS

Floated debris, scarred
trees, and other recent
Non-Exceedance Bound * paleostage indicators

- _.- G RN Positive evidence for
") E TP : long-term landscape stability

Positive evidence
for past floods

Gravel bars and
other fluvial bedforms;
little or no soil development

R

Slackwater deposits ?)
Chattahoochee River,
Georgia (Buford Dam)
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PALEOSTAGE INDICATORS

Floated debris, scarred
trees, and other recent
Non-Exceedance Bound * paleostage indicators

—————— B 14 Positive evidence for Middle Holocene soil
JoRg4sN lsndscape siabity development on riverine

deposits, South Santiam
River in central Oregon

(Us.aRUY

Positive evidence

Stable terrace with _t_ for past floods

smooth surface and
well-developed soil

Channels on terrace tread, truncated
soil profiles, and other evidence
of erosion and/or deposition

Gravel bars and
other fluvial bedforms;

\,%\_, Approximate paleostage little or no soil developmen!

_4 _ Minimum paleostage

Y Maximum paleostage

Stratigraphic evidence of past
flooding on intermediate river terrace

Positive evidence for
long-term landscape stability

Stable terrace with
smooth surface and

well-developed soil " horizon

Channels on terrace tread, truncated Eolian
soil profiles, and other evidence g
of erosion and/or deposition y sand

m paleostage

v$v Approximate paleostage

Relative soil development

in erodible materials

suggests long-term
landform stability

Y Maximum paleostage
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TIER 2 PALEOFLOOD EVALUATION: GEOLOGY
Identify and Characterize PSI/ NEB

Down-valley Profile

Technical Questions:

e 1) Are deposits associated with the

R qEee geomorphic terraces related to axial
e | e river flooding?

2) Ifso, how old are the deposits?

esienih)
>

Pleistocene

Temce Cross-valley Section

Widle (7)
Holocene Middle
Terrace totate(?)
Holocene
Terrace
soft Historic ()
Terrace

McKenzie

5,67 River

Stas
17,1819

Sites
29,30
n  Relative

Temace a0h s 201t
Height (ft]

TIER 2 PALEOFLOOD EVALUATION: GEOLOGY
Identify and Delineate PSI/ NEB

Obtain Ages of PSI/ NEB

Age Estimates:
Relative soil development

* Detailed Stratigraphic / Soil Description Site Radiocarbon samples
OSL samples

Elemental concentrations
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TIER 2 PFA: HYDRAULIC MODELING (1D OR 2D)

1D HEC-RAS, Unsteady Simulation
» Incorporates Channel Bathymetry

(Us.aRMY

— Upstream Boundary
+ Inflow hydrograph downstream of

Libby Dam

Downstream Boundary

* Normal Depth (Energy Grade Line)

Floods of Record

+ HFOR Jun 1894: 117,000 cfs
(estimated from USGS gage)

« SFOR May 1948: 103,600 cfs
(measured at USGS gage)

""YL, 7- '- ,0_7"“"" Libby RAS Cross Sections ~~~— Kootenai River Centeriine PMF Peak DISCharge Of 489,000 CfS

’ USACE PFA utilize either 1D or 2D HEC-RAS modeling, as appropriate l

TIER 2 PFA: DISCHARGE ESTIMATION

g— Interdisciplinary Collaboration
— Geologists, Hydrologists, and Hydraulic Engineers

Lookout Palnt Terrace Profils for P02
e e — ==

mea 2D Hydraulic Modeling (HEC-RAS v6.3.1)
Sersosicaldl » Uncertainties estimated via sensitivity runs
. with variable Manning’s n values

Integrates Geology & WSE Model -
« Down-valley profiles B
» Cross-valley sections

Estimate Composite Uncertainty
* Channel Stationarity (Aleatory) -

+ Geologic Variability (Aleatory) Water Surface and Terrace Longitudinal Profiles :
» Hydraulic Modeling (Epistemic) ’ tU ncertamt_ue§ capturgc_i by_ consudenng :
. Sediment Transport (Epistemic) opographic irregularities in long-profiles

- 1 L |

Lt Destsrnce
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TIER 2 FLOW FREQUENCY ANALYSIS

18

aene Historic Record

<Systematic Record

Flow intervals and Perception Thresholds %
for Flow Frequency Analysis

per USGS Bulletin 17C

Peak Instantan eaus

Unregulated Discharge (cfs)

| Terrace Qt2 NEB: Best Estimate 400,000 cfs |

j Terrace Qt3 PSI: Best Estimate 160,000 cfs

Paleoflood Record

TIER 2 FLOW FREQUENCY ANALYSIS

Incorporating PFA results into flow-frequency curves...

Lookout Point Dam Annual Peak Unregulated Inflow Frequency

Proctor Dam Peak Flow Frequency
000000 T 1,000,000
L L‘\o 13 = e s | e 3N
o | pow | roul
1000060 Y i‘lr 2 [oed] e’“‘“a‘a
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... sometimes shifts the curve to the right

(extreme events LESS COMMON than thought)

... sometimes shifts the curve to the left

(extreme events MORE COMMON than thought)
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Bd  USACE PALEOFLOOD ANALYSIS PROGRAM:
RECENT LESSONS LEARNED

+ PFA works in watersheds across the Nation
» Successfully applied to USACE dam-safety risk
assessments in many geographic and meteorologic domains

« PFA data improves hydrologic characterization
» Using only historical + systematic records may over-estimate i
(or under-estimate) frequencies of extreme discharges

* PFA provide credibility by capturing uncertainties

» Provides foundation for applying to risk-informed dam safety
risk assessments.

PFA improve confidence and reduce uncertainty in hydrologic loadings
» Adds significant value to USACE dam-safety risk assessments.

*

Paleoflood Analyses: Production

+ Individual Dam Risk Assessments
o Multiple ongoing PFA for individual dams

» Watershed-scale Assessments
o White River (Missouri, Arkansas; four dams)
o Willamette River (Oregon; nine dams, regional analysis)
o Missouri River (North Dakota, South Dakota; four dams)
o Central Texas Hill Country (Texas; six dams)

Policy and Guidance
» Methodology Documents (under construction)

« USACE Guidance (ETL 1100-2-4; USACE, 2020)
https://www.publications.usace.army.mil/Portals/76/Users/182/86/2486/E TL 1100-2-4%20corrected.pdf
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UPCOMING USACE PALEOFLOOD EFFORTS

=

Education and Outreach

« Internal USACE Webinars
«» Dam Safety Modification Workshop (June 2023; Eugene, OR)
« Visiting Scholar’s Program (June 2023; Harpers Ferry, VA)
< Dam / Levee Safety Course (DLS-213) (October 2023; Harpers Ferry, VA)

« External Collaboration
«* Nuclear Regulatory Commission PFHA Workshop (March 2023; Rockville, MD)
+ Geological Society of America, Cordilleran (May 2023; Reno, NV)

3.4.6.3 Questions and Answers

Question:

Have you looked at the data if a dam failure was due to a seismic event?

Answer:

That has nothing to do with paleoflood, but | can answer that question anyway. There’s only
been a couple of dam failures related to seismic events and one of them was in the 2011
Tohuku earthquake!“. It killed 8 people and | happened to be the first geologist on site, so that’s
how | know about that. There are dam failures due to seismic events but they’re pretty rare and
rarely do they kill people. There’s been the San Fernando event and Baldwin Hills, and there’s a
couple more. But, Fujinuma Dam, look that one up.

Comment (Joseph Kanney):

In your first stage screening analysis you referenced the report by Jim O’Connor, and I'm
pleased to see that because that was work that Jim originally did for us. You mentioned the
Army Corps 2020 guidelines, and we also worked with Jim, Tess Harden, Karen Ryberg, Julie
Kiang and others at USGS to put together a set of guidelines for our purposes. | recommend if
you haven'’t had a chance to look at that, you might find some of that useful for Army Corps
applications as well.

Answer:

I’'m fully aware of that and | helped review it. The work that Jim O’Connor did was funded by the
NRC and we appreciate that. Tess was writing the USGS report at the same time that | was

14 Fujinuma Dam. An earth-fill embankment dam in Sukagawa City, Fukushima Prefecture, Japan
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writing the ETL®® and we were doing it independently. When we were out in the field, shed
mentioned that she was doing this methodology document and | said so am I. It turns out that
they are independent but they’re still significantly well-overlapped. They have different
purposes. Ours is a regulatory or a guidance document for the Army Corps and hers is more for
the NRC and for actual users. So, it's much broader and it’s better. | hate to say it but, if you
could only read one methodology, you should read Tess’s. Ours is really addressing some of
the internal issues that we had at the Army Corps where people were saying you shouldn’t be
doing that. | wrote it to say well, we should be doing this.

Question:

You mentioned a lot about reducing uncertainty. When | think about this, it's not always true.
Certain data points or paleoflood information may be confounding sometimes. Should we be
creating this expectation that it will always reduce your uncertainty? | know we hope it will.

Answer:

Keith Kelson: That’s bigger than the science of paloeflood. The only way to decrease
uncertainty is to collect additional and critical data or collect additional information on process-
based models. If we collect more data and our uncertainty bands go up, that tells us we didn’t
have a good understanding of uncertainty before we started. That initial band of uncertainty that
we estimated was wrong. My opinion is, if you collect more data, you should always be able to
narrow your uncertainty, if you're doing it right. Lisa, Ray?

Ray Lombardi: You've hit on it, but | want to re-iterate on the process understanding. If you use
the word confounding, perhaps what you have is a mixed distribution of flood drivers.
Sometimes, | guess you could in theory, by including this mixed population, increase
uncertainty, because you have essentially, two distinct distributions of events. But again, the
paleoflood information, if used in tandem with other paleoflood records, could help us decipher
what those distributions are, because | still don’t think that the gage record is telling a clear story
about distinct floods. Extreme flood drivers are distinct, but what are they? We don’t really have
a good sense of it. And so paleoflood information is beneficial in both those ways. It just might
be that at the present time there’s not a good way to split up that mixed population of flood
events.

Question:

Given the widespread the data that you're collecting, have you ever thought about doing a
'space for time' substitution to apply that to sites with no paleodata?

Answer:

Keith Kelson: Of course. The ergodic assumption is part of geomorphology, so of course. But
you can only do that if you're, I'll use the hydrologic term, if you are transposing within a given
[homogeneous] domain. We would not want to use the ergodic assumption to transfer out of
one area into another domain that has a different hydrologic loading. That's why we’re looking at
storm typing and runoff production. But within any given domain where everything else can be
held constant, then yes, you could use space for time. Hydrologists have always known we
have different storm types, and we’ve always known we have different runoff coefficients. Thats
why we have NOAA Atlas 14. So, there are boundaries we can use that ergodic assumption
within, and we’ve got to be aware of those.

15 USACE Guidance (ETL 1100-2-4; USACE, 2020).
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| want to address one other thing. When the uncertainty broadens (thank you Ray for pointing
this out, and I think the lightbulb just went on for me), what that tells us is that our understanding
is not complete. That's pretty basic, but it sheds light that we’re not understanding the
processes, and the processes are actually bimodal, and we have to then extract those two
different populations within the one population. That means it’s epistemic. If you can collect
more information and go from a single population that has a broad uncertainty, you collect more
information and you gain a better understanding and then you can say, well these are actually
two sub-populations, but the uncertainty of each of those are smaller. And then you could use
the space for time solution on one of those, but you shouldn’t be using it on the other. | see Ray
you are nodding your head, so | think you are agreeing.

Ray Lombardi: | think paleoflood information is very dynamic and useful for just generally
understanding flood process and | hope that we can use it in other ways, beyond curve fitting.

3.4.7 Riverine Flooding Panel Discussion (Session 2B-6)
Moderator: Joseph Kanney, NRC/RES

Participants:
Daniel Wright, University of Wisconsin-Madison
Sudershan Gangrade, Oak Ridge National Laboratory
Ryan Johnson, RTI International
Lisa Davis, University of Alabama
Ray Lombardi, Lisa Davis, University of Memphis
Keith Kelson, US Army Corps of Engineers,

Question:

How can we improve the synergy between mechanistic physics-based modeling and the use of
paleoflood information? | think we’ve seen lots of examples of paleoflood information being used
to refine flood frequency analysis, but | think a broader question is: how do we use paleoflood
information to inform our mechanistic flood models, whether they be looking at a particular event
or an ensemble approach or a probabilistic approach? I'd like to ask this question from both
sides. For the mechanistic modelers, what would you like to see in terms of paleoflood
information that would really be helpful? From the other side, from the paleoflood folks, is there
something that you’ve identified that you think could be used to improve physics-based
modeling?

Answer:

Daniel Wright: Where the synergies could really come in is getting as specific as possible about
how a specific flood has happened. | believe it was Keith that mentioned storm typing. That
would be very difficult to do, if not impossible, when it comes to prehistoric events. But even in
the historical and gaged records, that’s really important for distinguishing different types of
floods and how they happened. So, storm typing on the meteorologic side, and then the other
ingredients that were involved, such as snowpack and snow melt. So one concern that |
generally have about paleofloods is did they occur in the same kinds of ways that modern floods
occur, and do the conditions under which they occurred still exist? Or could they happen in
some tail low probability sort of thing? So, thinking about ways of bringing that kind of
information together with process-based modeling could be a fruitful way forward.

Keith Kelson: | agree with that Daniel. | appreciate your expertise on that. We’ve given a little bit
of thought on how to do that because it's important. We’re coming out with two things (or one
and it’s hybrid into two different things). We want to branch out in a watershed perspective.
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Originally our first analyses were just to understand the reach that is directly below a dam. We
were concerned about what goes on, say, on the Feather River between Oroville Dam and the
town of Oroville, a two-mile stretch. But what we found is that they might be the same [in
adjacent watersheds].If they are, then that tells you that these are big storms. That’'s why we're
working in central Oregon, taking three different watersheds, to see if there’s synchronicity in
the paleoflood chronology amongst these watersheds that are hundreds of miles apart. There
might be a storm in January and another storm the following December and the age dating
techniques are not good enough to differentiate that, | get that. But the presumption would that
be a big storm in CE 500 in one watershed was the same storm as the one that occurred in CE
499 [in an adjacent watershed]. The other hybrid approach is in the Texas Hill country where
we’re working on these watersheds that flow from west to east, and the storm track goes from
south to north. What we're seeing is a storm track from historical storms, like 1936, 1898, track
from south to north, and they effect only parts of those watersheds. So we're looking at the parts
of the watersheds, fortunately that’'s where a dam was, and we’re finding the record there. But
as you go upstream out of that storm track, we have a different flood of record, or a different
paleoflood of record, and a different paleoflood chronology depending on where you are in the
watershed. So, we are able to kind out suss out how those paleoflood storms tracked from
south to north and whether they are coincident with the historical storm tracks or whether they’re
something different. That’s our thoughts and open to discussion.

Lisa Davis: What we’ve basically been presenting today is what'’s called the quantitative
paleoflood hydrology approach, where the goal is a stage, which can be integrated into a flood
frequency analysis. But there are other flavors of this work that some people may consider as
Quaternary geomorphology, where you get more of a sense of what are the drivers of the
particular changes to flood frequency and their magnitude over time. Those kind of studies don’t
necessarily give you discharge estimates, but they will definitely give you information about
changes in flood frequency. A lot of scientists have done a good job at looking at long-term
temperature changes and a whole bunch of other climatic variables, but | will kind of go back to
this idea that Keith presented earlier. That is thinking a little bit more about site selection and
broadening your horizon in terms of the scope of that really gives you more data. It's something
that we’ve been doing in the Tennessee River Basin, looking at multiple sites across the basin
and different kinds of paeloflood sites.

The presentation | gave today focused on the quantitative flood frequency analysis but a lot of
the work that Ray and | have been doing is trying to look at floods throughout the basin, and
when they tend to occur. A lot of them have occurred during really abrupt climate transition
times. Not necessarily warm phases or cold phases of climate, but the transition times seem to
be where we have the most frequent and the most extreme floods. The other thing that we've
done is targeted specific sites for information. That DT3A site that | showed is actually a site
that’s prone to hurricane induced extreme floods and that 1791 flood happened to occur when
there was a very large hurricane in the Caribbean that made landfall in the Northern Gulf of
Mexico. We know that by comparing our data to the work of paleotempestologists (people who
look at past hurricanes), there is a lot of this information available, particularly in the academic
literature. The dots just have to be connected. But like Keith mentioned before, , if you think a
little bit more about site selection when you’re doing these studies, you can actually get to some
of that mechanistic information if you choose your sites thoughtfully.

Ray Lombardi: Building off that a little bit, one thing that I'm trying to do with my research is to
marry the insights from modern hydrology with paleoflood information. Our capabilities with
watershed modeling and landscape evolution modeling give us a very good spatial
understanding of process and the connections of those systems, particularly how it’s related to
the atmospheric system. Then building hypotheses with the paleoflood information based off
this really extensive temporal insight that we get from longer, generally 5000-year records,
because that’'s when effective moisture is about the same as modern day. We can look at all of
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the variable response of floods over that time period to give insights. Maybe we don’t have the
temporal resolution to say “it was a hurricane” or “it was an atmospheric river”, but we could
then move into the modeling space a little bit and kind of synthetically use watershed models to
hypothesis test some of these processes and see if it plays out. | will also mention that the three
of us have presented very much sedimentary paleoflood approaches. There are also botanical
approaches like tree scars and any kind of tree ring records that you can look at actual
anatomical failures of the trees and years that are related to actual extreme floods. That’s going
to give you down to a seasonal resolution over the last, in best case, in most cases about 1000
to 2000 years before present. And so there are ways to use multi-proxy paleorecords to get
insights, and when possible, we always do this. For example, let’s use lipid biomarkers and
plants in the flood deposits to see what the oxygen isotope was, and then we can determine
was this water coming from the Gulf of Mexico or was it water coming from the Arctic? | often
tell my students I'm a dirt detective because I'm putting together all these clues to say beyond a
reasonable doubt that something occurred. Then, once we have that collection of evidence, go
and test that in the model space, or even trade space for time in the modern sense. Because
maybe we have only one observation of a particular flood, say, on the lower Missouri River, but
maybe floods like that have occurred globally that we can then compare, and ask is there
something to this configuration of antecedent and atmospheric conditions that lead to the most
severe floods.

Keith Kelson: | would concur with that. You gave some really good examples of what | was
glossing over as different arrows in our quiver. You're right, botanical is good; archeological is
incredible. We’ve had some features that were flooded and no longer used that we can date
because of archaeology. So, there’s all kinds of things. Another tool that we use is to integrate
with folks who have good understanding of physical models like Dan. Part of that is we need to
be able to make sure whether the process-based modeling effort is consistent with, or not
consistent with, the empirical database. This is what paleoseismology does. We have
paleoseismologists and earthquake seismologists, and the biggest jumps in our understanding
in earthquake hazards are when those two groups get together. And now, in earthquake
hazards forecasting, you always have those two different things. What | really appreciate about
what Joe has done with this workshop is to have us talking. My question for Dan (I think Ray
asked it also): is there a way that you could use the physics-based, process-based modeling on
an extreme event, could you do that in the Tennessee Valley (or with the Big Thompson flood,
there Bob Jarret has a good record of it)? What we’re talking about is turning knobs and flipping
the switches in the process-based model to make sure that you retro-dig correctly. Maybe
you’'ve done that. That’s my question.

Daniel Wright: Using earlier, let's say non-physically-based hydrologic models (I don’t know how
familiar you are with the hierarchy of these hydrologic models), there’s reason to doubt the
realism of blasting those things with a really big storm that’s way outside of your calibration
record. | am not familiar (maybe this exists, and I've just not looked for it) with people
interrogating these more modern models for realism in terms of really big events, you know
5000-year events. Do they even seem to give anything feasible? You know of course there are
good reasons why that’s challenging to do, but it's a good point. | think one obvious connection
to the sorts of things that I've been doing is the storm transposition concept because extremely
rare storms are only extremely rare at a local scale. If you look over some large enough domain,
they’re not all that uncommon. Of course there are limits to how far you can look away from the
actual watershed of interest, but being able to pull in storms (it doesn’t have to be in a very
rigorous probabilistic framework like the way that I've been doing it, but identifying one or two
large storms), putting them into a model of a particular watershed of interest that has a lot of
paleoflood data, and essentially seeing whether there seems to be any story that can be drawn
from that. | think that can be an interesting pathway towards kind of addressing your question
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here. I'm not familiar with much work that’s been done on that. We have a little bit of that in one
or two or our papers, but not very much.

Ryan Johnson: I'll just comment on Keith’s last question on comparing the two. During the break
here | talked with some of my colleagues that are doing the PFHA analysis for TVA and
comparing to what Lisa is doing. | asked them how it's looking in the initial comparisons, | think
it was near Guntersville [dam]. The two methods are fairly close. But to Dan’s point, looking at
hydrologic models, sometimes when we plot these huge events onto parameters that maybe
calibrated for more operational-based or even observed large events, they can cause some very
high responses or response that we don’t have a lot of confidence in. So | think having
paleorecords to compare to can help inform, or maybe start that discussion of the drivers.

Sudershan Gangrade: | think in some of the cases we have implemented very large-scale flood
modeling applications through these hydrologic models and hydraulic models. For instance, we
have been talking about probable maximum precipitation and probable maximum flood in the
earlier sessions. | think generating some sort of comparisons against that with the paleofloods
that may have occurred in the past and also having some sort of a long historical reanalysis
inundation data base that can also help validate some of the paleoflood data that may be
available. So, | think | agree on that.

3.5 Day 3: Session 3A — Posters

Session Chair: Thomas Aird, NRC/RES

3.5.1 Poster 3A-1: Identifying and Cataloging Major Storm Events from Gridded
Quantitative Precipitation Estimates for use in Stochastic Storm Transposition

Authors: Alyssa Dietrich, Eric King, Seth Lawler; Dewberry
Speakers: Alyssa Dietrich, Eric King
3511 Abstract

Stochastic Storm Transposition (SST) is a modern technigue used to move observed
precipitation associated with a storm event from its original location to multiple, randomly
selected alternate locations within a climatologically comparable region. Storm transposition has
its root in deterministic probable maximum precipitation studies for the purpose of
supplementing storm data in locations with limited observed historical events. Advancements in
computational speed and technology allow for the “stochastic” component of storm
transposition, where a suite of realistic spatial precipitation patterns can be created that are
suitable for probabilistic modeling.

In order to do SST, there is first a need for a storm catalog or database from which the suite of
moderate to extreme storms can be selected. Selecting storms for a catalog has traditionally
been a subjective process, limited by a storm being observed at a precise location and the
guality of gauge-based precipitation observations. Combining computational approaches with
the availability of CONUS-wide, remotely sensed, gridded daily and hourly precipitation datasets
provide a unique opportunity to overcome many of these traditional limitations. Utilizing
published gridded datasets eliminates the requirement for a storm to be analyzed from gauge
data to determine total storm magnitude; and their use ensures that a large event, no matter
where it occurred, is not missed due to lack of ground observations. While remotely sensed
gridded datasets remain imperfect, a notable flaw being their relatively short record lengths,
year after year datasets continue to grow. For example, the Stage IV dataset from the National
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Center for Environmental Prediction now has over two decades worth of data, and the Analysis
of Record for Calibration (AORC) dataset from the National Weather Service contains hourly
data back to the 1970s.

To populate the storm catalog an unsupervised python-based algorithm was developed to
iterate over an entire period of record (POR) and identify storms contained in gridded
precipitation data. For a given SST transposition domain, a storm is identified as a contiguous
group of grid cells that accumulate statistically significant precipitation over some defined
duration. The unsupervised learning concepts of thresholding and clustering are applied to a
sliding window (based on event duration) over each date in the POR. For each of these
windows, the time-series grids are aggregated, an accumulated precipitation threshold is
calculated, and all grid cells with pr