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Disclaimer 

 
Legally binding regulatory requirements are stated only in laws, NRC regulations, licenses, 
including technical specifications, or orders; not in Research Information Letters (RILs). A RIL 
is not regulatory guidance, although NRC’s regulatory offices may consider the information in 
a RIL to determine whether any regulatory actions are warranted.  
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ABSTRACT 
 
The U.S. Nuclear Regulatory Commission (NRC) Office of Nuclear Regulatory Research (RES) 
is conducting the multiyear, multi-project Probabilistic Flood Hazard Assessment (PFHA) 
Research Program to enhance the NRC’s risk-informed and performance-based regulatory 
approach with regard to external flood hazard assessment and safety consequences of external 
flooding events at nuclear power plants. RES 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. Risk 
assessment of flooding hazards and consequences of flooding events is a recognized gap in the 
NRC’s risk-informed, performance-based regulatory framework. The RES Probabilistic Flood 
Hazard Assessment Research Plan describes the objective, research themes, and specific 
research topics for the program. While the technical basis research, pilot studies, and guidance 
development are ongoing, 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. 

These conference proceedings transmit the agenda, abstracts, presentation slides, and panel 
discussions for the Sixth Annual NRC Probabilistic Flood Hazard Assessment Research 
Workshop held virtually in February 2021 via web conference software. The workshop took 
place February 22–25, 2021 and was attended by members of the public; nuclear industry 
personnel, NRC technical staff, management, and contractors; and staff from other Federal 
agencies and academia. The workshop began with an introductory session that included 
perspectives and research program highlights from RES, the U.S. Geological Survey, and 
international working groups. NRC contractors and staff, as well as invited Federal, industry, 
academic, and public speakers, gave technical presentations (including virtual poster sessions) 
and participated in various styles of panel discussion. The workshop included eight focus areas: 

(1) overview of flooding research programs of the NRC, other Federal agencies, and 
selected international organizations  

(2) climate influences on flooding hazards 

(3) precipitation processes and modeling  

(4) riverine flooding processes and modeling  

(5) coastal flooding processes and modeling 

(6) PFHA modeling frameworks 

(7) flood protection and flooding operating experience 

(8) external flooding probabilistic risk assessment 
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1    INTRODUCTION 

This research information letter (RIL) details the Sixth Annual U.S. Nuclear Regulatory 
Commission (NRC) Probabilistic Flood Hazard Assessment (PFHA) Research Workshop held 
virtually from February 22–25, 2021. These proceedings include presentation abstracts and 
slides. The workshop was attended by members of the public; NRC technical staff, 
management, and contractors; and staff from other Federal agencies and academia. 

The workshop began with an introduction from Ray Furstenau, Director, NRC Office of Nuclear 
Regulatory Research (RES). Following the introduction, staff members from RES and the 
U.S. Geological Survey (USGS) described their flooding research programs. Additionally, John 
Nakoski, RES, 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). 

Technical sessions followed the introduction session. Most sessions began with an invited 
keynote speaker, followed by several technical presentations, and concluded with a panel of all 
speakers, who discussed the session topic in general. At the end of each day, participants 
provided feedback and asked generic questions about research related to PFHA for nuclear 
facilities. At the end of the third day, a virtual poster session was held with each poster 
presenter being assigned a unique web conferencing room where attendees were free to attend 
and leave at will.   

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 and 
ML14296A442). 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 (ADAMS Accession 
No. ML15124A707). 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:  

• current and future climate influences on flooding processes  

• significant precipitation and flooding events  

• statistical and mechanistic modeling approaches for precipitation, riverine flooding, and 
coastal flooding processes  

• PFHA frameworks  

• reliability of flood protection and mitigation features and procedures 

• external flood protection and operating experience   

• external flooding probabilistic risk assessment  

1.4  Organization of Conference Proceedings 

Section 2 provides the agenda for this workshop. The agenda is also available at ADAMS 
Accession No. ML21064A456. 

Section 3 presents the proceedings from the workshop, including abstracts and presentation 
slides and abstracts for submitted posters. 
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The summary document of session abstracts for the technical presentations is available at 
ADAMS Accession No. ML21064A455. The complete workshop presentation package is 
available at ADAMS Accession No. ML21064A395. 

Section 4 lists the workshop attendees, including remote participants, and Section 5 
summarizes the workshop. 

1.5  Related Workshops 

The NRC’s Annual PFHA Research Workshops take place approximately annually at NRC 
Headquarters in Rockville, MD. The proceedings from the Fifth Annual PFHA Research 
Workshop (held February 19–21, 2020) have been published as RIL-2021-01. NRC has 
published the collected proceedings from the first four workshops, listed below, as RIL-2020-01, 
available on the agency’s public Web site:  

• First Annual NRC PFHA Research Workshop, October 14–15, 2015  
• Second Annual NRC PFHA Research Workshop, January 23–25, 2017  
• Third Annual NRC PFHA Research Workshop, December 4–5, 2017  
• Fourth Annual NRC PFHA Research Workshop, April 30–May 2, 2019  
 
In addition, an international workshop on PFHA took place January 29–31, 2013. The workshop 
was devoted to sharing information on PFHAs for extreme events (i.e., annual exceedance 
probabilities (AEPs) much less than 2x10-3 per year) from the Federal community. The NRC 
issued the proceedings as NUREG/CP-302, “Proceedings of the Workshop on Probabilistic 
Flood Hazard Assessment (PFHA),” in October 2013 (ADAMS Accession No. ML13277A074). 

 

https://www.nrc.gov/reading-rm/doc-collections/research-info-letters/2021/index.html
https://www.nrc.gov/reading-rm/doc-collections/research-info-letters/2020/index.html
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2    WORKSHOP AGENDA 
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3    PROCEEDINGS 

3.1  Day 1: Session 1A – Introduction 

Session Chair: Thomas Aird, NRC/RES/DRA 

There are no abstracts for this introductory session. 

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. ML21064A417) 
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3.1.2  Presentation 1A-2: NRC Probabilistic Flood Hazard Assessment Research 
Program Overview 

Authors: Joseph Kanney, Thomas Aird, Mark Fuhrmann, Elena Yegorova, and Sarah 
Tabatabai, NRC Office of Nuclear Regulatory Research  

Speaker: Joseph Kanney 
3.1.2.1  Presentation (ADAMS Accession No. ML21064A418) 
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3.1.2.2  Questions and Answers  

Question:  
Are Intensity Duration Frequencies a valid probabilistic way to try to estimate future hazard 
assessment on the precipitation aspect of the flooding calculations? 
Joe Kanney:  
Yes. We have looked at that in several pieces of the research that I mentioned. Specifically, the 
work we did with the Army Corps on the warm season and cool season precipitation. That was 
essentially looking at developing intensity, duration, frequency curves. But that is not the only 
way to do it. There is the mechanistic modeling approach and we have also investigated that. 
 
Question:  
Are the reports mentioned available for the public? 
Elena Yegorova:  
Yes, these are public reports     
 
Question:  
Do the flood evaluation methods for riverine flooding cover the phenomena causing the flooding 
at the site of The Fort Calhoun Nuclear Generating Station? 
Joe Kanney:  
Yes, it is part of the work that we're doing with Oak Ridge and University of Maryland on joint 
probability. One of the cases that were looking at there is an inland flooding situation where 
snowmelt is a contributing mechanism. And that was sort of the distinguishing feature of the Fort 
Calhoun flooding back in 2011. 
 
Question: 
Can we know where these pilot studies are? 
Joe Kanney:  
Yes. The local intense precipitation pilot study is based on a on a real plant, but we are making 
some modifications to add interesting features. So that one is not specific for a particular 
location. For the riverine flooding pilot, we have selected the Trinity River basin in Texas. That 
was based upon the availability of information. Some work that was done in previous Army 
Corps studies provides useful background info to leverage. We wanted to leverage as much 
existing information data and previous studies as we could. We are also looking at an area 
along the coast in in Texas, sort of near the Beaumont area. 
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3.1.3  Presentation 1A-3: U.S. Geological Survey Flooding-Related Programs and Recent 
Activities 

Speakers: Julie Kiang and Robert Mason, U.S. Geological Survey 
3.1.3.1  Presentation (ADAMS Accession No. ML21064A419) 
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3.1.3.2  Questions and Answers  

Question:  
Where can we access new generalized skew estimates for the states? Is it available now? Ex: 
Virginia? 
Julie Kiang:  
We unfortunately haven't been able to update our list at the old ACWI website, but it's available 
here: Regional Skew and Flood Frequency Reports from the USGS (acwi.gov) 
 
Question:  
Is USGS also measuring and analyzing snowpack or snow water equivalent? 
Robert Mason: 
We have a project that is looking at monitoring snow and snowpack in some of our specialty 
basins. We have a program that is identifying some 10 river basins. Those river basins are 
going to be monitored in detail for precipitation, runoff, snow, and the like. And in some of those 
basins, there will be instrumentation to monitor snowpack. 
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Question:  
Studies are focusing on discharge frequencies as in Bulletin 17 C. However, NRC’s flood 
frequency analysis for reactor safety analysis is focusing on flood stage and inundation. Noticing 
that frequency patterns of discharge and stage are somewhat different, please discuss how 
USGS flood frequency studies fit into the safety analysis for nuclear power plants. 
 
Julie Kiang:  
There's definitely differences in the data and in the information that we're putting out there. To 
make that translation from the discharge, which is what we have the best data on and that can 
translate up and down the stream more easily, there needs to be a site-specific analysis to do 
that. This is to understand what a particular discharge might translate to in terms of stage. 
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3.1.4  Presentation 1A-4: Committee on the Safety of Nuclear Installations (CSNI) 
Working Group on External Events (WGEV)  

Speaker: John Nakoski, NRC/RES/DRA (WGEV Chair)  
3.1.4.1  Presentation (ADAMS Accession No. ML21064A420) 

 



3-28 



3-29 



3-30 



3-31 

 

 

3.2  Day 1: Session 1B – Climate 

Session Chair: Joseph Kanney, NRC/RES/DRA 

3.2.1  Presentation 1B-1 (KEYNOTE): Seasonally Dependent Changes in Multi-model and 
Large-Ensemble Simulations  

Author: L. Ruby Leung, Pacific Northwest National Laboratory (PNNL) 
Speaker: L. Ruby Leung 
3.2.1.1  Abstract 

Warming induced by anthropogenic emissions of greenhouse gases can induce changes in 
precipitation and other components of the water cycle. The seasonal cycle of precipitation is 
dominantly influenced by the annual cycle of solar insolation and land-sea contrast, but even 
precipitation seasonality can be altered by global warming in many ways, with implications for 
floods, droughts, wildfires, and food production. Climate models projected a sharpening of the 
wet season in the US Southwest under warming, with mean and extreme precipitation 
increasing in winter but decreasing in spring and fall. Warming will also induce seasonally 
dependent changes in the US Midwest. In a high-emission scenario, the likelihood of an 
extremely wet late spring is projected to increase by 15 times over this century while the 
likelihood of an extremely dry late summer will increase by 10 times. Understanding the 
mechanisms behind these changes is important, particularly in support of the physical climate 
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storyline approach in which climate risk is communicated not by probabilities but using 
narratives of physically self-consistent unfoldings of past events or plausible future events. 

3.2.1.2  Presentation (ADAMS Accession No. ML21064A421) 
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3.2.1.3  Questions and Answers 

Question:  
How does the issue of probabilities inform or are informed by the storyline models? 
Ruby Leung: 
What we're trying to do in the storyline approach is to breakdown the problem into two separate 
questions because, if we ask a single question, then we really need to explore the full 
uncertainty space. For example, if you want to know what's the probability of extreme 
precipitation, like the 99th percentile precipitation, in the future, then you need a model that is 
able to simulate extreme precipitation and you also need a model that runs large ensemble 
simulations to account for uncertainty and things like that. So, the unique thing about the 
storyline approach is really trying to break down this question into two sub questions related to 
the uncertainty, like what might be the likelihood of a particular historical event happening again 
in the future. The way we look at this is by using CMIP models and large ensemble simulations. 
There are already many such simulations available based on multiple models and based on 
several global models running large ensemble simulations. First, for a particular historical event 
that we're interested in, we need to understand the large-scale circulation context. What 
supported that particular event? Is it because of some blocking circulation, or is it because of 
teleconnections or things like that? Once we understand the meteorological context of that 
particular event, then we look into these CMIP and large ensemble simulations and try to 
understand if these types of conditions going to happen more in the future, and why. So, asking 
why or the mechanistic understanding is really what we're trying to emphasize in the storyline 
approach. 
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Question: 
Please briefly discuss what are the key factors and processes to transform from physical climate 
storylines to short term, extreme rainfall events needed for extreme flooding analysis used for 
reactor safety analysis. 
Ruby Leung: 
When you mean short term, do you mean short term as in a weather forecasting time scale or 
are you referring to the future? I'm assuming that it is the second kind that you are referring to 
rather than weather forecasting. So, in the context of understanding how flooding events might 
change in the future, in the storyline approach, first you must select a particular historic event. 
That might be something that you really worry about in the context of nuclear power plants. One 
example is this May 2015 case that I discussed. Once you select this example then you can 
simulate it using a fine scale model which should be quite skillful in simulating that type of event. 
And then you perturb the boundary conditions of your model by changing, for example, the 
temperature and moisture. Then you can see how, because of the warming and the moisture, 
such a flood event might become more intense in the future. But in terms of the probability, then 
we must look at the global simulations to understand the meteorological context of that event 
and look at how the circulation might change. 
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3.2.2  Presentation 1B-2: Challenges Associated with Multi-Hazard Characterization of 
Landfalling Hurricanes   

Authors: Scott Weaver1, Dereka-Carroll Smith2, 1National Institute of Standards and 
Technology; 2Joint NIST-UMD-NCAR Research Associate 
 
Speaker: Scott Weaver 
 
3.2.2.1  Abstract 

As hurricane characteristics evolve due to climate-related factors, it is of paramount importance 
to accurately measure event-based hurricane-related hazards, and their interaction with the 
antecedent and subsequent geophysical environment, to inform climate attribution and 
adaptation strategies. Unfortunately, post windstorm analysis of hurricane disasters in 2017 and 
2018 have reaffirmed the existence of significant gaps in our ability to adequately measure 
surface level wind speeds and extreme rainfall in landfalling hurricanes – two physical 
parameters that cause significant loss of life and property in these events. Underpinning these 
measurement science deficiencies are low spatial and temporal resolution of ground-based 
environmental observations, and frequent issues with the instrumentation needed to collect 
hurricane hazard data. While these challenges have been noted in the wind community for 
some time, in some instances (e.g., Hurricane Maria) they also extend to water-related hazards. 
Accordingly, there is a critical need to improve current measurement practices in landfalling 
hurricanes, given that their temporal evolution, variation in intensity, and historical context are 
important for objectively quantifying both the primary hazards and their secondary perils in 
efforts to refine understanding of their societal impacts. The discussion will outline the wind and 
rainfall measurement science issues in Hurricanes Michael and Maria and the implications for 
exploring flood characterization research questions in the context of climate variability and 
change as part of the NIST-led interagency National Windstorm Impact Reduction Program. 

3.2.2.2  Presentation (ADAMS Accession No. ML21064A422)  
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3.2.2.3  Questions and Answers 

Question:  
When you showed the maps from ASCE 7, one thing that immediately came to mind was: what 
about making maps showing potential changes in different climate scenarios? Is there enough 
information or confidence in the climate simulations to produce practical maps like that?  
Scott Weaver: 
Thanks for the question. You are speaking my language when you talk about generating these 
maps for future scenarios. Obviously, the maps in ASCE-7 part of a voted-on standard. The 
scientific information in the historical record is used to generate the map, and then there are 
various ASCE committees who vote on them. They ask questions such as: (1) whether these 
are going to be the master; (2) do we need to tweak them in anyway; and (3) are there more 
uncertainties here or there? So, there's that element to eventually getting adopted into the 
official standard. To the question that you're asking about confidence, one of the hurdles would 
be whether the stakeholders involved in developing those official standards feel comfortable 
with that. That’s one issue. But the way I look at it, from the climate science perspective, is just 
like you mentioned. I've brought this question up exactly as you phrased it: can't we develop 
some scenario maps? What would this this map would look like if we're on this trajectory, or 
another trajectory. Maybe it would change significantly, maybe change only slightly, or maybe 
stay the same. But I think that it can be done. 
 
From what I understand, you could even use synthetic hurricane models. These maps are 
anchored in observations, but there just aren't enough landfalls. So, they use Monte Carlo 
simulation techniques, or they develop synthetic probabilities based on the historical record to 
generate thousands of landfalling storms. That's how they come up with the mean recurrence 
interval for the map. The question is: what does that anchor to? I’ve had preliminary discussions 
with the folks who generate those hazard maps. If they had confidence in the SST projections in 
the Atlantic and in the Gulf of Mexico, they would be able to generate scenario maps. So that 
could be done. I think it's just a matter of how and if it would be adopted by the standards 
committees. But my point of view on it is, you know, get the information out there. Maybe it's not 
officially adopted right away, but for communities or states or regions that are interested in 
knowing that information, I think it would be highly relevant to their decision-making processes. 
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3.2.3  Presentation 1B-3: Quantifying Shifts in Joint Rainfall-Surge Hazard due to Future 
Climate Warming 

Authors: Avantika Gori, Ning Lin, Princeton University 
 
Speaker: Avantika Gori 
 
3.2.3.1  Abstract 

Compound flooding, characterized by the co-occurrence in space and/or time of multiple flood 
mechanisms, is a major threat to coastlines across the globe. Tropical cyclone (TC) events are 
responsible for many compound floods due to their wind-driven storm surge and extreme 
rainfall. However, the dynamics between rainfall and storm surges, as well as possible shifts in 
their statistical dependence under future climate change, is still not well understood. We 
investigate the relationship between TC storm surges and rainfall under current and future 
conditions for the US East and Gulf coasts by utilizing large sets of synthetic tropical cyclones 
derived from eight GCMs. We model each synthetic TC within a basin-scale hydrodynamic 
model to estimate storm tides at the coast and estimate TC rainfall using a simplified physics-
based model. We then quantify the joint distributions of rainfall and storm surge across the US 
coastline and evaluate how their joint hazard could increase by the end of the 21st century due 
to climate warming. We also investigate which TC characteristics are likely to produce both 
extreme rainfall and extreme storm tides, and quantify which regions of the coastline are most 
vulnerable to joint rainfall-surge hazard. Our study provides a step forward in understanding 
how TCs contribute to coastal compound flood hazard and how climate change could 
exacerbate joint flood hazard in the future.  

3.2.3.2  Presentation (ADAMS Accession No. ML21064A423) 
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3.2.3.3  Questions and Answers 

Question:  
Did you consider nonstationarity in your modeling? 
Avantika Gori: 
In this case, no. We assume that the NCEP storms are all derived from one stationary climate 
and then all the future storms from 2017 to 2100 are generated under a future stationary 
climate. So, we're mostly looking at just the change between two different climate states. 
 
Question:  
Do you have plans to include the riverine watershed contribution to the flooding? 
Avantika Gori: 
Yes, ideally. However, I think adding in the riverine contributions is difficult because you can 
have independently high river flows that are not necessarily related to the tropical cyclone, and 
you can also have inland rainfall from the TC that runs off as river discharge. I think simulating 
the inland rainfall component is very difficult for these TC systems and the relatively simple TCR 
model isn't complex enough to account for rainfall that happens significantly inland from the 
coast. 
 
Question:  
Are changes in the tidal conditions due to climate included in the simulations that you've done? 
Avantika Gori: 
It's mostly a linear treatment of the sea level rise impacts. We model the storm surges within the 
hydrodynamic model and then we just increase linearly the total water level based on the 
probabilistic rates of sea level rise.  
 
 
3.2.4  1B-4: Climate Panel Discussion 

Moderator: Joseph Kanney, NRC/RES/DRA 
Panelists: 
 Lai-Yung (Ruby) Leung, Pacific Northwest National Laboratory (PNNL) 
 Scott Weaver, National Institute of Standards and Technology (NIST) 
 Avantika Gori, Princeton University 
 

Question (to panel): 
With respect to application of climate models to flood hazard assessment for critical 
infrastructure such as nuclear power plants, high hazard dam, etc., what do you consider to be 
the grand challenge in getting us there. And conversely, are there any pieces that you consider 
be low hanging fruit for which we could make significant progress with a limited or modest 
effort? 
Ruby Leung:  
I think part of the grand challenge in flood hazard assessment for critical infrastructure, is that 
the interest is in very low probability events, which often are not easy to simulate. Therefore, 
when combining the uncertainty in projecting how that might change in the future, I think that is 
really a big challenge. We don't have a very good approach that can allow us to both look at this 
type of extreme event as well as capturing the uncertainty. 
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Scott Weaver:  
First of all, I definitely agree with Ruby’s point. Then, thinking about this question, I don't know if 
they are grand challenges, but several things come to mind. One of the things is that we often 
talk a lot about precipitation, but we know that flooding is more than just how much rain can fall. 
If you have a tropical cyclone make landfall during a drought, you're going to very different 
response than if a pluvial episode preceded the event. Our last speaker talked a little bit about 
that in their last slide. They hinted at that. 
One of the things in the other panelist talks I was really interested in is the low-level jet. I 
conducted research on the low-level jet many years ago. That was that was my primary 
research topic for quite a while. That’s a driver of precipitation, but what we found is that in 
reanalysis and in many of the CMIP models, especially in the warm season over the central US. 
there's a lot of uncertainty based on how the models partition the precipitation mechanisms. 
There are two mechanisms. One is land-atmosphere interactions (precipitation recycling that's 
driven by radiation interacting with the land surface and evaporation and those kinds of 
quantities). And then you have the transported moisture from the Gulf of Mexico, typically 
through mechanisms like the low-level jet. What a lot of groups were seeing is that the CMIP 
models do not partition that appropriately, when you compare it to observations. So, that could 
give you a wildly different answer even if you're projecting the proper scenario. The response is 
very sensitive, especially in the summertime. So, the mechanisms that underpin that, I think are 
really important. Not just focusing on what generates precipitation, but how the models respond 
in the coupling to the land. 
 
Moderator (to Scott Weaver): 
Would you consider that a low hanging fruit item? 
Scott Weaver:  
To be honest, I'm not very active in this line of research now. But I don't think it's really 
improved. I'm not sure it's been analyzed as vigorously as it was in CMIP-3. Taking a look at 
CMIP-5 and now CMIP-6, I don't think it's low hanging fruit because you would need a 
significant amount of research into understanding the processes in the models and relating that 
to the observations. So, it's not low hanging fruit, but I personally think it's doable. It would 
depend on what the more recent model iterations are showing  
 
Moderator (to Ruby Leung):  
Could you speak about the capability of the more recent models? 
Ruby Leung:  
I think simulating the Great Plains low-level jet is still quite challenging, especially for global 
models. But, as I advocated, I think the storyline approach can help a bit. I do think that regional 
models can capture this type of process much better in terms of both the larger scale impact on 
the Great Plains low-level jet as well as the local processes like soil moisture and land-
atmosphere interaction. So, by isolating that type of problem using regional models, relative to 
only using global models to give us the large-scale circulation context, I think we can make 
some headway there in better understanding the Great Plains low-level jet, and in simulating 
them. 
Avantika Gori: 
The question is a little bit outside of my area of research. But from the research I do on coastal 
multi-mechanism flooding, I think another big issue is rainfall duration. We've seen a lot of 
empirical evidence of hurricanes stalling along the coastline, which increases the duration of 
flood impacts and increases the duration of extreme rainfall. I think it’s quite difficult to simulate 
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that in a probabilistic way, so one of the big challenges I see ahead is being able to account for 
those sort of worst case scenarios that actually may become more frequent in the future. 
 
Question (to panel):  
I'd just like to take advantage of your collective expertise to address a question that I've heard in 
the media and just anecdotally. When you are talking about forecasting, the uncertainty grows 
as we forecast further into the future. The one-day look ahead has more skill than the three-day 
and the three day has more skill than looking out over seven days in advance. However, for 
climate modeling, this situation seems to be reversed. The confidence in the projection that we 
have for the next decade is lower than that which we have for projections that are or 50 or 100 
years out in the future. Can you explain why this is the case? 
Ruby Leung: 
I can take a crack at that first. When we talk about forecasting in the context of weather, we're 
really talking about what we call an initial value problem. So essentially you tell the model 
(doesn't matter whether it's a statistical model or dynamical model) what we have now at this 
time, and then you try to forecast out a day or two days. The errors in the initial condition grow 
rapidly because we're dealing with a very nonlinear system. Weather itself is a very nonlinear 
system, and therefore the longer you go into the future, the errors become larger, and you lose 
predictability. But when you are talking about climate change, this is what we call a boundary 
value problem. We're really looking for the response to some forcing. The forcing might be 
coming from greenhouse gases. Some of it might be coming from land use or land cover 
change. So, the father out you go, the signals usually become stronger. For example, if we 
continue to emit greenhouse gases the signals related to that forcing will grow in the future. So, 
at some point you are really trying to look for the signals larger than the noise. The noise is the 
internal variability in the climate system model. So, when you look out into the future you have 
more confidence because the signals become larger than the noise. 
Scott Weaver: 
When we look at the climate scenarios and the emission scenarios, they don't diverge in the 
near term. They really begin to separate, climate forcing begins to diverge from different 
scenarios, as you go out in time. But there's also an analogy to this (idea that the weather 
forecast goes awry much quicker) even in the shorter time frame. I would advise not using a 
weather forecast beyond, say, seven or eight days. Then you get into this kind of dark period in 
the two-week to four-week range and then you start recovering skill after that. It's the same 
principle. So, if you're trying to predict what is this summer going to be like from a hydrological 
standpoint in the U.S, it's going to be regionally dependent, but the boundary conditions that 
Ruby mentioned (e.g., the status of soil moisture, the status of longer-term forcing mechanisms 
like El Nino in La Nina events) give us added confidence in longer term predictability. But there 
is this handoff between the weather time scale and when you start being able to see those 
slower evolving components of the climate system take shape and be able to give you some 
indication of what might happen. That's also another active area of research, maybe not in the 
climate change space per say, but in trying to understand, what's going to happen in that two-
week to six-week timeframe. That's a rough, difficult period to deal with because of these 
issues. 
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Question (to panel):  
What is the single largest contribution to the uncertainty in climate projections for rainfall and 
flooding (taking out the emission scenarios obviously)? 
Avantika Gori: 
I'm not sure about the single largest contribution, but I believe that there is a lot of uncertainty in 
directly utilizing rainfall estimates from GCMs. I think you run into a resolution problem, where 
the very extreme short duration rain events tend to be under-estimated. But it's not clear how to 
provide a better estimate of them, especially for cases like Hurricane Harvey where you have 
the intense TC rainfall. You also have interaction with fronts and the stalling that produces very 
significant rainfall. I think that's a very large contribution to the uncertainty in the sense that I 
don't think it's well captured among the global models. But I think it's hard to incorporate in a risk 
sense. 
Scott Weaver:  
I agree with Avantika. I don't claim to know what the single largest uncertainty is. But, thinking of 
Ruby's talk earlier, I’ll again focus on the low-level jet and the finding that the jet is not really 
sensitive to the climate change signal in the summer. That may be true, and that's obviously an 
interesting finding. But look at internal variability or these natural climate variability modes like 
the Atlantic Multidecadal Oscillation (AMO) or the Pacific Decadal Oscillation (PDO) (there are 
arguments about whether some of these exist, but I'm not going to go into that). When we look 
at the footprints that have been gleaned from observations, we actually see that in summertime, 
the low-level jet can be strengthened by a cool phase of the AMO, for instance. And so, I think 
that how these multidecadal, or even interannual natural variability modes interact with the 
climate change signal (whether in phase or out of phase) is an additional level of uncertainty 
that's important. And, depending on which model characterizes those connections better than 
others, I think increases uncertainties. Not necessarily that they need to get the timing correct all 
the time. We're not going to predict them 100 years in the future, but the sensitivity to those 
kinds of modes, I think is important. 
Ruby Leung: 
I also think that the probably the single largest uncertainty in projecting rainfall and flooding 
changes is related to circulation. The circulation phenomenon could be the Great Plains low-
level jet. It could be the upper-level jet and similar things. And if we further decompose this 
uncertainty in the circulation (like the Great Plains low-level jet), we can see that some of this 
uncertainty is related to uncertainty of how the models respond to certain forcing like 
greenhouse gases. But a major part of that uncertainty is just internal variability itself, and this 
uncertainty is almost irreducible because there's no way one can predict 50 years from now 
whether the AMO will be in a positive or negative phase or things like that. Unfortunately, that is 
a large part of the uncertainty, whereas uncertainty related to how a model responds to external 
forcing could potentially be reduced by improving the models, by improving the understanding of 
how the climate system responds to external forcing. But internal variability is essentially, I think, 
irreducible uncertainty. 
 
Question (to panel): 
Considering the recent extreme weather events that we've seen in the Midwest, can you briefly 
explain what are the major factors that control the polar vortex dynamics and what conditions 
lead to cold weather outbreaks such as what we've seen in the Midwest recently. What do 
current climate projections tell us, if anything, about polar vortex dynamics in the future? 
Ruby Leung:  
I have only a superficial understanding, but I can take a crack at it. When we talk about the polar 
vortex, there is the tropospheric polar vortex, and then there is the stratospheric polar vortex. In 
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the context of the recent extreme cold weather event, it is definitely related to the stratospheric 
polar vortex. To begin with, you need to have planetary waves in the troposphere with very long 
wavelengths (wave number one and two). When you have this kind of planetary wave, it can 
propagate up to the stratosphere and, because in the stratosphere the wind is of opposite 
direction, the wave cannot be sustained in the stratosphere and therefore the wave breaks. 
When the wave breaks it weakens the stratospheric polar vortex and then the cold air descends 
and rapidly warms because of adiabatic warming. This causes what we call sudden 
stratospheric warming. This sudden stratospheric warming perturbs the jet stream in the 
troposphere, and the movement of the jet stream creates blocking and things like that. I think 
this is what happened in the recent cold air outbreak events. But what causes the planetary 
wave to begin with? There is a lot of uncertainty and many different factors. Some people say 
that reduced sea ice in the Berants Sea and the Kara Sea might create this kind of planetary 
wave. There are also other factors, like colder temperatures in Siberia and Eurasia, that could 
also create this kind of planetary wave. Overall, I think there's quite a bit of uncertainty in terms 
of projecting into the future. Whether this kind of planetary wave would be excited more and 
how that may affect the stratospheric polar vortex is highly uncertain. What is actually more 
certain, from most of the models that we have seen, is simply that by getting a warmer 
temperature in the future you would reduce the temperature variance because there would be 
less action of cold air from the North and advection of warm air from the South. And this 
reduced temperature variance would significantly cut down the probability of cold air outbreaks 
in the future. I think this is the most certain part that we know. Other parts related to these kinds 
of mechanisms affecting the polar vortex and things like that is still very much in a research 
phase. 
Scott Weaver:  
I’ll add one small comment. In the spring, in some of the 1.5-degree simulations versus the 2-
degree simulations, we see increased temperature variability over the Midwest. So, you could 
also be getting more cold air outbreaks in the spring despite the mean temperature increasing 
because the variability is increasing. We didn't talk much about that variability increase here; we 
talked mostly about mean changes. But changes in variability have been observed, and it would 
be great to have more research on understanding if there's a greenhouse gas forcing 
component for that, just in general, whether it's precipitation or temperature. 
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3.3  Day 1: Session 1C – Precipitation 

Session Chair: Elena Yegorova, NRC/RES/DRA 

3.3.1  Presentation 1C-1 (KEYNOTE): On the Applicability of Kilometer-Scale Heavy 
Precipitation in Flood Risk Assessments 

Authors: Andreas Prein, Jordan Powers, Erin Towler, David Ahijevych, National Center for 
Atmospheric Research  
Speaker: Andreas Prein  
3.3.1.1  Abstract 

The resilient design of critical infrastructure such as roads, dams, and power plants is essential 
for human safety. Designed standards are traditionally based on observational records, which 
can be problematic since structures, such as nuclear power plants, should withstand very rare 
extreme events such as flood return periods of up to one million years. Comparatively short 
observational records, sampling, and measurement biases create substantial uncertainties in 
return period estimates of rare flood events. Here we assess if simulated precipitation from 
kilometer-scale atmospheric models can be used to improve flood risk estimates of critical 
infrastructure. Therefore, we use three kilometer-scale 36-hour weather forecast datasets that 
cover the central and eastern U.S. and compare simulated extreme events to high-resolution 
multi-sensor and station-based precipitation observations. We show that kilometer-scale models 
can accurately simulate extreme storm characteristics such as movement speed, orographic 
precipitation gradients, mean and extreme precipitation intensities, and the location of peak 
precipitation accumulations. The simulations can outperform gridded precipitation observations 
that solely rely on gauges in capturing extreme accumulations. Decreasing the model grid 
spacing from 3 km to 1 km results in minor improvements, and computational resources should 
rather be invested in simulating additional extreme precipitation events at 3 km grid spacing 
than decreasing the grid spacing to 1 km. We conclude that kilometer-scale simulations have 
the potential to reduce uncertainties in flood risk estimates for critical infrastructure. 
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3.3.1.2  Presentation (ADAMS Accession No. ML21064A424 
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3.3.1.3  Questions and Answers 

Question:  
Can you speak to the computational costs of running 1-km simulation versus 3-km simulation? 
And where do you see that in five or ten years, progressing to being more efficient. 
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Andreas Prein:  
The costs are increasing by a factor of 10 if you increase the grid spacing. If we go from 3-km 
spacing to 1-km, you have a factor of 30 computational cost increase. What this means is 
basically you could run 30 3-km simulations for the cost of a single 1-km simulation. Of course, 
as time goes on, higher resolution runs will become more affordable. But, at least at the 
moment, I think it would be better to invest the resources with the current models to have a 
larger sample of 3-km simulations, then a smaller sample of 1-km simulations. 
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3.3.2  Presentation 1C-2: Tropical Cyclone Rainfall-driven Flood Risk Assessment 

Authors: Ali Sarhadi, Kerry Emanuel, Massachusetts Institute of Technology (MIT) 
Speaker: Ali Sarhadi  
3.3.2.1  Abstract 

Tropical cyclones (TCs) bring heavy and prolonged rainfall to coastal cities and generate 
devastating inland flooding in the US. Despite substantial progress on understanding the risk of 
extreme rainfall from TCs in recent years, less has been learned on translating these extreme 
rainfall events into extreme flooding on the ground. In the present study, we develop a pluvial 
hydrodynamic model to translate rainfall intensity from TCs into inland flood inundation risk in 
coastal areas on the west side of Buzzard Bay —an urbanized back-barrier bay— in 
Massachusetts. The model implements a 2D hydraulic modelling, rainfall intensity, and land 
surface characteristics (geometry, land use, roughness, antecedent moisture, and soil 
infiltration). Using the continuity of mass and momentum equations, the model simulates 
dynamic flood depth in response to high resolution spatio-temporal variations of rainfall intensity 
during TC events across the area. The 1-hr rainfall intensity data used in this study are derived 
from a large number of synthetic TCs (generated from historical climate through 1979-2019) and 
TCs observed by NEXRAD during the year 1995-2019 in the study area. The developed model 
is evaluated by comparing flood inundation areas during observed TC events (extracted from 
the Synthetic-Aperture Radar (SAR) image processing) with those simulated by the model for 
the same events. After simulating maximum level of flood from each synthetic TC, a probabilistic 
risk framework is applied to quantify the flood levels for different return periods in each grid cell 
in the area. The results reveal the depth and inundated extent of the high consequence floods 
from TCs (with return period of up to 100 year), especially in vulnerable populated areas. Our 
methodology can be applied for other susceptible coastal regions, providing critical insight for 
developing proactive strategies to enhance the resiliency of infrastructure and populated centers 
against the damaging floods. 
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3.3.2.2  Presentation (ADAMS Accession No. ML21064A425) 



3-88 



3-89 



3-90 



3-91 



3-92 



3-93 



3-94 

 

3.3.2.3  Questions and Answers 

Question:  
What was the source of the synthetic hurricanes in the presentation?  
Ali Sarhadi: 
These are synthetic models which are produced at MIT, generated based on historical climate.  
The way that we generate them is that we embed the computational detailed hurricane models 
within global climate models. In this way, we can generate thousands of these synthetic 
hurricanes. Here we use them to cover spatial variability of rainfall intensity from hurricanes to 
come up with that flood risk map.   
  
Question:  
Are these based on NCEP reanalysis?   
Ali Sarhadi:    
Yeah, these are baseline NCEP. 
 
Question:   
You use satellite data for model validation. What are the limitations of doing that?  
Ali Sarhadi:    
This is pluvial flood modeling and the limitation with that is the frequency of satellite images. 
You know these are very short time-scale hazards. They happen within days, and we may not 
have any satellite to provide high resolution images to cover those flooded areas. So, this is one 
of the big problems that we have with these satellite radar images. 
 
Question:   
How did you handle the boundary conditions such as the blockage with surge and tide for the 
discharge point of the river? 
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Ali Sarhadi:   
That's a good question. Up till now we have modeled inland flooding from tropical cyclones and 
the next step is going to be adding storm surge driven floods from hurricanes. For that, as I 
mentioned, we're going to design a multi-dimensional dynamic risk model to quantify that 
concurrent risk of inland flooding and storm surge driven flooding. So, it's still going on. 
 
Question:   
How do you assign frequency to flood elevations for each grid? By counting how many times the 
grid was inundated?  
Ali Sarhadi:   
For that, the fairly straightforward way is forming a cumulative distribution function and then, by 
sorting those flood events, we are able to estimate flood level for different return periods.  That’s 
based on the magnitude of different events. 
 
Question:    
You modeled an urban area. Did include urban features such as roads, berms, and buildings?  
Ali Sarhadi:  
We did. I showed that map for roughness coefficient. To calculate that we used land use maps. 
We implemented roads and infrastructure, using Manning coefficients. For roads and buildings, 
the infiltration is kind of zero, and we added that in our model. 
 
Question:    
You mentioned those land use maps. Do those capture non-stationarity? Or are those maps just 
one snapshot of the urban use?  
Ali Sarhadi:   
We used a stationary-based methodology to quantify flood level. We didn't implement any 
nonstationary-based model. But in in the discussion panel, I will discuss different nonstationary 
models that we can implement for inland flooding and for compound extremes. We already 
developed some nonstationary-based copulas.  We address that in compound extremes, but not 
yet for this case. 
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3.3.3  Presentation 1C-3: Does PMP have an AEP? CO-NM REPS Findings Bridge 
Deterministic and Probabilistic Approaches  

Authors: Bill McCormick1, Mark Perry1, Kelly Mahoney2, Rob Cifelli2, 1Colorado Division of Water 
Resources, 2National Oceanic and Atmospheric Administration, Physical Sciences Laboratory 
Speaker: Bill McCormick 
3.3.3.1  Abstract 

Conventional wisdom has been that rainfall estimates derived from Probable Maximum 
Precipitation (PMP) methodologies are not associated with any Annual Exceedance Probability 
(AEP). The CO-NM Regional Extreme Precipitation Study analyzed both deterministic PMP and 
probabilistic precipitation frequency methods for deriving extreme precipitation estimates. PMP 
and precipitation frequency tools were co-developed, and this approach allowed, for the first 
time, PMP rainfall estimates to be directly compared to precipitation frequency estimates in an 
AEP framework. Within this intercomparison framework, we evaluate the relevance and assess 
the feasibility of defining PMP estimates in the context of AEP and compare the differences in 
PMP vs precipitation frequency-derived rainfall estimates at two locations in Colorado. 
Dynamical weather model output from NOAA’s operational High Resolution Rapid Refresh 
(HRRR) model is used to illuminate potentially interrelated factors and provide insight into 
potential differences between the two methodologies. Our presentation highlights the strengths 
and weaknesses of the currently available extreme precipitation estimating methods and 
postulates possible paths forward. 

3.3.3.2  Presentation (ADAMS Accession No. ML21064A426) 
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3.3.3.3  Questions and Answers 

Question:   
How does REPS precipitation frequency account for snow? How does including snow in the 
analysis affect the associated precipitation depths and frequencies?   
Mark Perry:  
The precipitation frequency is total precipitation. The assumption of MetStat and Mel Schaefer 
was that it was better to analyze the total precipitation because that's what they had from the 
gauge data. They didn't necessarily have phase information, so they analyzed total precipitation 
in their annual maximum series. If you look on our website tool for the REPS precipitation 
frequency, you’ll see they provided freezing level data by percentile exceedance and then also 
1000 millibar temperatures by month. There's also a seasonality analysis by storm type. So, we 
handle the phase of the precipitation on the hydrology modeling end. I can tell you that there's 
not much effect in the short storms. Kelly and Rob's group at NOAA looked at the HRRR data 
for phase differences, and there's not much difference in the annual maximum series between 
rain and total precipitation at the two-hour duration for thunderstorms and the six-hour duration 
for MECs.  The main difference is in the long duration storms, as you probably expect, the mid-
latitude cyclones mainly. So that's where we would mainly try to account for that difference.  
 
Question:  
Did you look at how close the 2013 Colorado flood precipitation came to your PMP 
estimates?  And, in general, how did REPS PMPs differ from those in the HMRs?  
Bill McCormick:  
Given the geographic distribution and area size of the 2013 storm, we haven't looked at it 
specifically. We have done a couple basin analyses in the region of the 2013 storm. I think the 
highest measured total storm rainfall anywhere up and down the Front Range was in Boulder, 
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which had close to 20 inches of rain over seven days. Our studies with smaller-size basins are 
relatively comparable to that. They're not a lot more than 20 inches. I know the HDSC did a 
post-storm analysis of the 2013 storm and found that the precipitation frequency was less than 
one in a 1000. That's all they could say about it. So, our numbers were relatively comparable.  
With respect to comparison to the HMRs, on the front range the general storms are generally 
less than the HMRs and the local storms are generally higher than the HMRs. This may be due 
to the lack of local storms and how we separated some of those general storms from the original 
HMR storm catalogs that they used. So far, you know we're pretty happy with how things are 
turning out there. Things look reasonable and like I say, it is generally less for general storms, 
most times more for local storms.  
 
Question:  
In your opinion, could a bounded S-shaped distribution be considered in order to account both 
for a heavy tail distribution of high values and the physical limits of the precipitation (i.e. PMP)? 
This has been used by Swiss hydrologists for dam safety studies. 
Mark Perry:  
I have not seen that. I think it would be an interesting approach. I know traditionally the 
approach by Mel Schaefer and Metstat has been to use the GEV distribution. But I think it 
sounds like an interesting approach. 
 
Question:  
How reliable are the AEP estimates for frequencies smaller than 10-6? What were the record 
lengths (years) of data used for the AEP?  
Bill McCormick: 
The tool does give us the 90% confidence interval, which gives us some idea of how reliable it is 
out past 10-6. Our study was state of practice. Mel and METStat used their all their high-end 
tools that they have used for similar studies performed for the Bureau of Reclamation, U.S. 
Corps of Engineers, and Tennessee Valley Authority. So we have the same level of confidence 
in our tools as these other folks are expressing for their studies.   
Mark Perry:  
The record lengtsh varies by storm type. If you look in the REPS report for each storm type, 
MetStat provides the number of gauges used and the average station years. They also looked 
at correlation and then provided an equivalent independent record length. Just looking at the 
local thunderstorms, for the two-hour annual maximum series they used 341 stations with an 
average station record length of 41 years, and an equivalent independent record length of 
15,000 years. 
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3.3.4  Presentation 1C-4: Local Intense Precipitation (LIP) Flooding PFHA Pilot Study  

Authors: Rajiv Prasad, Yong Yuan, Pacific Northwest National Laboratory 
Speaker: Rajiv Prasad  
3.3.4.1  Abstract 

As part of the U.S. Nuclear Regulatory Commission’s (NRC’s) Probabilistic Flood Hazard 
Assessment (PFHA) Research Program, the Pacific Northwest National Laboratory (PNNL) is 
currently performing a pilot study for probabilistic assessment of local intense precipitation (LIP) 
flood hazards at nuclear power plants (NPPs). The project includes (1) reviewing existing 
software packages used to perform LIP flood hazard assessments, (2) reviewing aleatory 
variability and epistemic uncertainty that influence LIP flood event modeling, (3) performing a 
LIP probabilistic flood hazard assessment (PFHA) for a hypothetical NPP site, and (4) 
transferring knowledge to the NRC. 

PNNL has completed Tasks 1 and 2 of this project. In Task 1, a review of available LIP flood 
modeling approaches and their implementation in readily available simulation software 
packages was conducted. The review focused on a few select, representative software 
packages to minimize effort spent on reviewing software with similar mathematical bases. The 
review included some unique issues and challenges that are relevant for simulating LIP floods 
on industrial sites with high building density like NPP sites. These issues included presence of 
obstacles to flood flow (e.g., buildings, vehicle barrier systems, temporary equipment), drainage 
characteristics (e.g., roof drainage, stormwater drainage system, infiltration, sheet flow), and 
temporal patterns of LIP events. Three general types of models were reviewed: (1) one-
dimensional hydraulic models driven by estimated LIP runoff, (2) two-dimensional hydrology-
hydraulics models, and (3) smooth-particle hydrodynamics models. The review findings were 
summarized in a table for easy reference. 

In Task 2, uncertainties associated with LIP flood modeling were reviewed including: (1) 
aleatory variabilities that arise from the inherent natural variability of the hydrometeorological 
system and (2) epistemic uncertainties that arise from the analysts’ incomplete knowledge of the 
hydrometeorological processes and site configuration. Accounting for these sources of 
uncertainty in LIP PFHA modeling requires (1) probabilistic characterization of 
hydrometeorological inputs, initial conditions, and boundary conditions and (2) inclusion of 
alternative plausible hydrometeorological process combinations and site configurations. The 
variability in the hydrometeorological inputs, initial conditions, and boundary conditions is 
characterized using probability distributions. The choices of these probability distributions and 
estimation of the parameters of the chosen distributions introduce additional epistemic 
uncertainties into LIP PFHA. Approaches used to estimate probabilistic precipitation inputs, 
initial conditions, and boundary conditions were described. Approaches used to include the 
effects of climate change in hydrologic applications were also described. 

Sources of epistemic uncertainty in LIP flood simulations at NPP sites include process 
representation (e.g., multiple approaches to represent runoff generation, stormwater drainage, 
and hydraulic routing), site configurations (e.g., site layout, flow features, status of temporary 
flood protection, blockage of drains), model resolution, and site alterations and regional changes 
(e.g., known/planned site alterations, land-use changes at and in the vicinity of the site). 
Epistemic uncertainties can be represented using alternative process representations (i.e., 
resulting in alternative conceptual models of the site), alternative model parameter sets, and 
alternative site configurations. These uncertainties can be included into a logic tree as individual 
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branches weighted appropriately based on their likelihood. 

3.3.4.2  Presentation (ADAMS Accession No. ML21064A427) 
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3.3.4.3  Questions and Answers 

Question: 
Are there any procedures already developed to collect the data for verification and validation of 
models which may be applied for evaluating the design basis flood at NPPs? 
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Rajiv Prasad: 
There are some procedures that might be developed. One that I mentioned about in the talk 
was looking at trying to obtain data that informs some part of the LIP flood. For example, these 
could be something like high water marks or anecdotal information from events that are 
remembered by plant people or others. Those can give you spot data to check against if a 
particular event was associated with that data. That's one way. To my knowledge, there isn't a 
systematic flood data collection at NPP sites that relates to LIP events. 
 

3.3.5  Precipitation Panel Discussion 

Moderator: Elena Yegorova, NRC/RES/DRA 
Panelists: 
 Andreas Prein, National Center for Atmospheric Research (NCAR) 
 Bill McCormick, State of Colorado, Water Resources Division 
 Kelly Mahoney, National Oceanic and Atmospheric Administration (NOAA) 

Rajiv Prasad, Pacific Northwest National Laboratory (PNNL) 
 
Question (to Panel): 
Extreme flood events are typically caused by a combination of favorable conditions such as 
snowmelt, saturated soils, extreme rainfall, or high tides. How can we best account for the 
compounding effects of multiple processes on flooding? 
Andreas Prein) 
It's very good question. The models that we are using nowadays, for example the WRF 
simulations, are often already coupled with other components of the Earth system like surge 
models, or snow models. So, they really offer the opportunity to simulate all these effects in 
combination and their interactions, which is very attractive. The problem often is that this is fairly 
expensive. For example, if you think about rain on snow, you really must have realistic snow 
conditions first. This means you sometimes have to run for a very long time to build up the 
snowpack, if you don't have this information already. But I think a promising way forward is to 
use the capabilities of the models simulate all these combined impacts in combination. 
 
Ali Sarhadi: 
When you are talking about compound extremes, the most important thing is the damages 
arising from them. By definition, a compound extreme is when two or more hazards occur 
simultaneously, and their societal and environmental impact will be much greater than when 
they occur separately. So, it’s important to care about the damages arising from these 
compound extremes. The other important point is that we need to have a realistic perspective 
about hazards. When we're talking about tropical cyclones, it's not only about inland flooding 
because, at the same time, we're going to have hazards from storm surge and high winds. All of 
them occur at the same time. So, if we're going to have a realistic quantification of risk, we need 
to take into account all of these hazards at the same time. In this way we will be able to avoid 
any sort of underestimation in the risk. Another important thing that I was going to mention here 
is we are living under a nonstationary climate, and when we're talking about compound 
extremes, we need to implement that nonstationarity in our models. Currently used models, or 
most of them, are stationary based. We already know that the nature of risk in these compound 
extremes are changing under a changing climate arising from global warming, so we need to 
address that known nonstationarity in our risk models as well. 

 
Rajiv Prasad: 
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I can just say that I agree that compounding hazards are a problem. NRC guidance usually asks 
for compounding hazards, sort of combinations that can happen. One thing to keep in mind is 
that sometimes these compounding situations arise sequentially, sometimes they can happen at 
the same time, and sometimes they can be lagged. So, the timing aspect of how they're 
combining is also quite necessary, particularly in case of LIP. For example, an LIP event could 
be caused by an embedded frontal system within a more synoptic event. If that happens, then 
you have to worry about not only the intense precipitation on the site, but what can happen in 
the adjoining water bodies. There could be effects from the larger storm on boundary conditions 
and things like that. So, I agree with the other commentors. 
 
Question (to panel):  
How can we optimally combine various sources of information to improve flood risk 
assessments? 
Andreas Prein:  
We should really do that. We should really try to leverage as much information as we have. So, I 
really like Bill’s talk for example. He looked at weather forecasting in addition to the observation 
and paleoclimate studies. I think this is a good example where they combined a lot of different 
information sources to get a better estimate of these very intense and rare events. This was a 
really good example of that. 
Kelly Mahoney: 
I would just add that, in Bill’s Colorado-New Mexico REP study, we started calling it an 
ensemble of ensembles because it wasn't just an ensemble of models and data sources. It was 
an ensemble of approaches and I think Bill and his team had the vision for that early on. I think 
that's really kind of a new idea in the field in terms of not looking for the best approach, but 
accepting that there are great benefits in layering them and using them as their own internal 
sets of checks and balances. In a way it sounds refreshingly basic, perhaps. But I think it's quite 
novel and kind of echoing Andreas’ point, championing that vision that Bill and his team had. 
 
Question (to Rajiv Prasad): 
You touched on discussing uncertainties in your analysis. What are the greatest uncertainties 
associated with local intense precipitation (LIP) flood modelling? 
Rajiv Prasad:  
Personally speaking, two sources come to mind straightaway. One is the natural variability 
associated with the LIP event itself, the interannual differences from year to year. How much 
rain did you get and how well we can predict it, particularly at AEP of 10-3 and lower? How to 
include that in the analysis is a challenge. That would usually control how much precipitation 
input you're getting on your site and then would control the uncertainty in the flood magnitude. 
Another one that comes to mind, particularly for LIP events, is the configuration of the site. How 
much do you know, and how accurately do you know what controls the flows on the site? For 
example, if the buildings are spaced such that you have these flow issues that I was talking 
about, such as contractions and expansions. If you do not know that with a great degree of 
confidence then there is a possibility that they can induce a lot of uncertainty in LIP flood 
hazards, particularly where some of the critical facilities might be located. So, to me, the 
greatest amount of uncertainty in terms of flood depends on which hazards you're talking about, 
and where on the site you are estimating those hazards. 
Andreas Prein: 
I can add a quick note. If you just think about the extreme rainfall part, it's often really the record 
length. For example, you look at precipitation frequency curves before and after Hurricane 
Harvey, the return values on these curves are very different if you include this event are not. 
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Our record lengths are often very short. Towards the end of my presentation, I talked about this. 
I think it's important to get a bigger sample size of realistic storms. Again, I think the high-
resolution models can really help us there to build a bigger sample size to make better 
estimates. 
Rajiv Prasad) 
Yes, and also changes in frequency as we go along, with more data and particularly more data 
on extreme events. So nonstationarity, particularly in how they affect the main driver of these 
flooding events that you're trying to simulate, needs to be kept in mind. So, I completely agree, 
nonstationarity can be a big challenge. 
Bill McCormick: 
For our study, the researchers used some novel ways to trade space for time to increase their 
observations. Listening to Andreas’ presentation, I am interested in just how we use those 
ensemble models. Accurate modeling going forward multiple times to get many thousands of 
years of records seemed really intriguing to me too, especially as you get more skill in your in 
your models and have confidence in the results that they're giving you. It seems like there's a lot 
of opportunity in that area. 
 
Question (to Panel):  
How can dynamical weather models be used to assess the impact of potential future climate 
scenarios on extreme rainfall? 
Kelly Mahoney)  
That's a big question and I really appreciated Ruby Leung’s talk and breakdown of this earlier. 
Not to be repetitive, but you really need to layer approaches to get at this in a comprehensive 
way. Dynamical weather models offer so much. But when you are tackling the climate question 
that Ruby laid out so well, you're not just asking about a certain event or certain type of event, 
and so you need to have these approaches where you're taking advantage of the high-
resolution aspects that Andreas highlighted so well. But with the whole climate category, when 
you started combining those, I think you absolutely should try the different approaches of 
applying the deltas for pseudo global warming and then applying the patterns for frequency 
changes and being able to map or kind of fill out the parameter space of that whole question.  
Andreas Prein: 
I fully agree that Ruby really laid out this topic really well in the morning. There are these large 
ensemble datasets that we have nowadays. These are just thousands of years of model data 
that you can look at. The premise there is really that these models are pretty good at simulating 
the large-scale patterns and then combining those simulations with very-high-resolution models. 
I think this is a promising way forward. 
Ali Sarhadi:  
I’d like to add something in the field of tropical cyclones. If we improve those dynamical weather 
models and enhance the resolution and the information that we get from them, it will help a lot in 
terms of preparedness for different disasters. When we're enhancing the forecasting of different 
extreme events like hurricanes you will have the chance to sort of translate those extremes and 
come up with the risk of flooding for each specific event. That way we can reduce the damages 
arising from these extremes. 

Andreas Prein: 
Maybe just one more note. I think this is what Kelly did in their study using existing data sets 
from the HRRR model and what we did with simulations we had at NCAR. We are doing a lot of 
climate modeling at very high resolution and these datasets are getting more and more. So just 
leveraging what's already there and collecting these kinds of datasets and heavy rainfall events 
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from these data sets, I think this low hanging fruit because it doesn't cost a lot and you get a lot 
of information out of them. 
Kelly Mahoney: 
Just building on that, I had no idea that Andreas’ group was doing this whole project. To see we 
run parallel to each other is really great, because I completely agree it is low hanging fruit. It's 
just data mining. It's sitting there. It’s not perfect, but connecting to the previous question about 
trading space for time and things that had to be done in the REPS project to tackle that short 
period of record for both observations and the modeling, I think a lot of times it's very easy to 
cite the shortcomings of the old PMP process in the different approximations that had to 
happen. But you know, a lot of that happens in the trading of space for time side too. You make 
a lot of statistical assumptions. I think that the dynamical weather model data that's just sitting 
out there offers at least a common point at which we can collectively step forward. Because you 
have these internally physically consistent data sets, you can trade space for time without taking 
on serious statistical or physical transposition-like approximations. It's not a silver bullet. It’s not 
going to solve everything, but I think it tackles both of those like weaknesses and challenges in 
a “data exists” kind of way. I wanted to attempt to tie that into a bundle here. 
 
Question (to Panel):  
Could you further leverage these datasets by perturbing them? Something like Newman et al. 
(2015)? 
Andreas:  
Maybe. I think, that the stochastic storm transportation, for example, is a good method to use, 
and I guess this is what Kelly used or something similar. 
Kelly Mahoney: 
We've talked about doing this in a number of ways. For the REPS project we didn't actually 
perturb. Some of the other Tasks in the REPS project did things with transposing storms and we 
did do that a little bit with historical simulations. We wrote a section at the end of our report 
talking about this exactly. Working with the HERR, if you were to create a new data set and you 
wanted to sort of maximize it for precipitation, how you would do that in ways that sort of 
maximize the uncertainties in initial conditions. So, we kind of thought out loud on that, but didn't 
actually do it. The REPS project took historical events and then transposed them in the 
traditional PMP ways.  
 
Question (to Bill McCormick)  
What is the status of NOAA Atlas 14? 
Bill McCormick) 
As far as I know, there's a couple pieces of legislation that are intended to carry NOAA Atlas 14, 
to more of a national precipitation frequency atlas for the U.S. That's in two different Acts. The 
Floods Act and the Precip Act. They'll have to resolve the language of those two Acts to be 
consistent with each other. That legislation will, hopefully, be introduced in the near future, 
maybe as early as this week. Then it'll start going through the legislative process after that. So 
that's kind of exciting. There is language in both those acts with regards to NOAA Atlas 14 
updates and consistent funding sources, and then also the PMP studies, updating all the HMRs. 
So I'm encouraging this community to stay tuned on some of those developments. 
 
Question (to Panel):  
The final question is about availability of data and modeling results. How do community 
researchers become aware of new available data (observational or synthetic), and have access 
to it understand its format, structure and assumptions?  
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Andreas Prein: 
At the moment, at least on the modeling side, there's no really good overview of what's 
available. I think people who work in the field, like Kelly and I, probably know a lot of data sets 
that are out there. But I think it would be really worth thinking about maybe having a project 
where you collect all these datasets, make them available and, at least for heavy rainfall, offer 
some target events based in a specific data set or database. 
Kelly Mahoney: 
I think that that would be a logical next step to the “low hanging fruit” situation of having this pre-
existing data. Like Andreas said, that's been a problem in the in the field for a long time. As 
soon as you could generate all this high-resolution information, the problem was storing it and 
then communicating it and getting it out there. So, it's probably a billion-dollar question, but 
definitely something not to overlook as we get further into the conversation of like to use it and 
how to generate new state of the art datasets. They don't serve anyone if people don't know 
about them. So not overlooking that very critical step is definitely a point for us as a community 
to keep in mind. 
Bill McCormick: 
From the operational standpoint, if anybody does a survey of datasets available, it might be 
interesting to query private sector consultants that are already using some of that data. I ran into 
some reports by a couple of consultants that do flood forecasting for the Denver area and they 
were both using HRRR data and WRF modeling. So, not only from the research side. It would 
be interesting to query the private sector side and see the interesting things that folks are doing 
with that data. The research to operations component is so useful. 
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3.4  Day 2: Session 2A – Riverine Flooding 

Session Chair: Mark Fuhrmann, NRC/RES/DRA 

3.4.1  Presentation 2A-1 (KEYNOTE): Estimating Flood Frequency using Stochastic 
Storm Transposition, Gridded Precipitation Data, and Physics-based Modeling  

Authors: Daniel Wright1, Guo Yu1, Kathleen Holman2, 1University of Wisconsin-Madison, 2U.S. 
Bureau of Reclamation 
Speaker: Daniel Wright 
3.4.1.1  Abstract 

Predicting the frequency and severity of floods has been a longstanding topic of hydrologic 
research and practice. Despite the fact that every flood is a unique combination of multiple 
physical processes (rainfall, snow, and soil moisture, to name a few), the prediction of key 
metrics such as the 100-year flood has often been treated primarily as a statistical problem 
rather than a physics problem. In this presentation, we argue that flood frequency analysis can 
benefit from deeper consideration of the physical processes that cause floods, as well as from 
decades of progress in high-resolution precipitation gridded measurements and hydrologic 
simulations. We present a three-step “process-based” flood frequency analysis framework: 1. 
generating large numbers of realistic rainfall scenarios by coupling stochastic storm 
transposition gridded precipitation data; 2. using a physics-based hydrologic model to create a 
database of state variables including soil moisture and snowpack; 3. resolving large numbers of 
combined rainfall scenarios and watershed states using Monte Carlo numerical simulation. This 
framework allows us to reconstruct rainfall and flood frequencies that are comparable in 
accuracy to more conventional statistical approaches, and that can provide deeper insights into 
how physical drivers lead to flood frequency. We show results for two watersheds, both of which 
pose specific challenges to more conventional methods: 1.) an agricultural watershed in Iowa 
that is undergoing rapid hydrologic change; and 2.) a mountainous watershed in the Colorado 
front range that exhibits a complex seasonally-varying flood regime.  
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3.4.1.3  Questions and Answers 

Question: 
How can we handle the base flow caused by groundwater? 
Daniel Wright: 
In the presentation, I didn’t go into details on how we create initial conditions for our flood 
scenarios. After model calibration and validation, we run a long-term continuous simulation, in 
this study about 35 years. We save the watershed states, including baseflow, every day. Those 
model states then serve as a “database” that we can sample from to provide initial conditions for 
our flood event simulations. We do it in a way to preserve realistic seasonality in those initial 
conditions. So, as long as the model can do a good job simulating baseflow conditions, we 
should be able to represent its role pretty well in our flood frequency analyses. 
 
Question:  
For Turkey River, the spread/variability is increasing dramatically with time. Any comment about 
that? 
Daniel Wright: 
There are two things going on: 

1. There has been a decrease in the prevalence of springtime snowmelt and rain-on-snow 
flooding. This is likely due primarily to earlier snowmelt due to higher air temperatures. 
The earlier melt tends to “decouple” snowmelt from springtime rains, lowering the 
likelihood of springtime rain-on-snow floods. If you stare at the flood timeseries, you can 
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actually see a decrease in the magnitude of the mean flood over time, which is backed 
up by a (slightly) negative trend in the annual flood peaks.  

2. There has been quite a large number of major summertime convective storms, in recent 
years, including those that produced catastrophic Midwest flooding in 2008. Presumably 
that increase is linked to climate warming, though that is beyond the scope of our work. 
The earlier period prior to about 1990 didn’t really see many of those sorts of storms. So 
that explains the uptick since 1990 in the biggest floods. 

 
Question: 
When we use historical data for frequency of floods, we need to consider the change of land 
use, precipitation, topography etc. Can you comment on that? 
Daniel Wright: 
I mostly agree with that statement, at least when there is evidence for relatively large changes in 
these variables. I believe that the process-based methods that we presented here are really well 
suited to incorporating these changes into flood frequency analyses, since it is relatively 
straightforward to feed certain changes (e.g. land use, topography) into our hydrologic models, 
while stochastic storm transposition or other sorts of stochastic rainfall methods can be run in 
such a way to reflect current precipitation conditions, past conditions, and, with care, potential 
future conditions. 
 
Question: 
How can one account for topographic influences when applying stochastic storm transposition? 
What metrics are used to determine transposition limits? 
Daniel Wright: 
This is a very important question, and we are still working to solve it. That said, lots of prior work 
has been done on defining homogeneous regions for rainfall frequency analysis, and those can 
be useful for stochastic storm transposition as well. The most well-known are regional L 
moments approaches-specifically the H statistic and Discordancy statistic. In our Big Thompson 
work, we applied those methods to verify that the domain that we’re using is approximately 
homogeneous, which it is. We also verified this against prior rainfall frequency studies in 
Colorado. However, we are also working to develop our own approach to define the storm 
transposition limits using methods of our own, though drawing inspiration from the regional L 
moment approach. 
 
Question: 
On a 10000-year time scale, how do single events like tributary capture get factored in? 
Daniel Wright: 
It is really important to remember that the purpose of flood frequency analysis (at least how it is 
typically conceived) is not to develop predictions of the future, whether it is 100 years from now 
or 10,000 years from now. Instead, it is to estimate the probability distribution of floods subject 
to the conditions laid out in the analysis. So, while the role of abrupt geomorphic changes like 
stream capture in flood frequency is certainly an interesting question (in fact, I am pursuing 
some research in that direction now—not stream capture but other more subtle geomorphic 
effects), it is outside the scope of typical analyses because those analyses are not concerned 
about what are generally thought of as long time-scale processes. 
 
Question: 
Again, for the Turkey River, apart from the shift of the snowmelt regime linked to air 
temperature, which of the accounted processes leads to more severe or more rare floods? 
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Daniel Wright: 
As mentioned in question 2, the second process (aside from snowmelt changes) is the apparent 
increase in the number of major summertime convective storms, in recent years, including those 
that produced catastrophic Midwest flooding in 2008. Presumably that increase is linked to 
climate warming, though that is beyond the scope of our work. The earlier period prior to about 
1990 didn’t really see many of those sorts of storms. So that explains the uptick since 1990 in 
the biggest floods. 
 
Question: 
How did you calibrate your model to extreme floods?  
Daniel Wright: 
This depends a bit on one’s definition of “extreme floods”. We calibrate our models to a variety 
of things, including annual-scale evapotranspiration vs. runoff partitioning, snow water 
equivalent, soil moisture, and high flows, low flows, and everything in between. We also check 
the results against observed annual maxima (and if necessary adjust the model), and, in the 
case of the Big Thompson study, check annual maximum volumes as well. So in addition to 
other calibration targets, we are calibrating to the range of observed floods—whether that is the 
same as calibrating “to extreme floods” is perhaps somewhat subjective. 
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3.4.2  Presentation 2A-2: Probabilistic Flood Hazard Assessment for a Small Watershed 
in Eastern Tennessee: Methodology and Lessons Learned  

Authors: Periandros Samothrakis, Craig Talbot, Kit Ng, Stewart Taylor, Bechtel Corporation 
Speaker: Periandros Samothrakis 
3.4.2.1  Abstract 

In recent years, there is a growing interest in the U. S. and abroad to perform probabilistic flood 
hazard assessments (PFHAs) instead of traditional deterministic flood assessments. This 
presentation discusses the methodology developed and lessons learned performing a PFHA 
study for a small (~1 square mile), partially developed watershed in eastern Tennessee. A first 
step in performing a PFHA is to classify the uncertainty of the input parameters into two 
categories: aleatoric (or uncertainty due to chance) and epistemic (or uncertainty due to lack of 
knowledge). The characteristics of the design storms –durations, depths, and temporal patterns 
– and antecedent moisture conditions (based on the seasonality of the storms), are selected as 
having aleatoric uncertainty. To model the rainfall-runoff process, the Green-Ampt methodology 
is applied to estimate infiltration losses, and the SCS unit hydrograph method is used to 
transform the computed sub-basin runoff into flow hydrographs, with the associated input 
parameters having epistemic uncertainty. A climate change factor for rainfall intensities is 
considered for the study area, with epistemic uncertainty. Two sets of computations or “loops,” 
one nested inside the other, are incorporated in selecting model parameters. For each set of 
epistemic parameter computations (outer loop), a series of aleatoric parameter computations 
(inner loop) are performed. The outer loop consists of 20 different sets of input variables that are 
selected with the Latin hypercube sampling approach. The selection of the input variables (5000 
sets) for the inner loop is performed by using a stratified sampling approach. After the input 
variables are selected, flood flows are estimated with HEC-HMS and flood levels are estimated 
with HEC-RAS. The probabilistic flood hazard curves for different locations within the watershed 
are estimated from the model results using the total probability theorem. 

3.4.2.2  Presentation (ADAMS Accession No. ML21064A429) 
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3.4.2.3  Questions and Answers 

Question: 
Did you consider antecedent and or pre-storm conditions stochastically in your flood frequency 
and uncertainty analysis? 
Periandros Samothrakis:   No, not pre-storm. But we do consider the antecedent moisture 
condition with the approach I presented.  Basically, we used the soil water content from a 
nearby station and that was converted to a relative saturation. Based on the relative saturation 
that we developed, we sampled stochastically with 5000 storms from the relative saturation 
values that we had. 
 
Question: Why specifically do you think the addition of probabilistic representations reduce the 
overall flood frequency estimates?  For example, was antecedent soil moisture being 
overemphasized in the earlier analysis? 
Periandros Samothrakis: In the previous study, we used the outline block method in 
developing the hydrograph, and now we're using more realistic hydrographs from nearby 
stations that were developed with the stochastic approach. That was one big difference. In 
addition, we previously did not consider this approach of aleatory and epistemic uncertainty.  
We only focused on having epistemic uncertainties from a Latin hypercube sampling approach. 
So, we didn't really consider exactly the antecedent moisture conditions in terms of the actual 
day of the storm and the relative saturation in the area.  These primarily are the two reasons 
that explain the difference in the results.  Also, there's a difference in how we developed the 
original frequency analysis of the rainfall inputs in terms of the sub-hourly estimates, but I'm not 
very familiar with that portion of the study, so I will leave it there. 
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3.4.3  Presentation 2A-3: Probabilistic Assessment of Multi-mechanism Floods in Inland 
Watersheds Due to Snowmelt-Influenced Streamflow Events  

Authors: Shih-Chieh Kao1, Scott T. DeNeale1, Michelle Bensi2, Somayeh Mohammadi2, Elena 
Yegorova3, Joseph Kanney3, Meredith L. Carr4, 1Oak Ridge National Laboratory, 2University of 
Maryland, 3U.S. Nuclear Regulatory Commission, 4U.S. Army Corps of Engineers, Engineer 
Research and Development Center, Coastal and Hydraulics Laboratory 
Speaker: Shih-Chieh Kao 
3.4.3.1  Abstract 

Multi-mechanism flood (MMF) refers to flood hazard due to a combination of coincident and/or 
correlated mechanisms, such as extreme precipitation, snowmelt, and streamflow. While 
traditional probabilistic flood hazard assessment (PFHA) typically focuses on the extreme 
behavior of a single flood mechanism, severe MMF may form by a combination of mechanisms 
that themselves are moderate but lead to greater impacts when combined. Possible methods 
that can be used to construct joint distributions to support PFHA for MMF include the direct 
application of parametric multivariable distributions, copula-based approaches, and Bayesian-
motivated approaches. 

This study focuses on the use of copulas for the probabilistic MMF assessment in inland 
watersheds due to snowmelt-influenced extreme streamflow events. With the trend of earlier 
and larger snowmelt events in the recent decades, there is an interest to understand how peak 
streamflow estimates and the corresponding hazard curves may be affected due to the co-
occurrence of major streamflow and snowmelt events. As opposed to the conventional 
univariate analysis that only analyzes the timeseries of streamflow to derive hazard curves, we 
used copulas to construct joint distributions that unite multiple variables (e.g., streamflow, 
precipitation, temperature, and snowmelt) for the derivation of conditional hazard curves. We 
selected three watersheds from the community Catchment Attributes and Meteorology for 
Large-sample Studies (CAMELS) dataset and also leveraged an existing hydrologic model with 
acceptable performance to simulate the snow processes in the watersheds. We tested several 
ways in identifying maximum events, selecting marginal distributions and copula functions, and 
comparing their difference in terms of conditional hazard curves. This inland case study serves 
as an example of copula-based analysis, which can be expanded for much broader MMF 
analyses in a variety of PFHA applications. 
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3.4.3.3  Questions and Answers 

No Questions. 
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3.4.4  Presentation 2A-4: Updating Design Flood Estimates at Sites with Changing 
Variability  

Author: Jory S. Hecht, Nancy A. Barth, Karen R. Ryberg, Angela E. Gregory, U.S. Geological 
Survey 
Speaker: Jory S. Hecht 
3.4.4.1  Abstract 

While research on nonstationary flood frequency analysis (NSFFA) has proliferated, few 
continental-scale studies have compared the performance of NSFFA methods for updating 
design flood events to reflect current conditions. Moreover, practitioners have little guidance for 
considering the inherent biases and uncertainties of these methods and for assessing their 
goodness-of-fit to observed annual peak flows series. First, to compare the inherent biases and 
uncertainties of NSFFA methods, we parametrize a Monte Carlo experiment using distribution 
properties and trends in the central tendency and variability observed in annual peak flow series 
throughout the conterminous United States. We then identify trend magnitude thresholds above 
which modeling changes in central tendency and variability is warranted based on fractional root 
mean squared errors. Through a case study of an urbanizing watershed in suburban Detroit, we 
examine the extent to which Monte Carlo simulation experiments and goodness-of-fit analyses 
can, together, inform NSFFA model selection. We discuss the advantages and disadvantages of 
competing approaches, challenges in modeling changes in variability in hydroclimatic time 
series, and prospects for extending these methods to estimate rare design flood events needed 
for protecting critical infrastructure.  

3.4.4.2  Presentation (ADAMS Accession No. ML21064A431) 
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3.4.4.3  Questions and Answers 

Question: 
Based on your study of 100-year floods, how do the Monte Carlo experiments performed for 
extreme flood events apply in nuclear safety analysis (i.e., in estimating the 10-6 frequency 
floods)?  
Jory Hecht: 
It's definitely going to be really, hard to have a lot of confidence in anything that has such a long 
return period. What's going to happen in the Monte Carlo experiments, is that the estimation 
errors are going to be greater and greater as your recurrence interval widens, when you just 
look at trends in variability and trends in the mean. What also concerns me about these 
extrapolation exercises, aside from just the basic nature of extrapolation, is that the variance 
change that you might see at a site, not only urban sites but any site, might be asymmetric.  As I 
showed with this more straightforward urban example, you might have a larger change in the 
smaller floods or in the larger floods or even vice versa.  Some of you have spent a lot more 
time with this than I have, with estimating really large return interval floods, but I suspect that 
you can't just let the tails speak for themselves because when it comes to extremely high floods, 
a distribution that works well for the 100-year floods might yield a really implausible one for the 
million-year flood.  Conversely, one problem with the LP3 distribution is that, if there's a 
negative skew, which can happen often when you use log transformed data, the distribution will 
have an upper bound and that might give you a million-year flood that's just way too low. So, I 
would say that the results we have shown today offer a lot of food for thought, for how we might 
want to continue researching probabilistic flood hazard assessment.  But it's not a recipe to 
necessarily provide for the estimation of floods of much longer return intervals. 
 
Question: 
Aside from urbanizing basins, is the team moving towards addressing climate variability issues, 
especially in North Dakota and South Dakota?  
Jory Hecht: 
When you say the team, I assume that you are referring to myself and my coauthors as well as 
possibly the USGS in general.  Yes, it is something that we have been investigating. We have 
done some experimental work looking at the Palmer hydrological drought index as a covariate 
that relates to the magnitude of flooding in the Dakotas. This work is still in process, but we 
definitely think that using a lot of climatic covariates is really important.  And one thing that we're 
working on is addressing these added challenges regarding the stochastic nature of climate, or 
climatic covariates, that I briefly alluded to in the in the concluding remarks that I gave. There 
are a lot of issues. First, you need to extract the deterministic trend from the stochastic variable 
mathematically. Not only that, you also have to really do some heavy thinking, incorporating 
numerous lines of evidence including paleohydrology, climate models for the future, etc., to 
really get a good sense of whether the trends in variability that you're seeing are truly sustained. 
It's easier to justify that they are sustained in an urbanizing setting. But when you're dealing with 
climatic covariates, you're going to really need to be on top of whether this is truly a trend over 
the design period that you're interested in and that it is being modeled as a deterministic trend, 
or if it's really just part of a cycle or an oscillation. The variability might be trending downward 
instead of upward during the period for which you want to design some infrastructure. 
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3.4.5  Presentation 2A-5: Historical and Paleoflood Analyses for Probabilistic Flood 
Hazard Assessments—Approaches and Review Guidelines 

Authors: Karen Ryberg, Tessa Harden, Jonathan Friedman, Jim O'Connor, U.S. Geological 
Survey 
Speaker: Karen Ryberg 
3.4.5.1  Abstract 

Paleoflood studies are an effective means of providing specific information on the recurrence 
and magnitude of rare and large floods. These studies can be combined with systematic records 
to improve flood-frequency analyses and the calibration of rainfall-runoff models, especially for 
extreme flood events. Paleoflood data also provide valuable information about the linkages 
among climate, land use, flood hazard assessments, and channel morphology. The U.S. 
Geological Survey in cooperation with the Nuclear Regulatory Agency have developed a USGS 
Techniques and Methods report describing typical standards of practice for developing historical 
and paleoflood data and incorporating such data into flood-frequency analyses. We discuss 
geological and botanical evidence of floods, geochronologic techniques, and hydraulic analysis 
methods and flood-frequency analysis. Three levels of paleoflood analysis and review are 
identified, ranging from scoping or reconnaissance (Level 1) to intermediate (Level 2) to 
comprehensive (Level 3). These levels are chosen to meet project objectives including the risk 
criteria and management goals of the project. This new USGS Techniques and Methods report 
also summarizes strategies for assessing and mitigating uncertainties and provides guidelines 
on appropriate technical review of paleoflood analyses. 

3.4.5.2  Presentation (ADAMS Accession No. ML21064A432) 
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3.4.5.3  Questions and Answers 

Moderator: 
I see a nice comment in the chat from John England which I will read: “This is a tremendous 
contribution, that is invaluable for the flood hazard community. And for your information, the 
Corps of Engineers published guidance in an ETL from September 2020: 
https://www.publications.usace.army.mil/Portals/76/Users/182/86/2486/ETL%201100-2-
4.pdf?ver=BCMmEL8FwycdUYzawIYlQQ%3d%3d” 

https://www.publications.usace.army.mil/Portals/76/Users/182/86/2486/ETL%201100-2-4.pdf?ver=BCMmEL8FwycdUYzawIYlQQ%3d%3d
https://www.publications.usace.army.mil/Portals/76/Users/182/86/2486/ETL%201100-2-4.pdf?ver=BCMmEL8FwycdUYzawIYlQQ%3d%3d
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Karen Ryberg: 
We saw that published guidance. I know Tess got it and she initially thought that the Corps of 
Engineers stole our thunder. Looking at it more closely, we don't think they did. The two 
guidance publications have different purposes and ours is going to be more exgtensive. But we 
are definitely aware of the Corps publication. It came out well after all the reviews and the 
writing of our report, so I'd have to go back and look and see if we actually referenced it or not. 
But we did see it and it's good for others to be aware of it. 
 
Question: 
How do you correlate the full sweep of geomorphology, cut, fill, terraces, etc. to the 
contemporary stream organization without more detailed geochronology, such as cosmogenic 
radionuclide dating.  I am referring to changes in base level or stream capture. 
Karen Ryberg: 
That would be a question for Tess Harden or Jim O'Connor who are experts in the 
geomorphology part of it. They are not online right now. I am certainly not an expert on that. I 
was on the project because I'm a statistician and have done work looking at the effects of flood 
frequency estimates when you incorporate paleoflood and historical flood estimates. So that is 
really a question for Tess or Jim. 
 
Question: 
What would be the most bare-bones analysis you could do to get in the ballpark for paleo- 
flood? 
Karen Ryberg: 
That is another question that Tess would do a better job of answering. She has done what we 
designated as level one studies which are more of a reconnaissance study.  It will, of course, 
depend on the setting. We had a workshop that gathered information for this report and one of 
the talks was by Scott St George at the University of Minnesota who used to work for the 
Geological Survey of Canada. He's done estimates of large floods on the Red River at 
Winnipeg, Manitoba, based on tree rings.  He talked about how they got to the tree ring analysis 
after trying everything else.  The Red River setting, a very flat basin and a lake floodplain, was 
not conducive to methods that determine floods through geomorphology. That is why they tried 
tree rings with success. So it is highly dependent on the setting.  But you would start out with 
some reconnaissance studies, for example looking to see if there are terraces in the floodplains 
such that you might have terraces deposits in a cave, or for forested areas with old trees. Age of 
trees was another issue for the Red River at Winnipeg. Prairie and plains trees aren't as long 
lived as trees in some other areas. So, it would very much depend on the setting. 
 
Question:   
Do you have a handle on when that report will be available? 
Karen Ryberg: 
It is in the USGS publishing network for editing which has been slower during the pandemic. 
Because, as we all know, scientists are traveling less and, in some cases, working longer hours 
because they're not going anywhere. Our publishing network has really been inundated with 
more reports than normal. She thinks will probably see it back from editing in May. We will 
update it very quickly.  And then it still has to go through layout process, but that's usually much 
quicker than editing. I hope that will be published this federal fiscal year. 
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3.4.6  Riverine Flooding Panel Discussion 

Moderator: Mark Fuhrmann, NRC/RES/DRA 
Panelists:  

Daniel Wright, University of Wisconsin-Madison 
Periandros Samothrakis, Bechtel Corporation  
Shih-Chieh Kao, Oak Ridge National Laboratory 
Jory S Hecht, U.S. Geological Survey (USGS) 
Karen Ryberg, U.S. Geological Survey (USGS) 

 
Question (to Panel): 
There are obviously a lot of challenges to doing probabilistic modeling for riverine flooding but 
what are the most difficult issues to resolve?  What gives the biggest gain for the effort? 
Periandros Samothrakis: 
I could go first on this question. I mentioned in my conclusions that there's substantial effort 
needed to analyze all the uncertainty that exists in the input variables and how to better 
decipher and implement them in the model. So that's one challenge. Substantial time is needed 
to perform these kinds of analyses.  For specific input variables we also perform a partial rank 
correlation coefficient estimation in our analysis. I didn't present the results of that because of 
time.  Basically, we compare the ranking of the input variables having epistemic uncertainty 
against the ranking of flood flows and we see which input variable has the higher correlation. 
What we found is that for the specific study watershed, the climate change factor has the 
highest correlation with the results. I believe that this will be an area of further investigation, 
since at this specific site it has the highest Impact. There are many global climate models that 
take into account different emission scenarios. How do we transfer the results of these global 
models to our specific site?  We have a small water shed in eastern Tennessee, about one 
square mile. How can we better estimate the climate change adjustment factor for the rainfall. I 
think that's an area that we need to further look into and have an understanding on the 
uncertainty on this input variable.   
Daniel Wright: 
I could add to that.  I would also like to say “Hi” to Peri. He taught me numerical methods back 
in 2003, so it's nice to see you again here. I totally agree with what Peri said. Climate change 
and other sorts of changes like land use are certainly big issues. But I would even make this a 
little bit broader. What I see as one of the big challenges, is understanding how all the different 
pieces that make floods end up fitting together. If you look at a series of annual maxima flood 
peaks for example, it doesn't really tell you a lot about processes, right? And so that's what's 
really driven my interest in taking more numerical and stochastic-based modeling approaches to 
look at this. I think you have to end up turning to model approaches to deal with that question of 
variability because we just don't have enough observations of soil moisture, distributed 
snowpack properties and all of that sort of stuff. I think that is really important, particularly when 
you start thinking about the real extreme tail of floods because that's certainly going to be 
under-observed. Certainly, in the context of climate change as well. Because it's not that flood 
peaks themselves are somehow changing. It's that the processes that drive floods forward are 
changing. There are interactions there that need to be understood to be properly represented 
and reflected in our flood quantile estimates. 
Jory Hecht:  
I'd like to just build off of what Daniel was saying. I think that it would be wonderful to do some 
Monte Carlo experiments with stochastic models like the ones that he's been using in this 
framework. Provided that there is control being placed on the correlations of different input 
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variables, which I'm sure there would be.  In addition, I think it would be really interesting to work 
toward a set of experiments that really could evaluate both traditional statistical approaches as 
well as process-based approaches with different modeling platforms. It would be interesting to 
see how well each of these approaches are doing in predicting extreme events that are useful 
for various applications, ranging from designing a culvert to more critical infrastructure 
applications. 
Daniel Wright: 
Stay tuned. We have some papers in review right now that looks at least some of those.  But 
yeah, I definitely agree that there's a lot of fertile ground there to work on.  
Jory Hecht: Yeah, definitely! Is that the paper on the Front Range or is that a different one?  
Daniel Wright: 
There are a couple of them. The Front Range paper one is. But we've also done some work 
using results from our process-based methods to test the robustness of at-site or regional flood 
frequency analysis methods. I wasn't ready to show that yet today, but I'll just tease you by 
saying that the results are sobering. I'm sure that you could poke holes in some of the things 
that we did, but nonetheless I think there are some potentially valuable findings there. 
Karen Ryberg: 
From my perspective, I think Jory answered that question really well.  I agree that there's huge 
opportunity for Monte Carlo experiments, some process-based experiments.  For the USGS, it's 
a matter of finding time and funding as it is for others and academics too.  But I think Jory 
answered it well. 
 
Question (to Panel): 
Given the modeling tools available, how good of a handle do you think we have on flood timing? 
That question comes in two senses. One is in terms of warning times, but maybe a lot more 
important, especially for NRC, is the duration of flood conditions.  As you know, we see a lot 
more damage occur when we have long, protracted flooding conditions, as opposed to a short 
period of inundation. 
Karen Ryberg: 
It’s certainly something a lot of people are talking about. The duration issue is really fascinating, 
and I'm sure the Corps of Engineers has a lot to say on that.  It's one thing to build infrastructure 
to hold back a massive flood of a short duration, but it's a whole other thing for that flood to last 
months and months. That makes me think of flooding in recent years along the Missouri River in 
the Omaha area. Also, along the Red River of North, from Fargo and Grand Forks up to 
Canada, and where Interstate 29 is essentially acting as a dam in many places.  We 
occasionally hear the per-mile cost of interstate highways. It's astronomical and those are not 
designed to be dams.  This is something the Federal Highway Administration has been talking 
about. It is something we've been talking about in the USGS. Also, seasonality. In snow 
climates we are seeing a lot more flooding in summer and fall than we traditionally have. On the 
James River, a tributary to the Missouri, two stream gauges South Dakota were above flood 
stage for over a year, ending in September of 2020. That just brings up existential philosophical 
questions. What even is a flood when your stream gauges are above flood stage for a year? So, 
we have a project where we are doing work on seasonality. I don't know of any current USGS 
large scale efforts looking at duration, but I know it's something certainly being talked about. 
Jory Hecht: 
Yeah, it's been an increasingly touched upon topic in the literature. Going back to literature, 
there have been a few papers, at least one in Nature by Naresh Devineni and others from 
Hunter College.  So, it is not just lingering on the sidelines of our field anymore. I think there's a 



3-189 

lot more room to do research on it, especially given the breadth of applications for which it's 
relevant. In addition to critical infrastructure applications, there's also a lot of studies on bank 
erosion, floodplain inundation in ecosystems, etc., for which it would be really valuable. I think to 
move that field forward in practice, it might be really useful to do some brainstorming as to all 
the different types of applications for which duration modeling could be beneficial and think 
about ways to forge collaborations with those diverse stakeholders who would be interested in 
having better information about flood duration. 
Periandros Samothrakis: 
In our case we're looking at a small water shed. We have some buildings of interest and we’re 
planning to calculate flood durations at specific locations around these buildings. We're planning 
to do that with the use of HEC-RAS. We haven't completed that portion of the study yet, but it's 
our goal.  Basically, we will look at the flood hazard curves, and our focus will be the median 
flood hazard curve. From that we will look at which hydrographs produce this flood level and see 
if we can deduce the flood duration at the lowest levels above a certain elevation. So, it's in our 
plan to investigate duration for buildings of interest in this watershed and hopefully we can 
present some results at the next workshop. 
Shih-Chieh Kao: 
In a way, it is about the sample size. Usually when one goes to longer duration and larger scale, 
you will have a smaller sample size which lower your ability to fit a distribution and that's 
generally a challenge.  I think I also received some questions about my session related to the 
size of the sample that would be sufficient for copula-based analysis. What we are thinking right 
now is that maybe we should not rely only on data. I think we will need to be flexible, to think 
about ways we can use a modeling to expand our simple size. That way we can have a larger 
sample size to evaluate the frequency of these longer duration or larger scale events.  
 
Question (to Panel): 
In the chat we have a kind of long question. Let me read it: 

“The goal to have a handle on 10,000 recurrence intervals (including rare events) is very 
difficult problem to solve.  There has been innovative and good work presented.  I would 
argue that long term changes (past and contemporary steam organization such as 
tributary capture or base level fall) influence the capabilities of a fluvial system.  In my 
view, this would need to be reconciled for a 10,000-year history before overlaying 
climate and parameterizing past scenarios (wet and dry periods, historical extreme 
events, etc.).  After stream organization and climate correlations are built, you could then 
project forward under different climate scenarios to have a better understanding of future 
flood potential.  In short, although geomorphic data is incomplete and sparse, the 
observation history needs to match the temporal scale of projection.” 

What the questioner is driving at here is that, for very long-term projections, enough changes in 
geomorphology may occur that may have a much more substantial impact than a lot of other 
affects that we typically are concerned with.  
Jory Hecht: 
I think you've raised a lot of really good points about looking at very extreme events, but when 
we design a lot of critical infrastructure (and I'm just going to forget about the really long term 
issues with nuclear sites) that require protection against extreme floods, one important thing to 
keep in mind is that the design horizon is not the same as the recurrence interval of interest in a 
lot of cases.  We might be interested in designing a bridge or a wastewater treatment plant for 
100 years and we're going to want to protect that infrastructure against the flood that has a 
recurrence interval of much more than 100 years.  So, I think it's important to keep track of that 
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distinction when we talk about this problem. If we're interested in looking at the 10,000-year 
flood for a damn that might have 100-year useful life, what might be worthwhile to do is to 
conduct an extreme probabilistic analysis based on a relatively narrow range of 
geomorphological conditions, if it's appropriate for a site. So, for instance, like not having drastic 
changes in base level or stream capture be included. 
Daniel Wright: 
I would echo what when Jory said. I would push back against the notion that we need 10,000 
years of data. We should keep in mind the definition of recurrence interval for one thing. It's the 
recurrence interval of specific site.  If we have methods, whether it's regional frequency analysis 
or storm transposition methods that can sample from across a larger region, it's very 
conceivable that you're pulling in historical events, observed events that have unknown 
recurrence intervals that are on the order of thousands of years. That, combined with the fact 
that our planning horizon is not 10,000 years in the future, I would agree that we shouldn't 
undersell our ability to answer these types of questions. I guess there are lots of difficulties, but 
we can make some smart moves and lots of people have been doing that for a long time. 
Karen Ryberg: 
I agree with Daniel's comments. I did a report for the Nuclear Regulatory Commission where we 
calculated magnitudes of floods with recurrence intervals of 10,000 years and beyond. You can 
get your brain wrapped up in this in a number of ways. If it's a million year flood, is the river even 
going to be there in a million years?  You start wondering about the whole enterprise.  I think 
Daniel described it very well, especially if you look at this in a regional context. What are those 
extraordinarily rare events that could generate massive flooding?  We need to get a sense of 
our risk for those. No statistical analysis should be done totally disregarding hydrologic 
processes. You would combine that information about the physics of the generating 
mechanisms and guesses about future climate and the topography of the area using multiple 
lines of evidence approach. But I think we should, for long term protection of certain assets, be 
able to think about what the really massive flood that may be out there. 
Periandros Samothrakis: 
I agree with what the previous speaker said. The 10,000-year flood could happen tomorrow, just 
the probability is very low. To give a small example close to where we are in Maryland. Ellicott 
City, I believe, had two flood events of about 800 years return period within two to three years. 
So, it can happen at any time within the project life, which is typically 100 years. So as the 
previous speaker said, we're doing a good job looking into this 10,000-year event as it's 
required by the regulation.  
 
Question (to Panel): 
That brings up another topic which is the issue of land-use change and how to deal with that. 
Yesterday we heard a talk where they used a very detailed land-use maps for small areas. I'm 
kind of wondering if for riverine flooding the same sort of detail is needed from the point of view 
of actual land-use maps. How necessary is that? We saw with one of your talks, that in fact the 
1% change makes some difference. This is an issue that speaks back to that Ellicott City 
problem. 
Jory Hecht:  
Land-use mapping is a very good tool to have with which to associate changes in floods. But 
when we look at current impacts of urbanization, it's also important to consider what we're doing 
to mitigate against these increases, such as stormwater detention as well as different decisions 
made with sewering and whatnot. One thing that I found in my recent work is that it is relatively 
easy to get some impervious cover data and establish a statistical relationship between the 
change of impervious cover and flooding. It is a lot harder to find some other data, such as data 
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about sewers or detention ponds. I think conducting some sort of more detailed study on a 
number of urban areas that include providing these types of data could shed further light on how 
urbanization is affecting flooding and how its impact on flooding might not be the same today as 
it was 40 years ago when there are far fewer stormwater ordinances. 
Karen Ryberg: 
I think Jory spoke well about the challenge of getting good ancillary data. Certainly, where 
people have done LIDAR data assessments, where there are good estimates of impervious 
cover, that's really beneficial when you start thinking about other landscape-level changes. This 
is an ongoing issue in water quantity and water quality studies. It's a big topic in best 
management practices in agriculture. But it's difficult to get good data as Jory described. It 
depends on what the practice is. Some take several years to reach maximum efficiency 
because it involves disturbing the soil and you need cover to grow back. So, you don't reach 
maximum efficiency for a few years.  Maybe other practices lose efficiency overtime, so the 
effect of whatever you're looking at is not the same year after year. So, it's a challenge just to 
get any data to begin with, to say nothing of these other details about what exactly is the 
management method and how has it been maintained. It's a big challenge to do causal 
assessments or better understand how human impacts affect these processes. We need more 
and better ancillary data. 
Daniel Wright: 
I agree with what's been said, in terms of the need for that data, that's oftentimes quite hard to 
find. These process-based approaches, like you saw from Peri or from myself, are well suited to 
building in those data directly to flood estimation. There are lots of modeling software that can 
simulate the effects of stormwater detention or storm water transmission, for example. So, I 
think that is a promising direction going forward. 
 
Question (to Panel): 
Karen told us about the paleoflood guidance that USGS is in the process of publishing. How can 
we establish national guidelines for accounting for non-stationarity in flood estimation? Is it a 
topic that's ripe for something like that? Or is it too soon? What do you think? 
Karen Ryberg: 
I just spoke to an internal group yesterday where this came up. At the risk of getting too much 
into politics, there used to be a Hydrologic Frequency Working Group (HFWG) and numerous 
other water-related committees related to sediment and water quality that brought together 
multiple agencies, people from academia, and others to wrestle with these issues. That’s how 
Bulletin 17C came about. In late 2019, HFWG and other water-related committees were 
disbanded because there was a sense in the federal government that there were there were too 
many of these federal committees taking up too many resources. I don't disagree with the idea 
that some of these things need to be re-examined every once in a while, to see if they are still 
serving a purpose. But I would like to see something like that come back. We need a Bulletin 
17D and there needs to be some type of umbrella organization organizing the effort. 
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Question (to Panel): 
Shouldn't one get the latest and greatest conditions to ensure basin characteristics are properly 
calibrated? For example, with the potential debris flow, would one try to ascertain the 
geomorphological changes from https://landslides.usgs.gov/hazards/postfire_debrisflow/. And 
how do you project forward on these types of wildfire/ debris flows/ sediment erosion changes? 
Particularly for geomorphological changes, could you use paleo to get a handle on to project 
forward? 
Karen Ryberg: 
A lot of this would depend on the setting. If you're in a riverine system that's scoured down to 
the bedrock and has been for a very long time, paleo could be very useful.  If it's a dynamic 
system that's undergoing a lot of change, incorporating paleoflood data, and historical peaks, 
brings up a lot of questions and maybe it's not appropriate for trying to determine future 
conditions. Again, it really varies with the setting. 
 

  

https://landslides.usgs.gov/hazards/postfire_debrisflow/
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3.5  Day 2: Session 2B – Coastal Flooding 

Session Chair: Meredith Carr, USACE/ERDC/CHL 

3.5.1  Presentation 2B-1 (KEYNOTE): A Risk Analysis Framework for Tropical Cyclones 
(RAFT)   

Authors: Karthik Balaguru, Wenwei Xu, David Judi, Lai-Yung (Ruby) Leung, Pacific Northwest 
National Laboratory 
Speaker: Karthik Balaguru 
3.5.1.1  Abstract 

Tropical Cyclones (TCs) are the most destructive and persistent natural hazards in the global 
tropics and subtropics, including in the US. The impacts from a TC on the coastal region 
manifests in various forms, such as coastal storm surge, inland flooding, and damages from 
high winds. However, quantifying risks from TCs using observations is challenging, in part due 
to the short length of the record during the satellite era. To address this, we have developed a 
Risk Analysis Framework for Tropical Cyclones (RAFT) to model the physical behavior of TCs 
and their impacts on the nation's critical infrastructure. TC tracks are initially generated based 
on the 'beta-advection' method. Subsequently, a deep neural network approach is used to 
produce along-track intensities. Results reveal that the model well-reproduces the observed 
distribution of TC track locations, intensities and landfall probabilities. Next, a physics-based 
rainfall model is combined with TC tracks to produce precipitation at various TC locations. 
Further, the TC tracks are combined with storm surge, population, electric power, and 
infrastructure assessment models. Taken together, the RAFT is a unified framework to quantify 
the risk associated with TCs for the US East and Gulf coasts. 

3.5.1.2  Presentation (ADAMS Accession No. ML21064A433) 
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3.5.1.3  Questions and Answers 

 
Question: 
How are SLOSH and RAFT combined? Is the over land flow from SLOSH simply added to the 
pluvial depth from RAFT or does RAFT do both riverine discharge and pluvial flooding?  
Karthik Balagru: 
For now, we simply adding it as a pluvial depth, like an initial condition. It is not evolving in time. 
We take the maximum extent of the storm surge from SLOSH and prescribe it. The only thing 
that is evolving in time is the hurricane rainfall. But we do have plans to consider making the 
storm surge as something that evolves with time along with the hurricane. 
 
Question: 
You said you used SHIPS for your training set. How many storms were in that training set?  
Karthik Balagru: 
On an average you have approximately 80 storms globally per year. The period we have used 
for training is 1982 to 2017, close to 35 years. So that would mean anywhere between 2500 to 
3000 storms. 
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3.5.2  Presentation 2B-2: Storm Surge Model Uncertainty  

Authors: Victor M. Gonzalez and Norberto C. Nadal-Caraballo, U.S. Army Corps of Engineers, 
Engineer Research & Development Center, Coastal and Hydraulics Laboratory 
(USACE/ERDC/CHL)  
Speaker: Victor M. Gonzalez  
3.5.2.1  Abstract 

Quantification of coastal hazards is probabilistic in nature and as such requires estimating 
uncertainties associated with the data, models, and methods used. Specifically, these 
approaches require an understanding of the sources of errors related to the numerical modeling 
of meteorological and hydrodynamic processes and the simplifications in the conceptualization 
of the elements that drive the hazards. The uncertainty associated with the ability of models and 
data to represent real systems is typically considered by comparing model performance with 
historical measurements through metrics such as bias and standard deviation or spread of 
errors. Quantification of uncertainty in areas impacted by tropical cyclones requires the 
development of a joint probability model of tropical cyclone (TC) atmospheric parameters. In this 
case, uncertainty quantification needs to account for the reduced dimensionality in the 
representation of TCs and the uncertainty is treated as an error term either added in the hazard 
integration process central to the Joint Probability Method (JPM) used for quantifying TC hazard 
or conveyed through confidence intervals. Specific errors quantified include modeling errors, 
variations in the TC wind and pressure fields and, where applicable, astronomical tide. 
Numerical experiments were performed to investigate how approaches for quantifying and 
incorporating the error term affects storm surge estimates and associated uncertainties. Topics 
include methods for distributing the error term in the JPM integral, and approaches used for 
estimating errors and characterizing uncertainty. This investigation was performed as part of 
USNRC-sponsored study “Quantification of Uncertainties in Probabilistic Storm Surge Models”. 



3-203 

3.5.2.2  Presentation (ADAMS Accession No. ML21064A434) 



3-204 



3-205 



3-206 



3-207 



3-208 



3-209 



3-210 



3-211 



3-212 



3-213 



3-214 

 

 

3.5.2.3  Questions and Answers 

Question: 
You talked about some uncertainties that could be substantial. Do you have approaches you're 
looking into to reduce those uncertainties? Such as the Holland B issue? 
Victor Gonzalez: 
Yes, but I think the main thing to do is to make sure that it is quantified. In the general approach 
we're using for the study, which is using logic trees to capture that epistemic uncertainty, it's 
important that the uncertainty is captured. In terms of reducing uncertainty, I think one of the 
most important issues is just the availability of high-water marks, and other data to be able to 
quantify the modelling uncertainty. 
 
Question: 
How can you consider situations such as changes in the shoreline caused by Hurricane 
Katrina? 
Victor Gonzalez: 
These types of studies are regional in nature. You do the hydrodynamic modeling for a wide 
area at high resolution. Typically, the intent is to have this [shoreline] data be used for a period 
of time and you can always update the statistics and probabilities associated with events with 
new historical data. If an event like Katrina occurs and you're interested in analyzing a particular 
area, you would have to incorporate the new bathymetry into the study. One of the things that 
can be done that lowers the effort is that you can optimize selection of storms using a design of 
experiments approach. Instead of having to use a full suite of storms which could be as large as 
600-1000 storms, you can bring that down to 150 storms and be able to do the hydrodynamic 
modeling for just those storms. In this way, a particular problem such as the changes in the 
shoreline in a particular area due to a storm can be addressed. 
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Question: 
Could you clarify what is the definition of “standard deviation of predicted tides”?  
Victor Gonzalez: 
That is just taking the predicted tide signal and then computing the standard deviation of that 
signal. We can use that as an uncertainty incorporated into the JPM integral. 
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3.5.3  Presentation 2B-3: Coastal Flooding PFHA Pilot Study  

Authors: Karlie Wells, Victor M. Gonzalez, Norberto C. Nadal-Caraballo, U.S. Army Corps of 
Engineers, Engineer Research and Development Center, Coastal and Hydraulics Laboratory 
Speaker: Karlie Wells 
3.5.3.1  Abstract 

Flooding hazards in coastal settings are produced by storm surge and waves. These are often 
exacerbated by excessive rainfall and associated runoff, including riverine flooding. Inundation 
due to these hazards can produce widespread damage to coastal infrastructure. Proper 
characterization of compound flooding hazards is necessary to fully address risk in a costal 
setting, especially for critical infrastructure such as nuclear power plants (NPPs). A coastal 
flooding probabilistic flood hazard assessment (PFHA) pilot study is being conducted to 
demonstrate the application of PFHA to external flooding at a hypothetical nuclear power plant 
(NPP). Consideration of factors such as model availability, watershed characteristics, and 
Nuclear Regulatory Commission (NRC) guidance for siting NPPs were used to select a site on 
the Lower Neches River watershed in Texas. Compound flooding hazards being assessed in 
this study include storm surge, astronomical tide, waves, rainfall, and coincident riverine 
flooding along with associated uncertainties. The assessment requires the characterization of 
storm climatology for tropical cyclones (TCs) using the U.S. Army Corps of Engineers’ (USACE) 
Coastal Hazards System (CHS) and its Probabilistic Coastal Hazard Analysis (PCHA) 
framework, both developed by the Engineer Research and Development Center, Coastal and 
Hydraulics Laboratory (ERDC-CHL). Simulation of both coastal and riverine processes driven by 
TCs and extra-tropical cyclones (XCs) will be completed using hydrologic, hydraulic, and 
hydrodynamic models. Rainfall is generated for synthetic TCs using a physics-based 
parameterized tropical cyclone rainfall (TCR) model that estimates spatial rainfall along the 
storm track. The TCR model will be applied to a HEC-HMS model of the Neches River basin. A 
genetic algorithm-based Design of Experiments (DoE) approach is applied to subsample TCs 
from the 660 synthetic storms suite developed for the USACE Coastal Texas Study. The 
compound hazards will be quantified through the application of a loosely-coupled HEC-RAS and 
ADCIRC modeling framework. 

3.5.3.2  Presentation (ML21064A435)  
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3.5.3.3  Questions and Answers 

Question: 
What are the possible reasons for the TCR bias? Are there specific rainfall mechanisms not 
being well captured by the model? 
Karlie Wells: 
That's something that we're currently investigating with our collaborators at Princeton University. 
Some ideas that I have off the top of my head are that the TCRM doesn't account for storm rain 
bands or interactions with other meteorological systems. For example, short-term heavy rainfall 
may be less common, as that model output, which could lead to an underestimation. Other 
sources that we have looked at also indicate that the problem in Texas could be due to complex 
terrain. That's a known problem that the TCR model struggles with as well. Other things that 
we're planning on doing to try to look at the output from our bias correction is trying to narrow 
down those tables from NOAA Atlas 14 to pull out specific events related to just TC-induced 
rainfall to see how close are we actually getting with doing that bias correction. But yeah, that's 
something that we're actively looking into. 
 
Question: 
Do you happen to know how sensitive the design of experiment approach performance is to the 
probabilistic assumptions? Is it pretty robust to changes in that those assumptions? 
Karlie Wells: 
The person that did the most work on that was Victor Gonzalez, and I think he's here on the call. 
Victor, do you mind giving your thoughts on that question? 
Victor Gonzalez: 
In terms of the probabilistic assumptions, the design of experiments approach uses as a 
benchmark the probability masses of the full suite of storms. So, if there is a significant change 
in the probability masses of the full suite, you might have to redo the analysis, but it should not 



3-231 

be too sensitive to smaller or mild changes in the probability masses. It shouldn't affect the 
storm selection. In other words, if you’ve selected your subsample storms and no dramatic 
change occurs that affects the probability masses significantly, you should be good to go. 
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3.5.4  Presentation 2B-4: Probabilistic Assessment of Multi-Mechanism Floods in 
Coastal Areas Due to Hurricane-Induced Storm Surge and River Flow 

Authors: Somayeh Mohammadi1, Michelle Bensi1, Shih-Chieh Kao2, Scott DeNeale2, Elena 
Yegorova3, Joseph Kanney3, 1University of Maryland, 2Oak Ridge National Laboratory, 3U.S. 
Nuclear Regulatory Commission 
Speaker: Somayeh Mohammadi 
3.5.4.1  Abstract 

Flood mechanisms are physical processes that can cause water accumulation on a site. Site 
flooding can occur due to the occurrence of a single flooding mechanism or from a combination 
of flooding mechanisms. Traditional probabilistic flood hazard assessment (PFHA) typically 
focuses on one flooding mechanism. However, multi-mechanism floods (MMFs) can be more 
severe or differing in characteristics than single-mechanism floods. Therefore, PFHAs that 
consider only a single mechanism may underestimate or mischaracterize a site’s flood hazard. 
This issue is notable in coastal areas exposed to the simultaneous occurrence of hurricane-
induced flood mechanisms (e.g., surge, precipitation, river floods, tides, and waves). A 
challenging aspect in PFHAs of MMFs is the construction of joint distributions over the involved 
random variables. In the current literature, three methods have been used to construct joint 
distributions to support PFHAs for MMFs: the direct estimation of joint distributions (e.g., using 
parametric multi-variable distributions), copula-based approaches, and Bayesian motivated 
approaches. This use case study develops a conceptual framework for the PFHA of MMF 
hazards in a coastal area using a Bayesian-motivated approach. Flood mechanisms analyzed in 
this study include hurricane-induced storm surge and precipitation-induced runoff along with 
concurrent factors (e.g., river flow and tides). This study develops a probabilistic model of the 
hazards resulting from the simultaneous occurrence of these flood mechanisms and then 
structures the probabilistic model using a Bayesian network. To facilitate calculations, this study 
develops or leverages a series of surrogate and empirical predictive models for estimating 
hurricane-induced surge height, precipitation, precipitation-induced runoff, and changes in river 
discharge. This study ultimately develops a hazard curve to present the frequency of 
exceedance for river discharge. 

3.5.4.2  Presentation (ADAMS Accession No. ML21064A436) 

 



3-233 



3-234 



3-235 



3-236 



3-237 



3-238 



3-239 



3-240 



3-241 



3-242 



3-243 



3-244 

 

 

3.5.4.3  Questions and Answers 

Question: 
I think you did address this somewhat in your talk, but how can the model be fully validated? 
Somayeh Mohammadi: 
Yes, as I mentioned, for each part of the model we did validation. We usually had testing sets. 
The other thing that we are still working on is validation of the big model. We consider that 
validation of each of these predictive sub-models can guarantee that the overall model is 
working well. However, we are still working on calibration of the big model. I mean we are 
working on some earlier storms that have occurred in the area. Given those extra parameters 
and river discharge at the time, we are working on analyzing the result. But this is something 
that we are still working on. 
 
Question: 
You mentioned that you were looking at just the peak, sort of the worst case of the event. I've 
been looking a lot into duration and lag time in these sorts of situations and also the issue of 
wave lag time. Have you done any work on that or looked at how to deal with that in your next 
steps? 
Somayeh Mohammadi: 
No, not yet. But it's a good suggestion to consider as this is still an ongoing project. 
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3.5.5  Coastal Flooding Panel Discussion 

 
Moderator: Meredith Carr, U.S. Army Corps of Engineers 
Panelists:  

Karthik Balaguru, Pacific Northwest National Laboratory 
Victor Gonzalez, U.S. Army Corps of Engineers  
Karlie Wells, U.S. Army Corps of Engineers  
Somayeh Mohammadi, University of Maryland 

 
Question (to Panel): 
Can the panel comment on the recent concern with increase of rapid intensification right before 
hurricane makes landfall, for example, Harvey and Michael? Is this a trend which should be 
considered in estimating storm surges? I was thinking our first speaker might want to talk about 
that because of your work with the rainfall. 
Karthik Balaguru:  
Rapid intensification is almost like the Holy Grail of intensity prediction. If you look at the 
operational forecasts related to it, they tend to struggle with accurately predicting the rapid 
intensification. It's like a different beast. It's not like normal intensification of the hurricane. It's so 
difficult because it depends on a lot of small-scale processes in the atmosphere and ocean. And 
when rapid intensification happens close to the coast, makes it even more challenging because 
you don't have much of a response time. So, improving our ability to simulate rapid 
intensification is very important. We have done some work in the past and we're continuing to 
work on it. Some of the things we've been looking at are: (1) what are the parameters in the 
ocean and atmosphere that people are currently incorporating in prediction models and (2) what 
parameters are not there that could actually help improve the prediction. For instance, one of 
the things we're looking at is the role of ocean salinity. That is typically neglected in most 
models used for hurricane intensity prediction and we have found is it plays pretty important 
role. So, documenting the role of upper ocean stratification and heat content and so on may be 
important. The other important thing with rapid intensification is the ability to predict it. Statistical 
models typically have a hard time predicting rapid intensification, and it’s also the case with 
most dynamical models. That has motivated us try using the neural network-based method. We 
have found that, compared to other models, the neural network approach seems to be 
particularly good with respect to predicting rapid intensification.  
Moderator: 
There are a couple follow ups on that. One question I had, specifically for those of you who are 
using TC rainfall models. Are these type models capable of responding to rapid intensification?  
Karthik Balaguru:  
When it comes to rainfall, one of the main factors that controls rainfall is intensity. So that ties in 
with the model ability to simulate rapid intensification. A lot of the presentations here today are 
using simple models to predict rainfall. The more complex thing is the intensity. Based on that, 
my opinion is that the complexity lies more with the intensity of the storm rather than the rainfall. 
There could be other things related to rainfall. For instance, the environmental moisture and so 
on. 
Somayeh Mohammadi: 
I just wanted to say that I agree. Intensity is the most important thing in the model that I have 
used, which was a combination of TRR model and a statistical model for tropical rainfall.  In this 
model rainfall is a function of maximum velocity and hurricane storm intensity. The other model 
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was an empirical model for wind decay. But yes, I agree that the most important thing for 
capturing precipitation is storm intensity. 
 
Question (to Panel): 
Is rapid intensification more of an issue for forecasting versus hazard assessment? 
Victor Gonzalez: 
I think it's more of an issue for forecasting in the sense that hazard assessment depends, by 
definition, on looking at the historical data. Once an event like Michael occurs, whatever 
parameters Michael had at landfall are going to be incorporated in the next assessment that we 
do. It’s going to affect the probability mass for the recurrence rate of hurricanes of that certain 
intensity. We might look into the impact of that rapid intensification, if that's something that we 
want to consider, in the synthetic tracks. The time history as the storm is coming to shore may 
have an influence on the surge response at the coast. That that might be an area that probably 
should be looked at. But in general, I feel that if they happen, they will be a be part of the next 
coastal hazard assessment. 
Karthik Balaguru:  
I just want to add that rapid intensification is typically like 5 to 10% of the total number of 
hurricane situations. In terms of sample size, it's actually very, very small. So, if you're going to 
be using a statistical model that's based on historical data, you're going to struggle with 
generating rapid intensification in your synthetic tropical cyclones because you run into sample 
size issues, especially when you're using a linear statistical approach.  
 
Question (to Panel): 
We have a question on the translational speed of tropical cyclones its dependance on SST. 
How do you consider this kind of phenomenon for evaluating PFHA? 

Karthik Balaguru:  
The translation speed of tropical cyclones is typically dependent on the large-scale winds, so I 
don't think they depend too much on SST directly. The more direct connection is with the winds. 
If you look at the way our framework works, we use the winds to generate the tracks. We also 
use the same winds to generate windshear, which affects intensity. Windshear can also affect 
rainfall. So, in that sense, the slowness or the fastness of the storm is taken care of when you 
use the winds for various characteristics. 
 
Question (to Panel): 
This question is related to the whole issue of compound flooding. Have you considered the 
temporal interactions between the surge and precipitation rather than the superposition of one 
static result on top of the other? I was speaking earlier about lag time, thinking about peaks and 
also the peaks of waves as the third part of the compound. Right at that interface, how do you 
consider uncertainties that are different between the two systems? Any ideas people have about 
that, or how it's come up in the projects they're working on? Or how their projects deal with that 
temporal interaction. 
Karthik Balaguru:  
In our case, we have mostly used the static field from the storm surge model to couple with the 
flood model. We are basically prescribing it as a boundary condition in the initial time step. But 
this is something ongoing that we're working on. Eventually we hope to have the time evolution 
in both storm surge as well as the component related to rainfall. 
Somayeh Mohammadi: 
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In the model that we use, we simply added them. We didn't consider interaction between surge 
and participation in change of our river discharge. 
Victor Gonzalez: 
We're going to investigate it. We want to use hydrographs, but that's something that we're still 
looking at how to implement. 
 
Question (to Panel): 
Does the panel want to share your opinions on where to put resources in terms of PFHA for 
compound hazards? We've seen several approaches with effort placed in different areas: (1) 
focusing on numerical modeling, (2) probabilistic dependencies, (3) a river problem with a surge 
boundary, and (4) a surge problem with the river boundary. 
Victor Gonzalez: 
I'll start on practical considerations. If this is something that we want to consider and more 
widely analyze, the preferable approach would be to look at it as a river problem with a surge 
boundary. So perhaps we should be concentrating on trying to find out how far can we get with 
this. How accurate can we get with this approach? I'm thinking more in terms of engineering 
practice than in research. 
Moderator:  
In the work that we've been doing at CHL, in which Karlie’s project is one element, we are 
looking at different frameworks to try to have a way for different users to address what level of 
need they have. You might have an area where you only need to look at the surge coming in 
and the rainfall is not as significant, or vice versa. So, site specific, and try to build it so that it 
can be used for the purpose that's needed for that specific user. 
Karthik Balaguru:  
I have the similar sentiments when it comes to this.  
 
Question (to Panel): 
Does the panel have a comment in terms of the duration of the compound flooding in addition to 
the intensity or the extent? 
Karthik Balaguru:  
This duration aspect of it is partly related to the question on translation speed or forward speed 
of the storm that we talked about it a bit earlier. Definitely this is something very important. If you 
are using a physics-based model which accounts for the forward motion of the storm based on 
the large-scale winds, I would assume that this part of the question would have been addressed 
by using that approach.  
 
Question (to Panel): 
Can the panelists talk about how climate change impacts could be incorporated into their 
respective model frameworks? Are the models able to respond to changes in TC characteristics 
induced by climate warming? For the statistics-based models, can they be extrapolated to future 
climates? 
Karthik Balaguru:  
In terms of the impact of climate change, if your framework takes into account the large-scale 
environment that governs the intensification of the storm, then you pretty much include it. For 
instance, if your framework is using the ocean and atmosphere from, say, a reanalysis or 
something from the current climate, then you could easily use future projections of the climate 
system from the CMIP suite of models and apply those as the conditions to model tropical 
cyclones. That’s one way to take into account climate change. 
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Somayeh Mohammadi: 
I think the hurricane recurrence rate is something that may be affected by climate change. 
Another thing is the effects on sea level rise that we can incorporate into our models. Also, the 
intensity of these storms. In these three ways, our model can consider the effects of climate 
change.  
 
Victor Gonzalez: 
In order to incorporate climate change, storm recurrence rate is key. And those can be modified 
to account for any documented future changes. For example, if we expect more intense tropical 
cyclones, that's where you will do the adjustment. As we do the analysis now, we separately do 
the statistics for different partitions based on intensity. So, if we were to include the effects of 
climate change, we will do it through that storm recurrence rate. And of course we already 
incorporate sea level change in our projects. It’s a requirement for us to do projections of water 
levels into the future for projects that are done within the Corps of Engineers. 
 
Question (to Panel): 
It seems like most of these are event-based models, but do any of your approaches include 
multiple storms in succession? 
Karthik Balaguru:  
While the results that we have shown in our talk today are mostly based on synthetic storms, 
we're also doing another study where we're looking at sequential storms. But that is more based 
on a case study because in the synthetic approach it's all random and you don't actually control 
for the timing of the storms or anything like that. It just occurs naturally, but we are doing a case 
study type of approach to look at sequential storms, which I think is a really important aspect of 
flooding that is not typically looked at. 
Moderator:  
I did want to say that the project that Karlie is working in doesn't directly look at sequential 
storms, but it does look at antecedent moisture conditions, which could be caused by prior 
storms. I believe we are trying to look at a way to represent that, not just deterministically, but as 
part of the model. It's not likely tropical storms but you get those moisture conditions in there 
from previous events. 
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3.6  Day 3: Session 3A – Modeling Frameworks 

Session Chair: Thomas Nicholson, NRC Office of Nuclear Regulatory Research 

3.6.1  Presentation 3A-1 (KEYNOTE): Stochastic Hydrology in the Tennessee Valley  

Authors: Miles Yaw, Tennessee Valley Authority (TVA) 
Speaker: Miles Yaw 
3.6.1.1  Abstract 

In 2014, the Tennessee Valley Authority began development of a modeling framework for 
evaluating hydrologic hazards across its entire portfolio of dams. Seven years into the program, 
TVA has evaluated hydrologic hazards at 19 projects. Many of the hydrologic hazard analyses 
have been applied to dam safety risk assessments, which are a critical piece of TVA’s Risk 
Informed Decision Making (RIDM) process. During the course of the analyses, TVA has 
identified, implemented, and planned program, process, and framework improvements to better 
inform the risk quantification process. Critically, as the program moves from a developmental 
phase into production, the incorporation of paleoflood and dendrochronology analyses will 
provide a more complete picture of hydrologic risk. This presentation will provide a brief 
overview of the TVA PFHA model and how probabilistic hydrology supports TVA’s RIDM 
framework. The presenter will share lessons learned from probabilistic analyses, ongoing 
enhancements to the program and framework, and future areas of research and application, 
both to Dam Safety and TVA’s broader essential mission. 

3.6.1.2  Presentation (ADAMS Accession No. ML21064A437) 
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3.6.1.3  Questions and Answers 

Question: 
Can you provide more detail about the storm generation, the stochastic stage specifically, based 
on the historical storms catalog? How are they moved within the domain and their temporal 
dynamics modified to generate synthetic storms to feed the models? 
Miles Yaw: 
The stochastic storm generation is based on storm templates derived from historical storms that 
affected the Tennessee Valley service area. So, take the watershed and expand it a little bit. It 
was that catalog of historical storms. I think there were about 11,000 storms that went through 
the automated storm typing. The temporal and spatial characteristics of those storms were 
recorded and preserved. We have a 10-kilometer-spaced grid of transposition points upstream 
from the dams of interest. We take those historical storms and transpose them and center them 
over that suite of transposition points. The bigger the watershed, the more transition points we 
have. At Fontana Dam, for instance, we had eight or nine transposition points. We move those 
storms and put them on top of that point and then scale them according to the precipitation 
frequency (i.e., the sample depth for that event). So, the temporal and spatial characteristics 
don't change, but the intensity of the storm gets modified. 
 
Question: 
Could you please briefly discuss the computer hardware used and approximate simulation 
runtimes for your stochastic simulations? 
Miles Yaw: 
We use 6 cloud-based servers. Each one has 48 cores and, I think, they run at 2.5 GHz. The 
stochastic processes are all parallelized. As you sample these, you can put one RiverWare 
model and one weekly scheduling model on its own processor, so you get 48 of these things 
going at the same time. We do that across 6 servers. We typically will have nine simulations that 
are going: three best estimates for each storm type and uncertainty bound simulations. The 
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stochastic part of this process takes about four days total. It would be nice if we had a couple 
more servers. There isn’t a good way to parallelize the long-term simulation because it’s 
continuous hydrology. It's a 1000-year long simulation that also takes about four days. So, in 
terms of just pure compute time, it's roughly 8 days on 6 servers. 
 
Question: 
Are you also looking at different mitigation options such as modifications of spillways and 
embankments? It seems like the only parameter discussed in your presentation is normal pool 
elevations. 
Miles Yaw: 
We can get any hydrologic variable of interest we want out of the system if we know the need 
for that information in advance. Here we presented pool elevation and spill just for convenience 
of illustration. But we can look at whatever is wanted. There are two components in a dam 
safety analysis. There's the loading probability (hydrologic, seismic, etc.), and then there's also 
the system response. Things like spillway modification or embankment armoring would be 
characterized in the system response. The work I do specifically looks at the loading 
probabilities. Some of the things that we can look at are: what if we had a bigger spillway, or a 
deeper spillway? Those kinds of things. When you talk about hydraulic design, that can have a 
feedback mechanism to hydrologic risk on various variables. So, it's sort of two questions. We 
can consider risk modification actions that work on system response, and we can look at risk 
modification actions that look at hydrologic loading. 
 
Question: 
You said one of the most important lessons was to look at the data. What QA/QC do you do 
with your data before it's used in your RiverWare model. 
Miles Yaw: 
Our modeling system is built on a lot of products. There's the inflow forecasting model, the unit 
hydrographs, the SAC-SMA parameters, and all that kind of stuff. It's almost impossible for a 
single human to sit down and comprehend the whole thing altogether. So, each of the models 
the system is built on has been through a documented calibration and QC process. We had the 
system peer reviewed by John England and Jerry Stedinger back in, I think, 2017.  Then the 
question became: Once the process has been peer-reviewed, can you now have a specific 
application to a specific dam peer reviewed to make sure that the system that we agree with is 
producing results that are reasonable? That's the process we're going through now. We have 
one of these studies going through an independent external review. But I don't think that will 
mean that we have QC’d it, we're done, and we never have to check it again. It's important to 
periodically come back and make sure we get more eyes on it. This is driving capital decisions 
worth millions of dollars. It must be right. So that's what we're doing there. 
 
Question: 
How far away from the Tennessee Valley can you take meteorological data such as rainfall or 
snowmelt? How far away from the Tennessee Valley are you importing and transpositioning 
data? 
Miles Yaw: 
The storm transpositioning domain was larger than the Tennessee Valley, but not substantially. 
Let's call it a rectangle that's maybe 50 miles wider on all the edges. The regional precipitation 
frequency analysis happened with rain gauges outside the Tennessee watershed too. 
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3.6.2  Presentation 3A-2: HEC-WAT as a Framework for PFHA 

Authors: William Lehman, Sara O’Connell, Brennan Beam, David Ho, Leila Ostadrahimi, U.S. 
Army Corps of Engineers, Hydrologic Engineering Center 
Speaker: William Lehman 
3.6.2.1  Abstract 

The Nuclear Regulatory Commission (NRC) requested HEC assistance with methods to include 
dam failure in their probabilistic flood hazard assessment (PFHA) process. Leveraging HEC's 
Watershed Analysis tool (HEC-WAT) the HEC project team is evaluating the impact of dam 
failures in the Trinity River watershed. The modeling includes evaluation of mixed population 
stochastic precipitation events. These weather events are input into HEC-HMS to convert 
precipitation into basin run-off which feed both HEC-ResSim and HEC-RAS. Randomized Dam 
failures impact the system response in HEC-ResSim operations and are routed through HEC-
RAS to create the hydraulic hazard frequency curves. This presentation will focus on how the 
framework of HEC-WAT facilitates a Probabilistic Flood Hazard Assessment on the NRC 
riverine pilot project. 

3.6.2.2  Presentation (ADAMS Accession No. ML21064A438) 
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3.6.2.3  Questions and Answers 

Question: 
Do you need staff from the Hydrologic Engineering Center to run HEC-WAT, or can a user run 
HEC-WAT themselves? 
William Lehman: 
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HEC-WAT is available for download from the HEC website (currently HEC-WAT Version 1.0) 
and anyone can download it. For the PFHA process presented here we're using version 1.1 
internally. We can point to people who have successfully used it in the field, both within USACE 
and externally by contractors. We believe that anybody can use it, though it can get very 
complex. This system for the Trinity River is pretty complex and I don't foresee very many 
people using it at that level of complexity routinely until we provide better support on some of 
those features. 
 
Question: 
For the realization of events, what type of distributions are used? 
William Lehman: 
It depends upon the user’s needs. For an unregulated system, if you're using a flow sampling 
technique, we would advise using a Log-Pearson Type 3 distribution as recommended in 
Bulletin 17 C. If you're modeling a regulated system, it should be an empirical distribution. We 
can support both of those within the hydrologic sampler plugin. In the Trinity River case, we 
were using the stochastic data importer to pull in data from precipitation developed by the 
weather generator. When considering precipitation, there's a lot of distributions that play from 
the Kappa to the normal distribution. So, it just depends upon the particular case and the 
particular application. 
 
Question: 
Another question is for dams in series. For instance, suppose you had two dams, A and B, for 
which you want to model a cascading failure scenario. Can the HEC-WAT model linkages be 
adjusted such that HEC-RAS-routed flows from A can be fed into HEC-ResSim for B in the 
HEC-WAT workflow? 
William Lehman: 
The answer is yes, but really the big question should be: is it appropriate? It depends upon the 
case. Programs are run sequentially in HEC-WAT; ResSim typically runs before RAS. You can 
add a second ResSim to operate based off the conditions of RAS to accommodate the type of 
workflow that you're saying. But that becomes kind of difficult. There's not a lot of feedback 
looping. We run these sequentially. One way to accommodate that is to put in systems within 
ResSim to operate based on what likely will happen within RAS. That's why we connected the 
fragility curve sampler to ResSim and RAS to feed the same information into them so they can 
operate as if A had failed and in the rule system we have under the condition of failure: how 
would ResSim operate and what would ResSim expect in terms of inflows? 
 
Question: 
Can you give a little more information on the weather generator? What time step is the weather 
generator run at? Is it a nonparametric bootstrap resampling or is it parametric? If parametric, 
how are you accounting for spatial correlation? What kind of run times are you looking at for 
running the weather generator? 
William Lehman: 
I'm an economist, so I'm going to pull my economist card. I don't know if I can answer every 
single question that you asked, but I can say that the output time step is hourly. It's being run in 
50-year life cycles, so we're doing essentially continuous simulation for 50 years, sampled out of 
that. Of course, we're running a million total events, organized in realizations. Internally, the 
distributions are predominantly parametric, though there might be a few empirical ones in there. 
You will need to talk to Greg Karlovits for specifics on that. Spatial correlation is based on the 
historic storm datasets that were developed by MetStat. That would be controlling how those 
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storms are spatially distributed across the basin. Again, that would be another question for 
Greg. With respect to runtimes on the weather generator, for a million events it took us about 
120 hours of compute time.   
 
Question: 
If you're interested in low frequency dam failure results, can you skew the sampling bias to 
reduce the computational effort? 
William Lehman: 
That's what we refer to as stratification. There's stratification and importance sampling, but we 
generally refer to that whole topic as stratification. We use a method very similar to what Rory 
Nathan wrote about a few years back. We do bias correct on the back end.  For the Trinity, 
since it's being stratified external to WAT, we have a specialized plugin to de-stratify based off 
that technique. Within the WAT we also have native stratification techniques that operate 
through the hydrologic sampler and we have tools to automatically de-stratify there as well. 
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3.6.3  Presentation 3A-3: Structured Hazard Assessment Committee Process for 
Flooding (SHAC-F) for Probabilistic Flood Hazard Assessment (PFHA)  

Authors: Rajiv Prasad1, Philip Meyer1, Kevin Coppersmith2, Norberto C. Nadal-Caraballo3, Victor 
M. Gonzalez3, 1Pacific Northwest National Laboratory, 2Coppersmith Consulting, 3U.S. Army 
Corps of Engineers, Engineer Research and Development Center, Coastal and Hydraulics 
Laboratory 
Speaker: Rajiv Prasad 
3.6.3.1  Abstract 

The Pacific Northwest National Laboratory (PNNL), Coppersmith Consulting, and the U.S. Army 
Corps of Engineers Coastal and Hydraulics Laboratory (CHL) have completed the development 
of the structured hazard assessment committee process for flooding (SHAC-F). The process 
was developed to enable users to perform probabilistic flood hazard assessments (PFHAs) in a 
consistent, transparent, and reproducible manner, particularly with respect to the quantification 
and incorporation of uncertainties. The report focuses on three flooding mechanisms: (1) site-
scale flooding from local intense precipitation (LIP), (2) riverine flooding, and (3) coastal flooding 
from storm surges. 

SHAC-F study levels are structured to explicitly support a variety of purposes. A Level 1 SHAC-
F study is designed to support rapid decisions for screening and binning NPP structures, 
systems, and components (SSCs) into risk categories. A Level 2 SHAC-F study is designed to 
(a) replace a Level 1 SHAC-F study that did not adequately resolve screening and binning of 
SSCs of interest or (b) refine and/or update a Level 3 SHAC-F study with additional data, 
models, and methods. A Level 3 SHAC-F study is the most complex and is used to support 
external-flooding probabilistic risk assessments. All SHAC-F studies must capture the 
distribution of flood hazards, including both aleatory variability and epistemic uncertainty, that 
reflects the center, body, and range of technically defensible interpretations (CBR of TDIs). 

In a Level 1 SHAC-F study, a frequency analysis using readily accessible data relevant to the 
flooding mechanism combined with a relatively simple site-scale hydraulic modeling may be 
performed by a small project technical team with expertise in statistical modeling, regional 
flooding, and site hydraulics. The participatory peer review panel (PPRP), a feature of the 
SHAC-F process, is also small and includes expertise in the relevant technical disciplines and 
uncertainty quantification. In a Level 2 SHAC-F study to replace a previous Level 1 study, 
additional data collection and model refinement in consultation with experts may be performed. 
The project team could consist of Technical Integration (TI) teams that consults with data and 
model experts. In a Level 2 SHAC-F study to refine and/or update a previous Level 3 study, the 
TI teams would evaluate and integrate additional data, models, and methods. Evaluation and 
integration may need consultation with data owners and model developers. In a Level 3 SHAC-
F study, depending on the flooding mechanism, the project technical team consists of 
meteorology/probability and statistics/coastal modeling and hydrologic/hydraulic TI teams. The 
TI teams, led by a Project Technical Integrator, may need additional support for database and 
geographical information system management and specialty contractors for data collection or 
model simulations. 

SHAC-F studies are thoroughly documented to (1) catalog all considered data, models, and 
methods; (2) describe the evaluation of data, models, and methods; (3) describe the technical 
bases of all models and methods; (4) describe the integration of data, models, and methods to 
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represent the CBR of the TDIs; (5) catalog all sensitivity analyses; and (6) provide the hazard 
results and instructions for their use. 

3.6.3.2  Presentation (ADAMS Accession No. ML21064A439) 
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3.6.3.3  Questions and Answers 

Question: 
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People are familiar with the SSHAC process for seismic hazard assessment. What are some 
significant differences between the SSHAC process for seismic hazard assessment and the 
SHAC-F process for flooding? 
Rajiv Prasad: 
When we were doing this project, there were a couple of things that stood out to us. One was 
that the SSHAC approach was not familiar to hydrologists. That is a significant difference when 
you bring flood analysis experts and hydrologist into this framework of performing PFHA's. You 
need to get them to alter their thinking a little. For example, if a team performs a PFHA, they go 
about their business collecting data and they usually have preferred sets of models and 
methods that they can apply to it. They can also consider aleatory and epistemic uncertainties, 
but that is from their own point of view. The central point of the SSHAC process is that you are 
trying to represent the center, body, and range of the technically defensible information (CBR of 
TDI), which goes beyond just one person or a team that does the analysis and tries to represent 
the complete range of technically defensible ways to approach the hazard assessment in the 
larger technical community. So that is one difference and we needed to explain that to the 
people that were participating in this study. The second thing that was very important to us was 
flipping around some of the ways in which SSHAC workshops are conducted and the purposes 
of those workshops, particularly at Level 3. In the seismic SSHAC process, you basically 
evaluate data, models, and methods first and then you build your own models to perform the 
analysis. From our point of view, in the way you perform flood hazard assessments, the model 
you use sort of drives the data that you need. So, if you go back and look at our first workshop, 
we wanted to put both data and models together and have a conversation about it to figure out 
what exactly are the appropriate models, what datasets would be needed to drive those models 
and then go forward from there. Those are two major differences between the seismic process 
and the flooding aspects of it. 
 
Question: 
Could you briefly mention costs, going from Level 1 to Level 2 to Level 3? Obviously, you have 
added complexity and additional tasks. What can you say in a relative sense as to the cost of 
going from Level 1 to Level 2 and from Level 2 to Level 3? 
Rajiv Prasad: 
That's a question that frequently comes up related to SHAC-F. The simple answer is we don't 
know yet. That said, if you look at the way that I described how these assessments would be 
done, Level 1 SHAC-F involves very small teams. The only part added to what is regularly 
performed today would be the addition of the participatory peer review process (PPRP). The 
PPRP would add to the cost of the study, but I don't think it adds a lot. So, in a relative sense, 
that is what I can offer for now. As you go to Level 2 and Level 3, it depends on the purpose of 
the study. Level 3 is obviously the most complicated, and I would expect that to be more 
expensive, in relative terms. 
 
Question: 
How does SHAC-F fit in with the current PRA peer review process which is required by the 
regulations? What is that relationship? 
Rajiv Prasad: 
The way I see SHAC-F is that it provides a consistent and transparent way to perform a 
probabilistic flood hazard assessment. What that flood hazard assessment would do is provide 
you the initiating mechanisms for the external flooding aspects of PRA. I know that some of 
these standards have been put in place now (are either in process of being reviewed or already 
published) that talk about external flooding providing input to the PRA process. So, the PRA 
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peer review process would be something that would happen in the PRA and the PFHA, if it is 
done using the SHAC-F process, has its own PPRP process that sort of maintains the 
consistency. If you were to perform these analyses at different sites for different plants and 
things like that. So, in my mind, the PPRP process that happens in the SHAC-F process is 
distinct and sort of self-contained within PFHAs and is in parallel to the PRA review. 
 
 
3.6.4  Modeling Frameworks Panel Discussion 

Moderator: Thomas Nicholson, NRC/RES/DRA 
 
Panelists: 

Miles Yaw, Tennessee Valley Authority (TVA) 
William Lehman, U.S. Army Corps of Engineers (USACE) 
Rajiv Prasad, Pacific Northwest National Laboratory (PNNL) 

 
Question (to William Lehman): 
There’s a lot of interest in the scale of the applications of HEC-WAT. You showed us one 
example in the southwestern part United States. Have you tried it in other areas of the United 
States under different climatic conditions and different scales? 
William Lehman: 
One particularly large study has been performed to support the Columbia River Treaty. That 
study was conducted by the USACE Northwestern Division. It spans three states and includes 
the Columbia and Snake rivers. And of course, it has different climatic conditions. It's looking at 
snow melt, for instance. It's looking at long-term simulations on a large system. Another 
example is the Missouri River. There is a HEC-WAT model that spans the length of the Missouri 
River. That's a pretty big watershed. It’s similar to the Columbia River in terms of its forcings, 
though that does change as it gets into the Midwest. They have a different strategy for their 
stochastic hydrology. We also did a really small one, less than 16 square miles, in Hawaii. A 
very different type of system altogether. So, I would say we span the gambit of large scale to 
small scale with WAT applications. 
 
Question (to Rajiv Prasad): 
One of the issues you brought up was the ability to characterize and get distributions for the 
center, body, and range for the flood hazards. How do you determine how much confidence you 
have that you've adequately characterized the center, body, and range? What steps to take to 
check to see if you have that confidence? 
Rajiv Prasad: 
That you have completely captured the distribution of the hazards in a particular study is a very 
difficult thing to prove; that you have the correct and complete distribution. Now, that said, the 
process that SHAC-F goes through gives you confidence that there have been multiple 
interactions, that the data models and methods have been adequately evaluated not only by the 
project team, but their interactions with both the PPRP and the larger technical community. You 
bring in resource experts (custodians of data) and you bring in proponent experts that tell you 
about the strengths and weaknesses of models. The SHAC-F documentation process gives 
confidence that this whole process has been performed transparently. So that's the only way to 
say that we did our best, we arrived at the CBR of TDI.  If there is evidence later that these need 
to be updated, you can go back, look at all the justifications that were initially used, and then 
update them as necessary. 
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Question (to Miles Yaw):  
Are you able to use the TVA's risk-informed decision-making approach to look at environmental 
aspects in addition to dam safety? For example, using it during a drought period to regulate 
operation of nuclear and coal-fired power plants in the Tennessee Valley (in addition to the 
dams/reservoirs). What are your thoughts? 
Miles Yaw: 
We can, although I have not been involved in that yet. Risk-informed decision making at TVA is 
relatively young, so it may just be a case of the opportunity hasn't arisen yet. We don't want to 
get in the box where we are only thinking about extreme floods because TVA’s operations are at 
risk from severe and prolonged droughts. That's one of the reasons that we went through the 
dendrochronology analysis, trying to use long-term tree ring studies to look at how dry or wet 
can these periods get? It doesn't fit neatly in the PFHA system, at least in terms of the 
stochastic event sampling. But it does fit in the long-term synthetic hydrology. I showed that plot 
in my presentation, just as an example. There is a very clear correlation between how dry it gets 
and what the maximum ambient temperature is in the river, and that can threaten operations. 
You can also look at water supply reliability, in terms of economics and its impact on 
navigability. It also comes into play when we're looking at risk reduction alternatives at various 
projects. In Tennessee Valley, TVA operates 10 head-water reservoirs, and they have this 
equitable balancing scheme where waters are released late in the summer equitably between 
the reservoirs to meet minimum flow requirements on the lower mainstem of the river. If you 
were to have a risk reduction activity at one dam that takes storage out of the cumulative 
reservoir storage, you may have jeopardized your ability to meet minimum flow requirements 
downstream. So, the modeling system really allows us to balance all the objectives across the 
entire system to meet environmental or navigation, or any one of TVA's operations. 
 
Question (to William Lehman): 
I'm interested in the use of HEC-WAT by other agencies. For instance, yesterday we heard 
about the USGS doing a study in the Delaware River basin. Are you using any of your models to 
help the USGS do their study of that watershed? 
William Lehman: 
I'm not sure I know exactly which Delaware River study you're referencing (it gets studied a lot). 
I'm not aware of USGS using HEC-WAT on the Delaware. However, FEMA is considering a 
project to model the entire state of Delaware with HEC-WAT, which will include part of the 
Delaware River basin. We do work with other agencies when it's appropriate and would support 
that as far as it is fit for purpose.  
 
Question (to William Lehman): 
I’m interested in how to integrate external hydrologic events in HEC-WAT. How adaptable and 
how flexible is your modeling framework to bring those external events in? 
William Lehman: 
In general, that's why we developed the stochastic data import tool, to allow for any kind of 
externally developed hydrology to be imported into HEC-WAT. Our hydrologic sampler and 
other event-generator-type plugins also allow for the user to specify boundary conditions 
however they see fit. The hydrologic sampler is robust for precipitation and flow under a couple 
of different sampling schemes. We see it as a generic tool that could be applied pretty much 
anywhere, even internationally. It just depends upon the particular use case. Also, we are 
interested in supporting non-agency tools. For instance, there's a RiverWare plugin. If you don't 
want to use HEC-ResSim you can use RiverWare instead within our system. 
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Question (to Rajiv Prasad): 
Has anyone attempted to use SHAC-F for a variety of situations? For instance, have you 
applied it or are other organizations trying to apply SHAC-F? What is your experience in 
applying it? 
Rajiv Prasad: 
The short answer to that is we have not yet. This study was funded by NRC and was looking 
particularly at NRC applications. We haven't done a study yet that uses SHAC-F in its entirety. 
There are certain aspects of SHAC-F that you could adopt in any probabilistic flood hazard 
assessment. But, for now we can’t point to one study that was performed using the whole 
SHAC-F process. 
 
Question (to Rajiv Prasad): 
Because you are with a Department of Energy (DOE) National Laboratory, I’m curious if you 
have thought about applying SHAC-F at the Savannah River Site or at Idaho National 
Laboratory. Have you talked to anyone at DOE looking at their requirements for flood 
assessment and moving towards a risk informed approach? What are your thoughts? 
Rajiv Prasad: 
Not yet. There are some modifications to DOE standards that have happened over the last few 
years. There is an appendix to a DOE Handbook that addresses performing probabilistic flood 
hazard analysis that reads very similar to the way SHAC-F might come across. But I'm not 
aware of anybody doing that. That handbook is not a requirement for DOE sites. DOE Standard 
1020 is a requirement, but it doesn't really specify how you should go about doing a PFHA. That 
said, INL is currently performing an extreme precipitation analysis and they are moving ahead 
this year to an extreme flood analysis for their Advanced Test Reactor site. I am helping them a 
little bit on the review side of it. They may adopt some of the PFHA techniques, but I don't think 
they're doing SHAC-F yet. 
 
Question (to Miles Yaw):  
You seem to have a very complex modeling framework for the Tennessee Valley. You have 
many sub basins. The question I'm thinking about is forecasting. Do you do a weekly forecast? 
A monthly forecast? What do you do about being prepared? One of the issues the NRC is faced 
with is that industry says that they have what's called a FLEX approach, in which if something 
were to happen, they could respond quickly with regard to flood protection measures. How 
much lead time would TVA have given an approaching storm? 
Miles Yaw: 
That gets brought up a lot, but I'm going to caveat my answer because I am not a forecaster. 
TVA has a river forecast center that is manned 24/7. They look at rainfall of course. My 
impression is that forecasts are very uncertain. If you look at a 72- hour forecast in various 
basins, it will typically have a long-term bias, either under prediction or over prediction. TVA's 
general rule of normal daily operations is that we respond to rain on the ground. You don't want 
to lower the reservoir by a couple feet in the middle of your summer pool because you think that 
you're going to get a big storm event and then not get that storm event. That doesn't make 
people very happy. The reservoirs are, by and large, able to withstand and operate well for 
reasonably common storms or even relatively rare storms. It's when you get very extreme 
events that things really start to become a problem and you really need to hit the capacity of 
reservoirs. The other thing is that many of the tributary reservoirs have big pools with very little 
spigots at the bottom. If you can only get a few thousand cubic feet per second (CFS) out of 
your turbines and you have a million acre feet behind your damn, a two-day lead time on the 
forecast isn't going to be a large impact on reservoir storage. But as you work downstream that 
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becomes less and less true. We have bigger main-stem dams that have less storage and very 
large capacities and so you can start to buy yourself something there. For those reservoirs also, 
the storm hydrographs take a little bit more time to develop so that maybe is a roundabout way 
to tell you “It depends”. 
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3.7  Day 3: Session 3B – Flood Protection and Flooding Operating Experience 

Session Chair: Thomas Aird, NRC/RES/DRA 

3.7.1  Presentation 3B-1 (KEYNOTE): Modeling of the May 2020 Michigan Dam Breaches 

Authors: John Edward Stowasser, Wesley Crosby, Christopher Warren, U.S. Army Corps of 
Engineers 
Speaker: John Edward (Ed)Stowasser 
3.7.1.1  Abstract 

The USACE Modeling Mapping and Consequences Production Center (MMC) provides 
hydraulic modeling, mapping and consequence analysis for USACE dams in support of the 
USACE Dam Safety and Critical Infrastructure Protection and Resilience (CIPR) Programs. The 
MMC has developed processes, tools and standards for creating dam breach hydraulic models 
for use in emergency action plans (EAP), during real-time flood events, and in support of the 
Corps Dam Safety and Security programs. The MMC-developed standards have been used to 
provide dam failure modeling for over 550 USACE dams and multiple flood events, involving 
over 1000’s of stream miles throughout the continental U.S. and Alaska. The MMC also 
provides Flood Inundation Modeling support during real-time flood events with its Flood 
Inundation Modeling Cadre (FIM). The mission of the FIM Cadre is to assist districts when 
called upon to run real-time hydraulic models, prepare forecast inundation maps, and develop 
consequence estimates for significant flood events. This presentation will provide information on 
the dam breach and consequence modeling that was conducted for the Sanford and Edenville 
Dams which failed in May 2020 outside of Midland, Michigan. In addition to these 2 failures, 
hypothetical breaches were also modeled for the 2 upstream dams of Smallwood and Secord 
and inundations were developed for forecasted rain events and the potential impacts of the 
downstream areas with the dams in their current breached state. The presentation will cover 
data collection, data limitations and assumptions to account for these limitations. The use of 
mapping during extreme events (floods, droughts, hurricanes, dam breaches, etc.) has 
provided, and continues to provide, critical situational, and real-time information for emergency 
responders, decision makers, and key stakeholders. This information is helpful not only to 
USACE, but also to federal, state, local, and emergency responder partners. 
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3.7.1.2  Presentation (ADAMS Accession No. ML21064A440) 
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3.7.1.3  Questions and Answers 

Question: 
Has MMC looked at simulation-based dynamic approaches to model the responses to flooding 
events? 
Ed Stowasser: 
If this flood event would have fallen within an area where we have what we call SWIMS forecast 
modeling, then we would have been able to run our HMS models and produce live type flow 
feeds and then we could have used our local flow hydrographs and things like that to feed into a 
reservoir simulation model. That would produce something more dynamic than what we were 
doing. It would be more of a dynamic response, but in this case, we didn't have any mapping 
available, so we were kind of coming in after the fact and we had to create things from scratch. 
So, the approach we took was to develop a 2D RAS model for the areas where we want to see 
the flood routing go through and then we looked at 1D storage areas to make sure we were 
capturing volumes that were coming out of the reservoirs that failed. It was kind of backing into 
the answer at first. The goal of the tasks were to establish that base condition, because if the 
other dams failed, then we didn't have accurate inundation maps that replicated two of the dams 
downstream that had already failed. And then on top of that we also looked at precipitation 
events that were supposed to be forecasted and rolling into that area.  
 
Question:  
What is the current status of the Edenville dam and Sanford dam? 
Ed Stowasser:  
I do not know. I got pulled into the effort just for the modeling part. 
 
Question: 
Was the development of the Edenville breach investigated for time to fail, width, depth? 
Ed Stowasser:  
I do know that Chris Warren and some of the Detroit District folks were deployed immediately as 
soon as the breach happened. I was kind of flying blind, creating breach parameters for the 
model development that first day. But two or three days in, Chris Warren and his team had 
survey boats out there and they talked to field personnel to establish the timing of the breaches. 
So, they were able to give us a better estimate of how long it took things to fail and develop. 
And they also provided the final breach bathymetry which ultimately helped us put a cap on 
what those breach parameters looked like. It gave us the width and the depth and all that. 
 
Question:  
From a risk perspective, were the chemical plants downstream incorporated into the overall risk 
assessment? 
Ed Stowasser:  
I am sure they would have been. Our objective here was just to provide inundation mapping. 
Chemical plants would have been identified in the consequences part. The RMC study would 
probably include such studies of the chemical plants and activities downstream.  
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3.7.2  Presentation 3B-2: Developing a Framework for Flood Barrier Testing Strategies 

Authors: Zhegang Ma1, Sai Zhang1, Chad L. Pope2, Curtis L. Smith1, 1Idaho National 
Laboratory, 2Idaho State University 
Speaker: Zhegang Ma 
3.7.2.1  Abstract 

The U.S. Nuclear Regulatory Commission (NRC) has developed regulations regarding the siting 
and design of nuclear power plants (NPPs) aimed at providing safety from various natural 
hazards, including flooding. Flood barriers are designed to prevent water from entering NPP 
areas containing safety important systems and components. They are used at NPPs along with 
drains, sumps, pumps, valves, plugs, and site grading as part of the plant flood protection 
features that prevent SSCs from experiencing external or internal flooding and mitigate the 
effects of flooding on NPP operations. However, performance of flood protection features, 
including flood barriers at NPPs, has long been an ongoing safety concern. Domestic and 
international operational experience (OE) provides clear indications that flood barrier 
performance has significant safety implications, especially as a reactor fleet ages. These OEs 
show that, to provide reasonable assurance that flood barriers will perform their intended 
functions in the event of flooding, not only should they be designed and installed properly, but 
also adequately tested, inspected, and maintained. The objective of this research is to identify 
and assess options and develop strategies for testing NPP flood barriers. It reviewed available 
information related to flood barriers employed at U.S. NPPs and provided an overview of on-site 
permanent flood barriers (e.g., penetration seals, water-tight doors) and temporary flood barriers 
incorporated into the plants. The research identified potential domestic and international flood 
barrier testing facilities, including operating and decommissioning U.S. NPPs. Finally, the 
research presented a list of questions and considerations related to flood barrier testing such as 
the selection of flood barriers, the test location, mediums, acceptance criteria, and parameters 
that can be used in developing specific testing strategies and protocols for flood barriers. 
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3.7.2.3  Questions and Answers 

Question: 
You mentioned the Idaho State facility and it looked like it was testing watertight doors. Do you 
think it could be used to test other flood barriers like stop logs or penetration seals? 
Zhegang Ma: 
Yes. 
 
Question: 
Could you speak about some of the challenges that you would encounter with harvesting flood 
barriers from existing sites, aged barriers? 
Zhegang Ma:  
Some of the challenges would be coordinating with operating or decommissioning plant staff 
regarding these barriers. Another challenge would be getting the barriers out of the plants intact 
if you want to do ex situ testing in a lab setting. And also making sure the ex situ testing would 
be reflective of plant conditions.  
 
Question: 
Has there been any testing on the time of installation of different types of temporary barriers 
during the warning time of an incoming storm? 
Zhegang Ma:  
I am not aware of any. But for some for the temporary barriers, they are mostly commercial 
products and may come with manufacturer specifications. These specifications could provide an 
answer to this question.  
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3.7.3  Presentation 3B-3: Qualitative Risk Ranking Process of External Flood Penetration 
Seals 

Author: Marko Randelovic, Electric Power Research Institute (EPRI) 
 
Speaker: Marko Randelovic 
3.7.3.1  Abstract 

Preventing water from entering into areas of NPPs that contain significant safety components is 
the function that various flood-protection components serve across the industry. Several types 
of flood barriers, both permanent and temporary, are used at NPPs. These barriers include 
external walls, flood doors, and flood barrier penetration seals (FBPSs) that allow cables, 
conduits, cable trays, pipes, ducts, and other items to pass between different areas in the plant. 
A comprehensive guidance on the design, inspection and maintenance of flood-protection 
components has been assembled in EPRI’s technical report “Flood Protection System Guide”. 
This document includes information related to these topics for a variety of flood-protection 
components, while focusing specifically on FBPSs. The NRC-RES has initiated a project to 
develop testing standards and protocols to evaluate the effectiveness and performance of seals 
for penetrations in flood rated barriers at nuclear power plants. EPRI is currently developing a 
qualitative risk ranking process for the plants to categorize, or “risk-rank” installed penetration 
seals according to the likelihood and consequence of seal failure(s) considering the various 
metrics regarding seal condition, design, and location. In addition to identifying potentially risk 
significant FBPS for prioritization of surveillance and/or replacement, plants performing an 
external flood probabilistic risk assessment (PRA) may use this process to identify which 
penetrations may need to be explicitly modeled in the PRA. The intent of this guidance is to 
provide a process to categorize and rank penetration seals with regard to likelihood of failure 
and the significance of a loss of the penetration sealing capability. 
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3.7.3.3  Questions and Answers 

Question: 
Are there plans to make the work from this project publicly available? 
Marko Randelovic:  
I believe so. The report is currently undergoing internal review. Then the report is going to be 
published this year or early next year. 
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Question: 
In the presentation you mentioned that it was particularly focused on exterior boundaries, so 
does that basically mean anything but internal walls and ceilings and floors? 
Marko Randelovic:  
So, it does start with the external boundaries, because some users might only be interested in 
the external boundaries to see what seals would leak and what seals would fail. But in the Step 
2 in the report, we are going to room-to-room flooding. So, we're considering the internal effects 
on the seals, the loads on the seals, and we're looking at the external seals as well. 
 
Question: 
Have any plants/utilities tried to apply the draft procedure? If so, any feedback to share?  
Marko Randelovic:  
No, the plants have not tried yet. We're still addressing comments and then we will be having 
some potential reviews with volunteers from the industry. 
 
Question: 
So, does the process include things like the number of drains, pumps, sump pumps on the one 
side of the barrier? 
Marko Randelovic:  
Yes, it does include it.  
 
Question: 
Was age of the penetration seal included in the risk-ranking? 
Marko Randelovic:  
That is a good question. It's very challenging to include the impact of aging. We have discussed 
with very various experts in the industry and we're kind of providing some bounding leakage and 
bounding dislodgement pressure to account for the potential aging of the seal.  
 
Question: 
When you did your inventory of the penetration seals, was it a combination of walk-downs or did 
you rely more on internal documentation? What did you find provided the most information? 
Marko Randelovic:  
We relied on any earlier report done by an EPRI/industry task force.  
 

3.7.4  Flood Protection and Flooding Experience Panel Discussion 

Moderator: Thomas Aird, NRC/RES/DRA 
Panelists:  

John Edward Stowasser, U.S. Army Corps of Engineers (USACE) 
Zhegang Ma, Idaho National Laboratory (INL) 
Marko Randelovic, Electric Power Research Institute (EPRI) 

 
Question (to William Lehman): 
There’s a lot of interest in the scale of the applications of HEC-WAT. You showed us one 
example in the southwestern part United States. Have you tried it in other areas of the United 
States under different climatic conditions and different scales? 
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William Lehman: 
One particularly large study has been performed to support the Columbia River Treaty. That 
study was conducted by the USACE Northwestern Division. It spans three states and includes 
the Columbia and Snake rivers. And of course, it has different climatic conditions. It's looking at 
snow melt, for instance. It's looking at long-term simulations on a large system. Another 
example is the Missouri River. There is a HEC-WAT model that spans the length of the Missouri 
River. That's a pretty big watershed. It’s similar to the Columbia River in terms of its forcings, 
though that does change as it gets into the Midwest. They have a different strategy for their 
stochastic hydrology. We also did a really small one, less than 16 square miles, in Hawaii. A 
very different type of system altogether. So, I would say we span the gambit of large scale to 
small scale with WAT applications. 
 
Question (to Rajiv Prasad): 
One of the issues you brought up was the ability to characterize and get distributions for the 
center, body, and range for the flood hazards. How do you determine how much confidence you 
have that you've adequately characterized the center, body, and range? What steps to take to 
check to see if you have that confidence? 
Rajiv Prasad: 
That you have completely captured the distribution of the hazards in a particular study is a very 
difficult thing to prove; that you have the correct and complete distribution. Now, that said, the 
process that SHAC-F goes through gives you confidence that there have been multiple 
interactions, that the data models and methods have been adequately evaluated not only by the 
project team, but their interactions with both the PPRP and the larger technical community. You 
bring in resource experts (custodians of data) and you bring in proponent experts that tell you 
about the strengths and weaknesses of models. The SHAC-F documentation process gives 
confidence that this whole process has been performed transparently. So that's the only way to 
say that we did our best, we arrived at the CBR of TDI.  If there is evidence later that these need 
to be updated, you can go back, look at all the justifications that were initially used, and then 
update them as necessary. 
 
Question (to Miles Yaw):  
Are you able to use the TVA's risk-informed decision-making approach to look at environmental 
aspects in addition to dam safety? For example, using it during a drought period to regulate 
operation of nuclear and coal-fired power plants in the Tennessee Valley (in addition to the 
dams/reservoirs). What are your thoughts? 
Miles Yaw: 
We can, although I have not been involved in that yet. Risk-informed decision making at TVA is 
relatively young, so it may just be a case of the opportunity hasn't arisen yet. We don't want to 
get in the box where we are only thinking about extreme floods because TVA’s operations are at 
risk from severe and prolonged droughts. That's one of the reasons that we went through the 
dendrochronology analysis, trying to use long-term tree ring studies to look at how dry or wet 
can these periods get? It doesn't fit neatly in the PFHA system, at least in terms of the 
stochastic event sampling. But it does fit in the long-term synthetic hydrology. I showed that plot 
in my presentation, just as an example. There is a very clear correlation between how dry it gets 
and what the maximum ambient temperature is in the river, and that can threaten operations. 
You can also look at water supply reliability, in terms of economics and its impact on 
navigability. It also comes into play when we're looking at risk reduction alternatives at various 
projects. In Tennessee Valley, TVA operates 10 head-water reservoirs, and they have this 
equitable balancing scheme where waters are released late in the summer equitably between 
the reservoirs to meet minimum flow requirements on the lower mainstem of the river. If you 
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were to have a risk reduction activity at one dam that takes storage out of the cumulative 
reservoir storage, you may have jeopardized your ability to meet minimum flow requirements 
downstream. So, the modeling system really allows us to balance all the objectives across the 
entire system to meet environmental or navigation, or any one of TVA's operations. 
 
Question (to William Lehman): 
I'm interested in the use of HEC-WAT by other agencies. For instance, yesterday we heard 
about the USGS doing a study in the Delaware River basin. Are you using any of your models to 
help the USGS do their study of that watershed? 
William Lehman: 
I'm not sure I know exactly which Delaware River study you're referencing (it gets studied a lot). 
I'm not aware of USGS using HEC-WAT on the Delaware. However, FEMA is considering a 
project to model the entire state of Delaware with HEC-WAT, which will include part of the 
Delaware River basin. We do work with other agencies when it's appropriate and would support 
that as far as it is fit for purpose.  
 
Question (to William Lehman): 
I’m interested in how to integrate external hydrologic events in HEC-WAT. How adaptable and 
how flexible is your modeling framework to bring those external events in? 
William Lehman: 
In general, that's why we developed the stochastic data import tool, to allow for any kind of 
externally developed hydrology to be imported into HEC-WAT. Our hydrologic sampler and 
other event-generator-type plugins also allow for the user to specify boundary conditions 
however they see fit. The hydrologic sampler is robust for precipitation and flow under a couple 
of different sampling schemes. We see it as a generic tool that could be applied pretty much 
anywhere, even internationally. It just depends upon the particular use case. Also, we are 
interested in supporting non-agency tools. For instance, there's a RiverWare plugin. If you don't 
want to use HEC-ResSim you can use RiverWare instead within our system. 
 
Question (to Rajiv Prasad): 
Has anyone attempted to use SHAC-F for a variety of situations? For instance, have you 
applied it or are other organizations trying to apply SHAC-F? What is your experience in 
applying it? 
Rajiv Prasad: 
The short answer to that is we have not yet. This study was funded by NRC and was looking 
particularly at NRC applications. We haven't done a study yet that uses SHAC-F in its entirety. 
There are certain aspects of SHAC-F that you could adopt in any probabilistic flood hazard 
assessment. But, for now we can’t point to one study that was performed using the whole 
SHAC-F process. 
 
Question (to Rajiv Prasad): 
Because you are with a Department of Energy (DOE) National Laboratory, I’m curious if you 
have thought about applying SHAC-F at the Savannah River Site or at Idaho National 
Laboratory. Have you talked to anyone at DOE looking at their requirements for flood 
assessment and moving towards a risk informed approach? What are your thoughts? 
Rajiv Prasad: 
Not yet. There are some modifications to DOE standards that have happened over the last few 
years. There is an appendix to a DOE Handbook that addresses performing probabilistic flood 
hazard analysis that reads very similar to the way SHAC-F might come across. But I'm not 
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aware of anybody doing that. That handbook is not a requirement for DOE sites. DOE Standard 
1020 is a requirement, but it doesn't really specify how you should go about doing a PFHA. That 
said, INL is currently performing an extreme precipitation analysis and they are moving ahead 
this year to an extreme flood analysis for their Advanced Test Reactor site. I am helping them a 
little bit on the review side of it. They may adopt some of the PFHA techniques, but I don't think 
they're doing SHAC-F yet. 
 
Question (to Miles Yaw):  
You seem to have a very complex modeling framework for the Tennessee Valley. You have 
many sub basins. The question I'm thinking about is forecasting. Do you do a weekly forecast? 
A monthly forecast? What do you do about being prepared? One of the issues the NRC is faced 
with is that industry says that they have what's called a FLEX approach, in which if something 
were to happen, they could respond quickly with regard to flood protection measures. How 
much lead time would TVA have given an approaching storm? 
Miles Yaw: 
That gets brought up a lot, but I'm going to caveat my answer because I am not a forecaster. 
TVA has a river forecast center that is manned 24/7. They look at rainfall of course. My 
impression is that forecasts are very uncertain. If you look at a 72- hour forecast in various 
basins, it will typically have a long-term bias, either under prediction or over prediction. TVA's 
general rule of normal daily operations is that we respond to rain on the ground. You don't want 
to lower the reservoir by a couple feet in the middle of your summer pool because you think that 
you're going to get a big storm event and then not get that storm event. That doesn't make 
people very happy. The reservoirs are, by and large, able to withstand and operate well for 
reasonably common storms or even relatively rare storms. It's when you get very extreme 
events that things really start to become a problem and you really need to hit the capacity of 
reservoirs. The other thing is that many of the tributary reservoirs have big pools with very little 
spigots at the bottom. If you can only get a few thousand cubic feet per second (CFS) out of 
your turbines and you have a million acre feet behind your damn, a two-day lead time on the 
forecast isn't going to be a large impact on reservoir storage. But as you work downstream that 
becomes less and less true. We have bigger main-stem dams that have less storage and very 
large capacities and so you can start to buy yourself something there. For those reservoirs also, 
the storm hydrographs take a little bit more time to develop so that maybe is a roundabout way 
to tell you “It depends”. 
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3.8  Day 3: Session 3D – Poster Session 

3.8.1  Poster 3D-1:  Investigating Current and Future Precipitation Frequency Estimates 
for the State of Maryland: Challenges of Applying Machine Learning for Temporal 
Downscaling of Climate Model Projections 

Authors: Azin Al Kajbaf, Michelle T. Bensi, Kaye L. Brubaker, University of Maryland, Civil & 
Environmental Engineering 
Presenter: Azin Al Kajbaf 
Abstract: 
Climate change has altered the meteorological and hydrological characteristics of precipitation 
events in recent decades; extreme rainfall events appear to be occurring more frequently. The 
contiguous United States has experienced an increase in mean average precipitation in each 
decade (1951-2013). Increasing trends in extreme precipitation events are more pronounced in 
the Northeast of the United States. Associated with this trend, Maryland communities have 
experienced multiple flash flood events (e.g., Ellicott City flash floods in 2016 and 2018); these 
impacts are expected to worsen due to climate change. This study analyzes current and future 
climate Intensity/Depth Duration Frequency (IDF/DDF) for the state of Maryland using the North 
American Regional Climate Change Assessment Program (NARCCAP) model output at 50-km 
spacing. The high-resolution projections of precipitation generated by NARCCAP, provided in 3-
hour intervals, must be temporally disaggregated to obtain IDF/DDF curves for shorter duration 
rainfall events. This study implements multiple Machine Learning (ML) algorithms, including 
Artificial Neural Network, Boosted Trees, and Support Vector Regression, to map 3-hour 
precipitation to durations of 2 hours, 1 hour, 30 minutes, and 15 minutes. The ML models are 
trained using observational data, then applied to NARCCAP output. Challenges are discussed, 
including missing data in observations used for training the ML models, selecting the best ML 
model, and selecting appropriate performance metrics. Response functions are presented for 
further investigation of the behavior of the ML models under varying inputs (e.g. daily 
precipitation, maximum daily temperature). 
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3.8.2  Poster 3D-2: Riverine Flooding HEC-WAT Pilot Project Dam Break Modeling 

Authors: Brennan Beam, William Lehman, Sara O’Connell, David Ho, U.S. Army Corps of 
Engineers, Hydrologic Engineering Center 
Presenter: Brennan Beam 
Abstract: 
This poster describes how the Hydrologic Engineering Center's Watershed Analysis Tool (HEC-
WAT) is being used to include dam failure in their probabilistic flood hazard assessment (PFHA) 
process. The technical details associated with viewing a system wide dam failure for a single 
event and how that integrates into a broader Probabilistic Flood Hazard Assessment within 
HEC-WAT is the primary focus of the poster. 
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3.8.3  Poster 3D-3: Nationwide (USA) Pluvial Flood Modeling via Telemac2D 

Author: Max Kipp, Leo Kreymborg, Mike DePue, Atkins North America 
Presenter: Max Kipp 
Abstract: 
FEMA has estimated that approximately 40% of flood damages are due to pluvial flooding, 
which occurs when locations with small drainage area experience excessive accumulation of 
direct rainfall runoff. These floods are typically shallow and low-velocity, but can cause 
significant damage and disruption. In 2018, Atkins developed an automated workflow to run 
pluvial models en masse, using Telemac2D as the model engine. Telemac2D is FOSS 
maintained by a consortium of EU and UK organizations. Atkins first piloted the workflow in 
South Carolina before applying it to vast areas of the United States (anywhere that high 
resolution ground DEMs were available). The total modeled area to-date is about 1.7 million 
square miles, covering about 82% of the population of the USA, including portions of 50 states, 
DC, and major territories. Each state was broken into small independent basins and covered by 
a triangulated mesh, with node spacing between 11 and 15 meters. A 6-hour nested hyetograph 
was generated at each node using NOAA data, for four events: 2yr, 10yr, 100yr, and 1000yr. 
Basins were processed in parallel via cloud computing (Google Compute Engine), with 
concurrent CPUs as high as 5,000 physical cores’ equivalence, allowing speeds of about one 
USA state per day. Final depth rasters have 3-meter pixels and are approximately 8 terabytes, 
compressed. FEMA has begun using the data in comprehensive risk calculations. In addition, 
the results are being leveraged by Atkins’ City Simulator, which has allowed Boulder, CO to 
receive a grant from FEMA to proactively design transportation improvements to mitigate flood 
impacts. The 2yr results are also being used for enhanced identification of wetlands. In 2020, 
this project was selected as one of three finalists in the UK Environment Agency’s Flood & 
Coast Excellence Awards, in the Digital Excellence category, and received a Highly 
Commended Certificate.   
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3.8.4  Poster 3D-4: Combining the Best of Both Worlds, Using Detailed Flood Analyses 
to Inform Rainfall Accumulation Characteristics for the World-Record July 1942 
“Smethport” Storm – Supporting PMP and Flood Frequency Analyses 

Authors: Bill Kappel1, Joe Bellini2, 1Applied Weather Associates, 2Aterra Solutions, LLC 
Presenter: Bill Kappel 
Abstract: 
Applied Weather Associates (AWA) and Aterra Solutions (Aterra) completed a detailed 
reanalysis of the world record rainfall resulting from the Smethport, PA July 1942 storm using 
state of the science meteorological and hydrological techniques. The unique combination of 
work between AWA and Aterra produced updated rainfall accumulation patterns in space, time, 
and magnitude. These updated results were incredibly important for Probable Maximum 
Precipitation (PMP) development in the region, and specifically was required as part of the 
updated statewide PMP study for Pennsylvania. The PMP depths where this storm is 
transpositionable are controlled by this storm. A significant amount of rainfall and flood data 
were available, especially from non-conventional observation types. Because of the 
uncertainties related to the quality of the rainfall data collected, a critical component of the study 
was a hydrologic and hydraulic (H&H) simulation of the watershed’s response. A 2D modeling 
approach (based on shallow water equation solutions) was used to simulate the H&H 
processes; coupled with conventional (lumped and semi-distributed) hydrologic models. The 2D 
modeling approach is physically based, providing greater flexibility in modeling hydrologic and 
hydraulic responses to rainfall events of various magnitudes, intensities, spatial distributions, 
and temporal distributions and over irregular terrain. An important consideration in using 2D 
methods for hydrologic modeling is the mitigation of uncertainties associated with the 
application of generic non-linearity Unit Hydrograph adjustments, typically used in hydrologic 
models to transform runoff to flow hydrographs. We will describe the approach used to develop 
the H&H models, comparisons between modeled and observed flood data, how those H&H 
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investigations allowed the Smethport rainfall to be updated in a more accurate and realistic 
manner, and how those results were applied for PMP development. 
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3.8.5  Poster 3D-5: A Tale of Two Cores: harmonized paleoflood hydrologic data works 
best for estimating flood frequency and magnitude 

Author: Ray Lombardi, Lisa Davis, University of Alabama 
Presenter: Ray Lombardi and Lisa Davis 
Abstract:  
Sedimentological evidence of past floods (paleofloods) provides long records necessary to 
examine extreme floods beyond the observed period. This study examines how the spatial 
variability of flood deposition and preservation over a floodplain affects flood magnitude 
estimations and flood frequency analyses made using paleoflood hydrologic data. We collected 
two sediment cores 500 meters apart from a natural levee at equal elevations along the 
Tennessee River banks near Guntersville, Alabama. We measured grain size from each core at 
a 1-cm resolution. Optically stimulated luminescence dates revealed approximate age ranges of 
50 – 6,500 years calibrated before present (yrs. cal. BP) for the downstream 3.5 m core (BO1) 
and 120 – 8,500 yrs. cal. BP for the upstream 4.18 m core (EL2). Each sediment cores 
contained 15 large paleofloods. Most of BO1 paleofloods occurred in the last 2,000 years, while 
most of the EL2 paleofloods occurred between 2,000 and 5,000 yrs. cal. BP. Four paleoflood 
events correlate across the two cores. These four floods' timing corresponds with paleofloods 
identified by prior paleoflood studies on the Tennessee River. The EL2 site contained fewer 
preserved flood deposits corresponding to the last 2,000 years than the BO1 site. The 
preserved floods from the last 2,000 years at the EL2 site only preserved the largest floods. The 
difference in estimated flood magnitude was < 10% for the four paleofloods found in both cores, 
however. Bayesian flood frequency analyses conducted for each site revealed differences in the 
shape of flood curves as a function of site paleoflood record. The EL2 site, which predominantly 
preserved older paleofloods corresponding to a colder and drier past climate, estimated smaller 
discharges for recurrence intervals crucial to flood risk assessments. Findings suggest that the 
"completeness" of the paleoflood record is of importance when applying paleoflood hydrologic 
data to estimates of flood frequency and magnitude.   
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3.9  Day 4: Session 4A – External Flooding PRA 

Session Chair: Joseph Kanney, NRC/RES/DRA 

3.9.1  Presentation 4A-1:  Insights, Limits and Projections for EDF’s External Flooding 
PRAs 

Authors: Jeremy Gaudron, Cecile Luzoir, Électricité de France (EDF) 
Speaker: Jeremy Gaudron 
3.9.1.1  Abstract 

Following the Blayais flooding event in 1999, EDF undertook to improve its defenses against 
external flooding for the full French nuclear fleet. External flooding protections consist of several 
levels of barriers installed either permanently or temporarily depending on the flood 
phenomenon that is involved. The 2011 Fukushima event further led to enhancements of 
protections against extremely rare flooding events. Current protections against external flood at 
EDF NPPs generally consist in peripheral protection, volumetric protection for underground 
structures and proximal protections as well as alert systems and preventive procedures. Since 
2016 and the 4th decennial safety reassessment of the 900 MWe series, EDF began developing 
external flooding PRAs for relevant flood phenomena. The first versions of these PRAs have 
been limited to riverine flooding and surge events (without waves’ effect). These studies have 
enabled EDF to gain various interesting insights, particularly about plant design against external 
flooding and the numerous benefits of Post-Fukushima enhancements. However, some limits 
have also been underlined especially concerning hazard characterization of extreme values 
which lead to substantial uncertainties. Therefore, the external flooding PRAs’ calculated risks 
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(CDF & FDF) should be interpreted cautiously and their insights must not be distorted by the 
weight of cliff-edge effects. Following these encouraging studies, EDF will continue their 
development of external flooding PRAs by including relevant correlated external flood 
phenomena such as surge event + waves and riverine flooding + short fetch waves. An 
ambitious provisional roadmap has been set for the following years and for the upcoming ten-
yearly reassessments which could be readjusted depending on technical issues. Following 
these new assessments, it could be decided to re-orientate or reduce the scope of relevant 
external flooding PRAs. 
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3.9.1.3  Questions and Answers 

Question:  
Did the French regulator set the regulatory criteria for the PFHA? I think in your presentation 
you said that they require it. What sort of detailed criteria did they prescribe for how you do it? 
Jeremy Gaudron: 
A: Good first question. The only requirement we have is to perform dedicated probabilistic 
studies on relevant external hazards. We don't have any specific criterion. EDF defined its own 
probabilistic goals for each safety reassessment.  
 
Question:  
Please discuss analysis of the groundwater flooding scenario which may occur for long-duration 
external flooding. 
Jeremy Gaudron: 
Do you mean how we deal with groundwater level? We have volumetric protection underground, 
and we assume that it's perfectly efficient. If we do have some groundwater reaching the 
platform, we have more protection above the platform. So, groundwater is not a big priority for 
EDF up to now, due to the existing protections we implemented following the Blayais event. 
 
Question:  
How did you account for the effects of flood duration or other flooding characteristics in the in 
the PRA? 
Jeremy Gaudron: 
When performing external flooding PRAs, we're looking at mitigation means to enable the plant 
to withstand a flood duration of three days. We don't specifically look at what could happen after 
three days of flooding. If the flood lasts more than three days, we assume that we will have all 
the necessary means to protect the plant. In France, we do have potential means to bring in 
external, offsite teams. 
 
Question:  
Where are you getting reliability/fragility data or information to use in your PRAs, especially with 
respect to flood barriers or flood protection. 
Jeremy Gaudron: 
We had to make some assumptions depending on the type of protection. For concrete walls and 
similar structures, we assume that this kind of protection will withstand the flood up to the height 
of the protection. That also applies to any permanent and potential temporary barriers we can 
put on the site. All the concrete walls and all the steel sheet piles we could install are assumed 
to be 100% efficient up to the top level of the protection. It comes from some requirements we 
have and some testing we have performed on those kinds of protections. We evaluate the 
preventive human actions before the occurrence of the events. And we perform human reliability 
analysis (HRA) to assess the probability of failure of some non-permanent protections. 
 
Question:  
You mentioned assuming perfect performance of concrete barriers and things like that. Are 
there any penetrations in those barriers such as seals, and are those accounted for in the 
PRAs? Is reliability estimated for those? 
Jeremy Gaudron: 
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Concerning penetration seals, we do have them. We have specific maintenance on those 
penetration seals. When one of these penetration seals should be opened there is a risk 
analysis performed before any opening. All penetration seals are followed at least once a week, 
I think, by the plants. The flood procedures require checking all the perimeter volumetric 
protections and that includes penetration seals that have a flood protection role. So, we assume 
that they are all reliable when the flood event occurs. We also have some penetration ways that 
could be closed with valves and equipment. For those, as I already mentioned, we perform 
human action evaluations under specific actions. 
 
Question:  
You mentioned that the cliff-edge effect was an important insight from your PRA results, and I 
was wondering to what specific protection features that insight applies? Was it with respect to a 
specific protection feature such as the peripheral protection, the volumetric protection, or 
something else? 
Jeremy Gaudron: 
The cliff-edge effect is due to overtopping of the highest protections we have on each site. 
Those flood protections protect a small number of essential equipment to maintain the plants in 
a safe state. So, the cliff-edge effect is related to the loss of that safety-related equipment.  
 
Question:  
What are the largest uncertainties in your external flooding PRA results? 
Jeremy Gaudron: 
The largest uncertainties are the ones on the hazard. As mentioned in the presentation, we 
have several orders of magnitude in uncertainty when considering the very rare flooding events. 
I mentioned the cliff-edge effect. We put a frequency estimate on the cliff-edge effect, but it's 
just an expert judgment. We can’t clearly say if it's realistic or not. It's quite conservative, in my 
opinion. But we don't have a tool to fully evaluate the uncertainties on this cliff-edge effect.  
 
Question:  
What is FDF?  
Jeremy Gaudron: 
That is the frequency to uncover fuel in the spent fuel pool. We do calculations both for the 
reactor and for the spent fuel pool.    
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3.9.2  Presentation 4A-2: Methodology Developed for the Belgian External Flooding PSA 

Authors: Bogdan Golovchuk, Filip Van Opstal, Tractebel ENGIE 
Speaker: Bogdan Golovchuk 
3.9.2.1  Abstract 

External hazards are in the scope of the Belgian Level 1 Probabilistic Safety Assessments 
(PSA). One of the external hazards to be assessed is external flooding for a river site. The 
methodology described below was used for the external flooding PSA from the Meuse River at 
Tihange nuclear power plant. It can be applied for both reactor and spent fuel pool PSA. The 
methodology was organized in 10 tasks and consists of the following elements:  

• Task 1 - “Hazard curve characterization” with the primary goal of defining the discrete 
flood level intervals to analyze and with a secondary goal of assessing and reducing the 
epistemic uncertainties linked to the flooding hazard curve;  

• Task 2 - “Structures, Systems, and Components (SSC) identification” with the goal of 
identifying SSCs to be considered in the project;  

• Task 3 - “Site walkdown and topological characterization of the site” with the goal of on-
site data collection;  

• Task 4 - “Tihange site peripheral wall reliability model” with the goal of determining the 
reliability of this wall and of the barriers for preventing water ingress into the buildings;  

• Task 5 - “Water level correlations” which map the relationship between the critical water 
levels and SSC failures;  

• Task 6 - “Human Reliability Analysis (HRA)”;  
• Task 7 - “Additional system analysis and miscellaneous” which in this case is the 

Ultimate Means System (CMU);  
• Task 8 - “PSA consequence definition”;  
• Task 9 - “PSA model integration” which uses the internal events level 1 PSA, and flood 

sequences and flood fault trees to develop an external flooding model; and  
• Task 10 - “Quantification and presentation of the result.  

In addition, sensitivity, uncertainty, and importance analyses will be performed within the Task 
11. The objective is to reach ASME capability category II. 
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3.9.2.2  Presentation (ADAMS Accession No. ML21064A449) 



3-372 



3-373 



3-374 



3-375 



3-376 



3-377 



3-378 



3-379 



3-380 



3-381 



3-382 



3-383 



3-384 

 

3.9.2.3  Questions and Answers 

Question: 
What is an intermediate shut down? 
Bogdan Golovchuk: 
It's a situation when you can still cool down with the steam generator. So, it's for PWRs. You 
can use the shutdown heat removal system, taking water from the primary and putting it through 
the heat exchangers or the steam generators. The pressure is still high enough for you to have 
two different heat sinks. 
 
Question: 
In your analysis of the peripheral wall reliability, do you assess the possibility of increased 
groundwater flow beneath the wall, especially during a long-duration external flooding event? 
Bogdan Golovchuk: 
No, we did not assess anything like this. We looked at foundation design studies and, in 
principle, with respect to the foundations, groundwater is not a problem. If you mean that water 
would start seeping through and appear on site, for that we have a dedicated drainage system 
which can cope with low flow rates. Of course, it wasn't designed for when the world breaks. But 
if you have some-on site precipitation or wind waves overtopping the wall, we have the drainage 
system which can deal with it. For very long durations, we should model it with an increased 
mission time. Then it would boil down to a failure to run during a slightly longer mission time. 
 
Question: 
Is there monitoring outside and inside of the power plant site for groundwater levels of which 
can be influenced by local and external flooding? Is the monitoring part of the hazard alert 
system? 
Bogdan Golovchuk: 
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Actually, we do monitor the groundwater level very closely because we have wells, which are 
used as a redundant ultimate heat sink. In case you lose, for example, water intake from the 
river, you can get water from the aquifer. So, it's very well monitored. 
 
Question: 
OK, but for your heat sink you'd have low-level alarms. Do you have high-level alarms as well 
which can play for the flooding question?  
Bogdan Golovchuk: 
Yes, I believe so, because there are underground galleries. But then again, it's not really the 
focus for us because we were able to screen it out a few years ago. We are focused on the high 
discharge of the river. 
 
Question: 
How do you use the results of the uncertainty analysis of flood hazards in the PSA? Do you use 
a mean flood hazard curve or upper and lower confidence bounds on that mean estimate? How 
do you incorporate the uncertainty?  
Bogdan Golovchuk: 
We use the percentile. We use the mean value plus an error factor. We look at the 5th 
percentile and 95th percentile and we carry that along all the way till the final quantification 
when we run the Monte Carlo simulation. We sample different values on the curve and then we 
plot the distribution of the CDF it gives us. You know, the whole distribution of possible CDF 
values contrary to a point estimate. That’s how we carry it along. 
 
Question: 
Do you follow the beyond-design-basis flood (BDBF) concept from the IAEA? If you accept the 
concept of the BDBF, do you have any protection measures for it?  
Bogdan Golovchuk: 
The anti-flood wall is a post Fukushima measure. I don't remember the original design-basis 
return period, but now it is approximately two orders of magnitude beyond that. So, yes, we’ve 
looked at beyond design-basis.  
 
Question: 
Are there openings in the walls that need to be closed before floodwaters arrive at the site? And 
following on the previous question to Jeremy, are there penetrations that have seals? 
Bogdan Golovchuk: 
Yes, and yes. I'll start with the seals. There are seals and how we model them is pretty much a 
function of how frequently they are inspected. We assume that if they are left unattended, they 
might deteriorate (for example, due to sunlight if they are made of polymers or due to rust). We 
consider them as a potential flood source. As for openings, there is a canal that leads from the 
river to the reactors and the reactor discharges for each of the units. All of this must be closed, 
and properly configured. And then there is a bypass that goes over the wall, to be able to 
release the water back into the river over the wall. Then you also need to isolate all the sewers. 
So, many actions must be performed to make sure that there is no water intrusion. 
 
Question: 
You have outlined a very detailed methodology, so I’m curious about how completely it has 
been implemented.  
Bogdan Golovchuk: 
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PSA is an iterative process. We performed the first bounding study which followed the same 
philosophy. So, I would call it iteration 1, and now we are halfway through iteration 2. 
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3.9.3  Presentation 4A-3: External Flooding PRA Guidance 

Authors: Marko Randelovic1, Raymond E Schneider2, 1Electric Power Research Institute, 
2Westinghouse Electric Company 
Speakers: Marko Randelovic and Ray Schneider 
3.9.3.1  Abstract  

EPRI has developed guidance for performing an external flood PRA for use in the nuclear 
industry. The guidance establishes a structured framework for treating the spectrum of external 
flood hazards and provides background materials and examples for the PRA analyst to use. 
Specifically, the project aids the PRA analyst in: 

1) Defining and characterizing the external flood hazard, considering event and plant-
specific issues. 
2) Estimating external flood hazard frequencies. 
3) Developing external flood fragility curves for flood significant Systems, Structures, and 
Components (SSCs). 
4) Preparing an external flood event tree, including consideration of actions preparing 
the plant for the flood, mitigating the flood hazard, and responding to random and flood-
induced failures of initial flood mitigation strategies. 

Guidance is being developed to be consistent with expected future requirements of the 
ASME/ANS PRA Standard. To facilitate understanding simple hypothetical example applications 
illustrating the interface with the probabilistic flood hazard assessment (PFHA), parsing the flood 
analysis to characteristic event frequencies and the development of various PRA flood event 
trees and overall quantification overall process. Specifically, this presentation provides an 
overview of the content of the guidance with emphasis on the interface with the PFHA. 
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3.9.3.3  Questions and Answers 

Question: 
Did you evaluate your flood and structure systems and component response PRA using real-
time data from the Fort Calhoun flooding conditions and mitigation over the long-term flood 
inundation? To paraphrase, did you use the Fort Calhoun flooding experience in developing 
your PRA guidance?  
Ray Schneider: 
Absolutely. One reason we got involved in external flood PRAs is that we supported Fort 
Calhoun with its flood issues well before the actual flood event, post-Fukushima. We developed 
an external flood PRA using U.S. Army Corps of Engineers dam failure information in advance 
of the flood event. We helped develop procedures because of insights we learn from that.  So, 
all that information was the impetus for doing this. There were a lot of lessons learned in the 
process, both in predicting the possible events that could occur, and then living through the 
events that did occur and determining the various organizational interactions and behaviors. 
The Fort Calhoun process had FLEX actions before FLEX actions were formalized. We knew 
we needed to mitigate the event with other portable equipment for serious hazards. In short, all 
that information was factored into the thinking and structure and the needs and our insights from 
that was in this process.  
 
Question: 
Were there other significant operational experience that you also considered and included?  
Ray Schneider: 
Blayais was certainly an instructive example of storm surge.  Fort Calhoun was the riverine 
example, with dam failure flooding potential. Site precipitation was an issue there. And then we 
also looked at the understanding of what happened at Blayais due to the coastal storm. Since 
then, we've been following other kinds of issues like the SDP at St. Lucie, missed seals impacts. 
There were a lot of insights that factored into this from both real and hypothetical events.  
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Question: 
Is EPRI guidance subject to any regulatory approval? 
Marko Randelovic: 
We don't have the specific process to have regulatory approval for EPRI guidance, but there are 
exchanges with the regulator. For example, we have a research collaboration MOU with the 
NRC Office of Research. When we work together under the MOU there's usually review by the 
regulator, and sometimes the endorsement of different EPRI documents. For this effort, we are 
still in the working phase, and we expect we will be having reviews from NRC Research. Once 
we are completed, we then will see how we proceed with the guidance.  
Joseph Kanney (NRC):  
I'll just add to that to say that there's not any specific regulatory approval required but the NRC 
does from time to time endorse guidance that has been developed externally, for example, by 
EPRI or by industry (e.g., the Nuclear Energy Institute). There are mechanisms by which the 
NRC can endorse, in whole or in part, somebody else’s guidance. 
 
Question: 
Are you also considering combined effects or compound events in the guidance?  
Marko Randelovic: 
Yes. For example, for the storm surge we're also considering high winds. The high winds in our 
example would potentially challenge the offsite power. So, we have the discussion of 
challenging wind conditions in the storm surge event regarding the loss of offsite power. High 
winds would also have potentially wind-driven missiles at this site, so that would require other 
types of analysis. We are not going deep into that, but we are providing guidance on how this 
could be done if needed. 
 
Question: 
How do you treat passive flood seals? Are those treated probabilistically? Is a failure probability 
is assigned to them with some appropriate distribution or they are they assumed not to fail? 
Marko Randelovic: 
For those who followed the presentations yesterday, we discussed that EPRI is working on a 
penetration seal qualitative risk ranking process where we gathered data and expertise from the 
industry. I would not call this a fragility curve. I would call this a curve that says what seals leak 
at what pressure and what seal potentially dislodges at what pressure. We are adding this type 
of discussions in the guidance. There is no distribution. We don't have fragility in those terms. 
But we have some discussion on, you know, if you have this level, this type of seal may leak a 
little bit or here is how much it might leak. If you have this level and you're fully submerged and 
we know that potentially that seal may dislodge completely then we are advising to consider the 
full dislodgment of the seal. 
 
Question: 
What kind of regulatory requirements require this kind of PRA for flooding and with what kind of 
QA system is applied to your program in developing the PRA for flooding? 
Marko Randelovic: 
I think Joe that maybe a question for the NRC.  
 
Joseph Kanney (NRC):  
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I'm not a PRA person, so if there's an NRC PRA person online, please jump in. But as far as I 
know we do not require PRA. If licensees choose to use a PRA, we do have guidance on the 
acceptability of PRAs. But as far as I know, we don't require a PRA for flooding. 
Ray Schneider: 
You're right, it's not required, but it is handled in the ASME standard along with PRAs for high 
winds and PRAs for seismic as well. So basically, if it's needed to justify a certain condition or 
for regulatory process. Otherwise, it would follow the ASME standard so and that's normally the 
guidance for accepting the PRA capability. 
Joseph Kanney (NRC):  
Jeff Mittman has offered to provide some information on NRC requirements for PRA. Jeff is a 
PRA analyst in the Office of Nuclear Reactor Regulation. So, again, we are speaking 
generically. No plant specific information, just general information. 
Jeff Mittman (NRC):  
I'm a senior reliability and risk analyst with NRC/NRR. There are currently two categories of 
plants. There's the existing fleet that were that were licensed and are regulated under 10 CFR 
Part 50, and there's two new reactors that are being built under 10 CFR Part 52. For the old 
plants, the Part 50 plants, there's no regulatory requirement to have a PRA across the board. 
However, if the licensees wish to use risk informed applications (which is voluntary), there are 
requirements to have a PRA. The individual applications will look at the specific hazards and 
decide which hazards are applicable and which ones aren't for that particular risk application. 
For the Part 52 plants that are being built, there is a requirement to have a PRA. I don't know 
specifically what the requirements are as far as external events go for the Part 52 plants. My 
educated guess is that there are requirements to evaluate flooding hazards and to include in the 
PRA those hazards which are deemed credible or possible. 
 
Question: 
Does EPRI plan to submit this guidance for NRC review and endorsement? 
Marko Randelovic: 
We are still in the development process, and I haven't thought about that. Potentially we would 
share the guidance with NRC Research under the NRC-EPRI MOU. We would discuss and 
resolve the potential comments. 
 
Question: 
Can you elaborate on the extent of guidance to be provided in the external flood hazard 
assessment portion? Will the guidance provide for all the different flooding mechanisms? How 
will it differ from current guidance in the ASME standard?  
Marko Randelovic: 
For now, we have included three flooding mechanisms in the guidance.  We have riverine 
flooding, storm surge flooding, and LIP. What we are saying in the guidance is that the owner of 
the plant is to develop their own site-specific hazard curves. Since we have so many members 
all over the world, we're not developing the guidance for any particular site. We have the 
methodologies on how to develop hazards hazard curves. So, in this guidance we're just 
referencing those different methods. We are saying: if LIP, riverine flooding, or storm surge is 
one of the conditions that you have to deal with, please refer to those reports and develop your 
own hazard of curves. 
 
Question: 
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What are the EPRI recommended guidelines for using the uncertainty in the flood hazard 
estimates in establishing the hazard scenarios for the PRAs. Do you use the uncertainties to 
develop different hazard scenarios as input to the PRA? 
Ray Schneider: 
Yes, you need the uncertainties in the in the hazard. The main challenge is it's more than just a 
hazard curve. We need to break it into scenarios. Either we could propagate the uncertainties 
through or break up the hazard, weighting it based on details of the uncertainty. Say, 5% or 10% 
of these may be very high with this mean value, and then some may be lower and then 
propagate those in separate scenarios. Both would be reasonable ways of dealing with that, but 
the hazard uncertainty must be included because that's an important piece of the puzzle. 
 
Question: 
Could you describe the QA system that is applied for the PRA of flood hazards? 
Ray Schneider: 
It shouldn't be any different than the QA for PRA of any other external hazard.  We're not 
requiring SHAC-F if that's what you mean. We believe it’s the hazard analysts’ role to determine 
the QA for the hazard. But once the hazard has been defined, we go through the standard 
quality assurance that you do for PRA and in general, throughout the industry, following the 
standard, peer reviews, and internal validation. 
Marko Randelovic: 
We don't have a specific requirement in the guidance. For each of the pieces there are different 
standards, different requirements, and those may vary from country to country. Each country 
should use their own regulations and their own requirements to meet their standards. This 
guidance methodology just provides an approach of how to combine all the pieces together and 
how to create scenarios, run the scenarios, and what risk insights you're gaining. 
Joseph Kanney (NRC):  
I would like to add that NRC regulations require that applicants and licensees have a QA 
program and when they submit information to the NRC for licensing purposes, they need to 
develop that information or analysis you under that required QA system. 
 
Question: 
Has an external flood PRA considering tsunami been developed for NPP sites? 
Marko Randelovic: 
We currently do not have a guidance that addresses tsunami. I’m not sure about the NRC. 
Joseph Kanney (NRC):  
NRC Research has published several reports on tsunami hazard analysis, but most of that 
research has been devoted to deterministic methods. Tsunami has been considered for a few 
coastal sites in the U.S. but, as far as I'm aware, it has not been addressed probabilistically to 
this point in submittals that NRC has reviewed. 
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3.10  Day 4: Session 4B – Special Panel Discussion: Drivers of Uncertainty in 
External Flood Probabilistic Risk Assessment 

Session Chair: Michelle (Shelby) Bensi, University of Maryland 

Panelists: 

Fernando Ferrante, Electric Power Research Institute (EPRI) 
Norberto Nadal-Carraballo, U.S. Army Corps of Engineers (USACE) 
Kit Ng, Bechtel Corporation 
Jeremy Gaudron, Électricité de France (EDF) 
Bogdan Golovchuk, Tractebel ENGIE 
Ray Schneider, Westinghouse Electric Company; 
Curtis Smith, Idaho National Laboratory (INL) 
Jeff Mitman, U.S. Nuclear Regulatory Commission (NRC) 

 
Panel Discussion Overview: 
 

Our fundamental understanding of external flooding hazards, sources of uncertainty, and 
nuclear power plant (NPP) response strategies has increased in recent years. 
Nonetheless, significant uncertainties remain associated with external flooding 
probabilistic risk assessment (XFPRA). These include uncertainties related to: (1) 
characterization of hazard severity, frequency, and temporal evolution; (2) the impacts of 
hazard events on NPP structures, systems, and components; (3) event progressions; 
and (4) the close coupling of the physical aspects of hazards with human performance. 
In existing XFPRA practice, knowledge gaps have been addressed via conservative 
assessments, expert judgment, or simplified models and assumptions. There have been 
overall enhancements in many aspects of NPP probabilistic risk assessment (PRA). 
However, it remains challenging to represent the spatially and temporally dynamic 
nature of flood events within existing PRA modeling tools. Further, the current PRA 
frameworks reflected in existing guidance and standards (initially developed with a focus 
on internal events) are not inherently able to accommodate some of these unique 
characteristics. Improvements in model realism (through understanding, assessment, 
and/or reduction of uncertainties) can yield important safety and operational insights 
through enhancement of plant response procedures and expand the usefulness of 
XFPRA to assist in evaluating alternative response strategies. Limited resources are 
available to support uncertainty reduction efforts, and there is a need for a risk-informed 
strategy to identify, characterize, and prioritize drivers of hazard uncertainty. This panel 
session will bring together experts in multiple aspects of external hazard PRA to discuss 
these drivers of uncertainty as well as opinions regarding the future direction and 
potential benefits of efforts to improve model realism and reduce uncertainties. 

3.10.1  Moderator Introductory Remarks (Shelby Bensi) 

Speaker: Shelby Bensi, University of Maryland 
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3.10.1.1  Presentation (ADAMS Accession No. ML21064A451) 
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3.10.1.2  Transcript 

Slide 1 
Hello and welcome to our panel session on drivers of uncertainty in external flood probabilistic 
risk assessment.  
 
Slide 2 
I'm Shelby fancy and I'm an assistant professor in the Department of Civil and Environmental 
Engineering at the University of Maryland. I'll be serving as facilitator for this panel session and 
here on the screen you can see the set of experts that will be participating in our panel 
discussion. Each of these panelists will introduce themselves in just a moment, either via pre-
recorded mini presentation or a live introduction. Unfortunately, due to an emergent issue, Kitt 
Ng from Bechtel will not be able to participate in our live discussion, but she was part of the 
team that prepped for this. 
 
You've already heard from a number of folks on the panel, so you probably can tell that this 
panel session brings together experts with experience and knowledge in multiple aspects of 
external flooding PRA, including topics ranging from hazard assessment to human performance 
to using existing and innovative PRA tools. Our goal today is to discuss the drivers of 
uncertainty and other challenges in external flooding PRA. We’ll also discuss our panelist 
opinions and, hopefully, the opinions of audience members on future directions in external 
flooding PRA, as well as potential benefits of efforts to improve model realism and reduce 
uncertainties.  
 
While we've prepped a few questions to kick things off, we hope to hear from members of the 
audience and invite everyone to pose questions, and offer their thoughts, insights, and opinions 
during our panel discussion. We will be monitoring the chat window throughout the session.  
 
Slide 3 
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I would like to note that our interest in the thoughts and opinions of everyone here in this 
workshop doesn't end after this panel session. This panel session is inspired by an ongoing 
research project supported by the U.S. Department of Energy, Nuclear Energy University 
Program. This project is a collaboration between the University of Maryland, Virginia 
Commonwealth University, Westinghouse, and Idaho National Lab here. On the right side of the 
screen, you can see our project team members as well as their affiliations. This project is 
focused on development of a strategy for identifying and prioritizing sources of uncertainty in 
external hazard PRA. This includes hazards beyond flooding, such as earthquakes and high 
winds. The goals of the project include identifying significant sources of uncertainty in external 
hazard PRA, isolating and assessing the effects of key sources of uncertainty on multiple 
aspects of plant response, and then integrating those insights to develop a risk-informed 
prioritization process. 
 
One of our first project tasks includes stakeholder outreach. This has naturally been challenged 
a bit by the current restrictions on in-person meetings, but we also had the opportunity to 
engage with experts via virtual workshops and expert discussions. So, if in addition to weighing 
in as part of this panel discussion, you're interested in sharing your thoughts and experiences 
with us in more detail, please reach out to me or any member of our project team. 
 
Slide 4 
As we move into our panel discussion, I'd like to take a quick moment, emphasize the broad 
nature of the discussion we will be having. External hazard PRA includes assessment of 
hazards, fragility, human performance in plant response. In today's discussion, panelists will be 
tackling questions related to drivers of uncertainty in external flooding PRA from a range of 
perspectives. This includes uncertainties from both the physical and mechanistic processes 
associated with flooding, as well as how these processes are mapped into the PRA. For 
example, from the perspective of physical and mechanistic processes, we plan to discuss: (1) 
uncertainties associated with the characteristics of flood events, including flood heights, waves, 
temporal duration, and other affects; (2) the spatially varying effects of the hazard on the site; 
and (3) the potential for damage or failure of external components such as flood barriers as well 
as failures of internal barriers and the effects of floodwaters on internal components. We’ll also 
discuss the ways that events can progress, the types of decisions that organizations may have 
to make, and how humans may perform during flood events.  
 
As I mentioned, beyond just the physical event impacts and progression, we’ll also tackle 
uncertainties that arise from the way that we map these physical effects into the PRA. This 
includes the capabilities and limitations of existing tools. From that perspective, we will consider 
the ways in which we probabilistically characterize flood hazards, which of course you've heard 
a lot about this week, as well as the spatially varying effects of the flood. We’ll address fragility 
modeling and the treatment of random failures as well as event sequences in the PRA. This is 
going to be a pretty broad discussion, so we look forward to hearing from an equally broad 
range of voices, whether that's from the panel or people speaking up in the chat.  
 
Next up, we'll hear intros from our panelists and then get started with the discussion. 
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Speaker: Curtis L. Smith, Idaho National Laboratory (INL) 
3.10.2.1  Presentation (ADAMS Accession No. ML21064A452) 
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3.10.2.2  Transcript 

Slide 1 
Hello, I'm Curtis Smith, division director for Nuclear Safety and Regulatory Research at Idaho 
National Laboratory, and I'd like to give some thoughts related to uncertainty and external 
events, specifically, flood risk and some of the drivers that we see in that space. 
 
Slide 2 
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I think it helps to kind of take a half step back and talk about uncertainty and how we capture 
that in current risk models. On this slide you see I have a notional representation of what a 
scenario is. We typically say we understand how the plant is going to operate and there's upset 
conditions. We want to represent those upset conditions. The boundary conditions we capture in 
terms of the plant design and operation. But ultimately, we will then pick initiating events, in this 
flood would be the initiator. And then following that we look at what could happen to the plant in 
terms of plant response and then systems and structures components. How we represent those 
parts of the scenario depends on which tool. Largely a lot of these analysis take place as fault 
tree entries to represent accident scenarios. We could also simulate directly events such as 
flood. So, it's important to think about what the characteristics of a flood risk model are. The 
middle part here, in terms of the constituent parts of the analysis, gives you a sense of some of 
the complexity that you'll see. Obviously, we need to be able to understand the hazard, the flood 
itself, the frequency of that. But then also what happens to the plant after that. So, things like 
debris, where does the water migrate? Do we impact multiple components, for example 
because of the water? And do things fail ultimately because of this specific hazard through 
things like flood fragilities? So, each of these boxes brings up a different kind of discussion 
related to uncertainties. It's important, I think, to contrast what we currently do with other kinds 
of risk models, for example, Level-1 internal events. I call that a sort of 1-dimensional problem, 
because, if you look at the uncertainties and how we characterize those, it's fairly simple. We 
come up with parameters and those parameters have distributions. We have analysis to look at 
those distributions, but essentially, it's accounting process. We count events, number of 
demands, events per time, whether it be initiating event or failure rates. Where we don't have 
data, we tend to focus on expert elicitation. Those handful of data and observations or 
elicitations drive the uncertainty for Level-1 internal events. That's different if we look at external 
events, specifically flooding. It's a multidimensional problem.  
 
Slide 3 
What do I mean by that? Unlike the counting process found in other types of PRAs, in flood 
analysis, we need to look at the time element, the space element, and physics of the water flow. 
Where is it going to go? When is it going to impact? What is it going to damage? And then the 
fact that these scenarios can be complex themselves, just representing those is a type of 
uncertainty that we would like to capture. Fortunately, we have approaches that can start to 
tackle these characteristics. Another thing that's unique here, especially for external hazards 
like floods, we have very large region that we could be talking about. A regional scale 
watershed, for example, impacting clear down to a plant specific unit. So, this notion of different 
levels in terms of what the analysis may have to capture is critical because a flood could impact 
an entire site, but ultimately we still have answers to what can happen within a particular unit on 
a particular site. 
 
We can sometimes look at fault trees as is traditionally done but moving beyond that to 
something called computational risk assessment is where we take the risk analysis ideas and 
scenarios and combine that with the physics, in this case physics of water, to really address the 
multi-dimensional aspect of the uncertainties. This is really almost a virtual representation of the 
plant. We don't really know what the scenarios might be a priori, but we let the computer kind of 
unfold the scenarios through time and space and what's going on with the water to figure out 
ultimate outcomes. 
 
Slide 4 
An example here of time, space, physics and complexity is a calculation where we combine a 
two-dimensional watershed code with a three-dimensional physics code representing water, and 
so we're able to look at a specific flood that might impact a hypothetical nuclear power plant. We 
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simply push the button and kind of let the initiating event go. This is actually a dam failure 
representation, but, nonetheless, we traced the water until we either get to a state in the plant 
that's OK or not OK. You can see in this case we have representation of water going through a 
door which could impact components, but we're able to keep track of these water particles, 
what's impacted, when they are impacted and how that might affect things like the core and 
core temperature. 
 
Slide 5 
In summary, and back to the uncertainty drivers within external flood risk assessment, the 
uncertainties are more complex than other types of approaches and other types of models. We 
must hit the uncertainties related to the time, space, physics, and complexity. And within those, 
depending on a specific facility, a specific type of flood, and specific vulnerabilities. What will 
actually drive the uncertainties tend to be plant specific kinds of information. But the kinds of 
questions listed here address and go back to the time, space, physics, and complexity ideas. 
The takeaway thought should be that yes, these uncertainties are real. They can be a 
challenge, but with modern approaches through the computers and the software we have, we 
can tackle these approaches now.  
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Speaker: Ray Schneider, Westinghouse Electric Company, LLC 
3.10.3.1  Presentation (ADAMS Accession No. ML21064A453) 
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3.10.3.2  Transcript 

Slide 1 
I'm Ray Schneider, fellow with the Westinghouse Electric Corporation. I work in the area of risk 
assessment.  Today, in this short presentation, I'd like to talk about the drivers of uncertainty in 
external flood probabilistic risk assessment, and I'd like to talk about that from a PRA analyst 
perspective. 
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Slide 2 
First, I'd like to take a few moments to talk about the objectives of external flood probabilistic risk 
assessment. The external flood probabilistic risk assessment requires a complex integration of 
key features of the flood hazard events affecting a specific site in a quantitative manner to 
sufficiently capture the hazard(s) essential features and uncertainties as they impact the event 
progression at the site, fragility models of relevant onsite and offsite structures, systems or 
components, and human performance actions to prepare the site for the hazard and to take 
mitigation and response actions to address associated plant transients. To do this requires the 
PRA analyst to “squeeze” considerable information from what is generally provided by the 
PFHA analyst in the form of a hazard frequency curve. 
 
Slide 3 
It is the job of the PRA analyst to take the PFHA information and create an external flood hazard 
characterization. This interface is accomplished through the development of a full set of 
constituent flood hazard scenarios which are reflected in the PFHA. Each scenario requires 
quantified estimates and uncertainties for scenario frequency (typically, focusing on the 
distribution tails), scenario timing (including warning times, rate of rise and flood durations) 
necessary to perform human performance assessments, spatial distribution of floodwaters and 
local velocities at critical locations on the site, and the presence of significant coexistent 
hazards, along with associated defects that may occur, along with the flood (including transport 
of debris and sump clogging). All the scenario-based parameters need reasonable estimates of 
the mean and uncertainties associated with these parameters and events.  
 
Slide 4 
The final slide in this short presentation addresses how this information is used. PRAs focus on 
the total quantification of hazard risk. Understanding hazard frequency and severity focuses 
attention on risk-significant events. Flow velocities and periodicity of these flows can impact the 
assessment of barrier integrity and effectiveness and human performance. Knowing timing can 
have significant impact on site protection, event progression, and the ability to correctly estimate 
the likelihood of site protection and the possibility of event mitigation. 
 
Finally, coexistent hazards embedded in the PFHA can create other plant hazards independent 
of the flood that can also affect estimating fragilities of components and human performance. So 
as a parting question, the idea I'd like to leave the audience with is: What's the most effective 
way of the PFHA and the PFHA analyst to provide this information to the PRA analyst. 
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3.10.4.2  Transcript 

Slide 1 
Hello everyone. My name is Norberto Nadal-Caraballo. I am the Coastal Hazards Group Lead at 
the U.S. Army Corps of Engineers Coastal and Hydraulics Laboratory. Today I am participating 
as a panelist in Session 4B: Drivers of Uncertainty in External Flood Probabilistic Risk 
Assessment.  
Slide 2 
Continuing with my introduction, I have been working as a research civil engineer at the Coastal 
and Hydraulics Laboratory (CHL) since 2007. CHL is one of the laboratories of the U.S. Army 
Research and Development Center (ERDC) located in Vicksburg, MS. In terms of my education, 
I have Bachelors, Masters and PhD degrees in Civil Engineering from the University of Puerto 
Rico at Mayaguez. My research interests include the quantification of coastal storm hazards, the 
development of probabilistic hazard analysis frameworks, including joint probability models, 
multivariate correlation models and bias and uncertainty quantification. The characterization of 
extreme storm climatology and numerical hydrodynamic modeling are also critical components 
of our work. In recent years we have been advancing the development of metamodels or 
surrogate modeling of coastal hazards. Other areas of interest are compound coastal and inland 
flooding and coastal storm risk assessment. 
 
Slide 3 
Our main development at CHL is the Coastal Hazard System (CHS), and it's Probabilistic 
Coastal Hazard Analysis (PCHA) framework resolved from the CHS including hazard and 
uncertainty, quantification of storm responses such as storm surge, waves, wind and rainfall. 
CHS results have been widely used in planning studies, economic analysis, and engineering 
design by federal and state agencies, private industry, and academia. 
 
CHS now covers all the U.S. hurricane-exposed coastlines through different regional studies 
including: the North Atlantic and South Atlantic Comprehensive Studies, the Coastal Texas 
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Study and the Louisiana Coastal Protection and Restoration Study of 2020. In all, coastal storm 
risk-management projects based on CHS data and CHS probabilistic analysis results that are 
currently under construction or in review are expected to return more than $280 billion in 
prevented damage and economic losses. 
 
Slide 4 
Moving on to the topic of this session, quantification of uncertainty is clearly a critical component 
of any hazard analysis or risk assessment effort. How uncertainty is classified as either 
epistemic uncertainty or aleatory uncertainty or variability is too often the focus of debate, but 
ultimately it is a question of practical significance in probabilistic coastal hazard analysis. For 
example, how the U.S. Army Corps of Engineers (USACE) and the Federal Emergency 
Management Agency (FEMA) define epistemic and aleatory uncertainties is quite different from 
the NRC’s classification. As part of our collaboration with NRC, we have been developing a 
probabilistic framework based on logic trees where epistemic uncertainties are estimated 
through the evaluation of multiple datasets, models, and methods. In this logic tree approach, it 
is acknowledged that there is random variability in the physical world that cannot be exactly 
replicated, regardless of how much data we collect or how much our knowledge of the system 
improves. So, model skill error, for example, is considered an aleatory uncertainty. In terms of 
major contributors to uncertainty, in my experience these are the atmospheric and 
hydrodynamic modeling and storm climatology, specifically short record lengths and lack of 
reliable estimates of parameters like storm size. Also, in the probabilistic analysis we typically 
rely on relatively small storm suites due to the high computational burdens of high-resolution 
numerical models, potentially leading to sampling errors and coarse probability estimates. The 
most critical source of uncertainty, in my view, is the numerical modeling and the lack of reliable 
validation data. Things we have done to overcome some of these challenges include the 
development of metamodels to generate tens of thousands or even millions of storms for more 
accurate definition of the parameter and probability spaces and the estimation of spatially 
varying bias and uncertainty. Thank you so much for your attention. 
 
3.10.5  Panelist Introductory Remarks (Fernando Ferrante) 

Speaker: Fernando Ferrante, Electric Power Research Institute 
I'm Fernando Ferrante. I'm in the Risk and Safety Management Group with the Electrical Power 
Research Institute (EPRI).  Thank you for the invitation by the NRC and Dr. Bensi. I want to 
highlight a couple of things in the same theme of the presentations we just heard. EPRI has 
produced about a dozen reports in the last seven years or so, ranging from paleoflood studies in 
rivers to storm surge. These have included stochastic modeling, data analysis, as well as 
general guidance in terms of walkdowns. They deal with both probabilistic, and, in tandem with 
our Nuclear Maintenance Center here at EPRI, deterministic aspects since they are intertwined. 
So, I’ll share some of my thoughts, although I think Curtis and others have covered is very well. 
PRA is a very integrated framework as it is applied to the large commercial nuclear reactors. 
There are several issues, and one is certainly the hazard, where I think the majority of the 
uncertainty resides. It is important to understand any combination of uncertainty with other 
areas, particularly plant response at a higher level. And, from our perspective of working with 
our members utilities, trying to figure out how to leverage advanced methods. We investigated 
stochastic flood modeling for specific hazards. We did work on smooth particle hydrodynamics 
(SPH) as Curtis alluded to earlier. The essential idea we're looking for is how to make the 
insights and advances in this area as practical as possible in terms of the risk insights we can 
obtain. So, advanced tools are very important. We do have a framework and the framework is 
not just to do probabilistic modeling in the sense of systems analysis integrated with hazard 
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assessment, but also in terms of the use that some of these tools have today in the industry. 
PRA in the nuclear industry is used for risk ranking of important components. It's used for online 
maintenance, so the plants don't have to shut down to fix a particular component. It's used in a 
wide variety of activities and applications, including by the NRC. One thing that is of particular 
importance to me in terms of this panel is the impact of uncertainty and how to use it in decision 
making. So not just characterizing it (trying to understand the aleatory and epistemic divide), but 
what does it mean in terms of what do you do for these plants? Where is it important and then 
what can you do about it? Not necessarily just quantification but understanding where 
knowledge needs to be expanded and how it needs to be used. So again, thank you for the 
invitation, and I'm looking forward to the discussion.  
 
 
3.10.6  Panelist Introductory Remarks (Jeff Mitman) 

Speaker: Jeff Mittman, U.S. Nuclear Regulatory Commission 
I will give a short introduction about myself and one comment about the topic at hand. My name 
is Jeff Mittman. I'm a Senior Reliability and Risk Analyst with the NRC. I started my career with 
General Electric, spending about 10 years working in startup testing and outage support. I was 
a shift technical advisor, and I did some construction, so that's where my grounding in plants 
comes from. In the middle of my career, I spent about 12 years working with EPRI, mostly in the 
outage risk assessment area, but some work in the PRA area also. For the last 16 years I've 
been with the NRC and here I've been doing mostly risk analysis, in the area of event analysis.  
Something happens at the plant, a plant trip, a flood, something like that, or a condition analysis 
where equipment is unavailable because of unplanned, unforeseen circumstances.  And as 
such, I'm a consumer of a hazard curve and so all the work that's been done over the last 
decade to understand probabilistic flood hazards helps me tremendously to understand what 
the hazard is. Then I attempt to input that into PRA models and understand what the 
significance of that is. I've been involved with several flooding situations, in what we call a 
significance determination, where we're looking at consequences of, typically, conditions. 
Typically, things are not set up as the plant was initially designed, and we want to know what 
the risk impact is of that.  
 
I'd like to put a little bit of perspective on uncertainty and how that's used from a regulatory 
standpoint. Uncertainty is a very important input into the PRA as everybody knows. It supplies a 
lot of insights. It changes the risk results. But the Commission policy is clear on how we're 
supposed to use this information. The NRC PRA Policy Statement says: “PRA evaluations and 
supportive regulatory decisions should be as realistic as practicable”. So, at the end of the day, 
the risk decision, the decision with risk input should be based on the most realistic case, which 
is not conservative and not non-conservative. And of course, that kind of focuses in on the 
mean. But we know that the mean is influenced by the uncertainty, so the uncertainty is 
important. But at the end of the day, we're looking at the mean value to help us make a 
regulatory decision. And with that I'll stop. 
 
3.10.7  Panelist Introductory Remarks (Bogdan Golovchuk) 

Speaker: Bogdan Golovchuk, Tractebel Engie 
 
Thanks first of all for this opportunity to speak up. And as a PSA practitioner, when we look at 
how our plant responds to a flood, it's fairly straightforward to understand if a component 
survives or not. On the other hand, it's really not obvious what would be the behavior of the 
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personnel and it's something that I'm interested in.  I would like to hear if someone has thoughts 
about the human side of the whole event because some of our bounding studies showed that it 
can be quite a significant contributor to overall risk. I mean the performance of the personnel 
and how to quantify the additional stress? How to put a value on deteriorated conditions? So 
that's something that I am particularly interested in. 
 
3.10.8  Panel Discussion 

Shelby Bensi (Question to Panel): 
What are the most pressing sources of uncertainties? If you were sort of ordained with the 
ability to reduce one, or maybe just a couple sources of uncertainty, what would that be and 
why? 
Curtis Smith: 
I think a lot of the discussion that I’ve heard over last couple days is focused on the hazard. But 
if I were king for a day and could reduce the uncertainty to zero, I would attack the fragility, 
specifically, SSCs and component fragilities.  If you look at all of the extensive work going on in 
terms of hazard modeling, both deterministically, and probabilistically, it's pretty impressive if 
you think about it. A lot of people are weighing in on that part of the scenario. We can do a fairly 
decent job of modeling where the water goes. We have one- two- or three-dimensional models 
for that. Maybe a weakness in some of our PRA models is the human element, so that might 
have some considerations. But a lot of uncertainty exists in terms of the component failures. 
What is going to fail as a function of water inundation? For example, if you look at the seismic 
community, we've been shake testing components for decades. We don't have a similar 
program in place for components related to water hazards. So, I see that as a fairly large driver 
of uncertainty. 
Shelby Bensi: 
If I can follow up on that real quick Curtis, do you think that there's an emphasis on the hazard 
just because we're starting to understand what those uncertainties are? Sort of the known 
unknowns versus the unknown unknowns, or appreciated uncertainties versus not appreciated 
because we haven't spent the resources on fragility? 
Curtis Smith:  
I think understanding the hazards better is very important and the work that's going into that is 
sort of multi-application. Understanding that better is just something we must do as a society, 
independently of doing PRAs. I don't know if there's been a conscious decision early on 
regarding knowing more or less on the fragilities, so I don't know if I have a really good answer 
to what you're asking. 
Shelby Bensi: 
Does anyone else want to weigh in on this question?  
Norberto Nadal-Caraballo:  
In terms of uncertainty, we know that if we consider the center body and range of all the data, 
models, and methods, we can end up with thousands of branches and hazard curves. If I had 
the ability to reduce one uncertainty it would be in the atmospheric and hydrodynamic modeling. 
That's where more of our headaches are; our bias beginning with the storm wind and pressure 
field (both historical and synthetics). We always try to correct that bias and to estimate 
uncertainty, but one of the main problems associated with that is our lack of validation data. 
Many times, we know that there is bias and uncertainty localized in a given region, but we don't 
have the necessary data to make the necessary corrections and adjustments. That applies to 
waves as well as the surge. When we are doing a risk assessment we have to rely on the 
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computational models for overtopping, and the uncertainty associated with the waves is really 
high. Sometimes we have just one measurement for one storm. So, what do we do with that 
information? Do we correct for the uncertainty based only one measurement at that one point? 
Or are we making things worse by doing that correction. So yeah, there is a fear of uncertainty 
associated with uncertainties! So, my wish list is to improve the numerical models and have 
more, and more reliable, validation data. 
Fernando Ferrante:  
Very good discussion. I think it's important for the audience to consider this. Sometimes we talk 
about uncertainty as a uniform thing. We're talking about an integrated risk assessment, so 
how, where and to what extent uncertainty impacts the analysis is very important to understand 
upfront. Sometimes we say the hazard has a lot of uncertainty and I agree with Curtis, that 
doesn't mean there aren’t important uncertainties in other parts, for example the human aspect 
and facilities. My perspective, having seen some of these issues in risk assessment, is of 
course you have to deal with uncertainty in the hazard. For a lot of plants, you're dealing with 
very extreme scenarios. In some cases, it could be combinations of less extreme hazards with 
other scenarios. So, I don't think you can get away the uncertainty in the hazard. That must be 
quantified. It's very important for the analysis and that doesn't mean it's more or less important 
than others. If a plant has a major structure and they’re depending on that structure to survive, 
say, a tsunami challenge, then the uncertainty of the hazard coupled with the uncertainty in the 
response of the barrier is extremely important. For a scenario where flooding overwhelms a 
barrier, human impacts will not be unimportant, but there is less focus on the credit you can give 
operators given that the plant is overwhelmed. For lower floods you can have uncertainty in the 
seals within penetrations from the outside to the inside and internally. So, if that's what's driving 
your uncertainty, as opposed to a barrier, then that uncertainty is very important. There is also 
site response level, how organizations that are set up to respond to an event. A lot of the 
industry, since Fukushima, has worked on adding capabilities to respond to scenarios involving 
extreme natural hazards and there are uncertainties to that because you can’t truly practice for 
an event that know you will not see, maybe, ever or you'll see it for the first time when it 
happens. So, there are compounding uncertainties. We tend to talk about uncertainty within 
distributions and equations but, ultimately, we’re talking about confidence in our analysis and 
how it impacts our decision making.  So, uncertainty at different levels reflects the confidence in 
the information we have in different parts of the model. And of course, the drivers can change 
and therefore what's important from an uncertainty perspective can change.  
Jeff Mitman: 
I want to extend a little bit of what Curtis and Fernando said about the fragility side. You know, 
one of the things we've seen at the NRC, and I asked a question about this in a previous 
session, is about flood seals. Our plants are 30 to 40 to 50 years old. Those seals were installed 
a long time ago. They’re passive components and in a deterministic analysis, they are assumed 
to always be effective. My opinion is that that's not realistic. Some of the seals probably weren't 
installed in the way we would install them today, and they've probably aged. So, I think that 
there's a lot of uncertainty as to the condition of the seals and how that impacts the plant’s 
ability to respond to a flood event. Another thing to keep in mind is something that Curtis 
touched on, and that's the human aspect of this. Many of these flooding scenarios are quite 
lengthy and most of them require human actions. How do we analyze the probability of failure or 
probability of success of the operations with humans involved? And how to incorporate that into 
the probabilistic analysis? It’s always a challenge. It's often controversial and there's always 
room for getting to more consensus and lowering the uncertainty there. The final thing I'll say on 
the hazard side is, as everybody knows, oftentimes there's a cliff-edge effect with many of these 
things. A small change in elevation can have a rather dramatic impact on the risk analysis, as 
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well as an impact on the plant response (what survives and what doesn't), and therefore on the 
risk analysis quantification. So that's another place where the uncertainty becomes very critical. 
Ray Schneider: 
I think Jeff was getting at the idea that we are integrating all these pieces together. That’s what 
happens in the analysis. For example, if you have a flood event with pre-warning, the issue then 
is putting in a lot of temporary pieces of equipment for operating sites that may not have 
everything permanently installed. So, if you have the pre-warning then the question is how 
effectively you in are taking the pre-actions, putting barriers in place at that particular time. So, 
the human factor gets to be much more of an issue. Plus, may be doing it with competing 
actions. You may have multiple teams doing different kinds of work, so it’s more like a project 
management issue if you have enough advance warning for some of these things. So, the 
question you come up with is, when you do the PRA, you’re actually ending up with multiple end 
states at the beginning of the transient. What does your plant actually look like? What are you 
actually protecting? What is actually vulnerable? So, this is where human factors, I think, 
become a big deal because it makes the complications harder. And then when you recognize 
that there are all these cliff-edge effects. At what point are my actions being interfered with by 
the flood? For example, if I start the actions and I think I have plenty of additional time, but the 
flood rises too quickly, and I have to suddenly slow things down. How does that that play into it? 
So, it makes it a more complicated analysis. So, planning operations, doing things in advance 
becomes important. The human factors are, in my mind, probably the bigger aspects, at least 
for the older plants that may have advance warning of the hazard. If you don't have advanced 
warning then, then it is the cliff-edge effects.  
 
Shelby Bensi (Question to Panel): 
I think we could probably keep going back and forth on this question for a little while, but just in 
the interest of expanding our discussion, I am going to turn to the chat questions. This is a bit on 
the hazard side and the notion of mapping the hazards into the PRA and the fidelity of that 
mapping. So, the question: Is 1D or 2D flood hazards analysis more reasonable for the PRA? 
Curtis Smith:  
I think the general answer is you want to try to make it as simple as possible for whatever is 
appropriate. So, if you can get a one-dimensional flood analysis that answers the hazard part, 
you know that kicks off the scenario, the question would then be, are you capturing the right 
elements of the scenario? Is that one-dimensional answer getting you to where you can talk 
about the impacts to the plant, impacts to specific components, in tracing the scenario to core 
damage or not. If that works, great! There really is no one universal answer to a lot of these 
questions, as you're starting to see. It's very specific to the hazard. 
Shelby Bensi: 
Yeah, I think having better appreciation for the diversity of strategies that are used. We saw 
some of the presentations this morning where you have walls and barriers, but some of the 
other strategies rely on portable equipment in dewatering. I think in that case it sort of changes 
the importance of the spatial resolution. Does anyone else want to add in? 
Curtis Smith:  
Let me also answer that in a different way. I think it's important to look at and think about what 
we currently do for other parts of the PRA.  We're talking about uncertainty in PRA, so I think a 
good surrogate for the discussion is to look at what we do for the loss of coolant accident 
(LOCA). It has a frequency and magnitude just like flooding. We have small LOCAs, medium 
LOCAs and large LOCAs. For example, the frequency of large LOCA is a one-in-a-million kind 
of event. We haven't run our power plants for a million years, so how do we represent that? 
There are of course, statistical ways. We typically don't have a really complex finite element 
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model for all piping in the plant to come up with that LOCA frequency. We go to a simpler 
approach for the hazard and we’re completely fine with that. We've been using LOCA 
frequencies for 50 years now. So, if you think about that and look at the uncertainty on, say, a 
large LOCA, essentially a one-in-a-million-year event. In current practice that's plus or minus an 
order of magnitude. So, I can have a simple hazard curve that's plus or minus an order 
magnitude. I should be fine with that in theory. And thinking about some of the plots I saw this 
week, yeah, there's uncertainties in the estimates of the frequencies. But a lot of those 
frequency estimates were less than an order of magnitude. So, in that respect, you can probably 
argue that the uncertainties on flood hazards might be less than the uncertainties in some of the 
other comparable initiating events that we have in the model. 
 
Shelby Bensi (Question to Panel):  
Any comments regarding the propagation or amplification of uncertainties along the calculation 
train. So, propagation of uncertainty. Does anyone want to weigh in there? 
Curtis Smith:  
I'm not exactly sure on the question, but I think each element that we've mentioned of course 
has their own respective uncertainties and you could treat those independently. But I think the 
big question comes up: Are there dependencies along the calculation chain? If you don't handle 
those dependencies correctly, that's going to cause some issues. But for the other, simpler 
things, that would just be kind of what we normally do for the numerical analysis of 
uncertainties. 
 
Shelby Bensi (Question to Panel):  
We have another question here. Are there any ideas on how to tackle “black swan” events; to 
tackle the unknown uncertainties? An example is given: Some events are outside the 
experience horizon because they have never occurred in human historic period, or they were 
not recognized as being exceptional but were nevertheless markedly distinct from considered 
events. 
Fernando Ferrante:  
This issue of the black swan or unknown unknowns kind of circulates around the nuclear 
industry, strongly. At a high level you know the issue is much deeper than we can cover here, 
but this ties to the concepts of defense in depth. Understanding what we know and what we 
don't know, and then conditioning how good is our capability if this event were to happen. I think 
it's one of those issues that comes up and it doesn't have a pretty answer. But I think the issue 
with external flooding is not always the most extreme event. It's not so much the black swan. In 
a prior discussion I heard somebody say, it’s sometimes unusual combination of common 
events that can take you there. So, there's a couple of things that, at least in this business, 
we’ve tried to deal with. One is trying to prevent over-reliance on any single barrier. Plants 
shouldn't get rid of a flood protection just because there's the idea that certain events will never 
happen. 
The issue goes both ways is another thing I want to say. We can always assume the plant can 
be hit by a meteorite full on, or the entire state of Arkansas is flooded. But at some point, we 
need to balance what we don't know with the amount of requirements that need to be put on top 
of the plant. We can always add more. Say, you have this defense, but add another defense. 
The issue is what is reasonable given what we know and what we don't know, and so we try to 
create zones where maybe the requirement is not quite that everyday thing you should be 
prepared for, but it's something in between. Of course, the devil is in the details. How exactly to 
modulate that can become an important debate since there are financial costs associated with 
protecting plants.  
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Norberto Nadal-Carballo:  
In terms of the black swan that can be highly subjective. Thinking about hurricanes for example, 
Sandy was considered by many to be a black swan when it affected the New York area. Other 
hurricanes have been black swans in terms of the of the rainfall that they produced. One 
approach to be prepared for black swans is to try to predict the magnitude of those events and 
try to estimate what will be the consequences even if we cannot exactly estimate their 
frequency. That’s the approach that we've been following in our study. So, what’s the most 
intense hurricane that the numerical models can handle with some degree of certainty and 
reliability and then try to estimate their likelihood. For example, we are including hurricanes up 
to an intensity or central pressure of 865 millibars (which have not yet been observed along 
most of our coastlines). We are estimating the magnitude of the surge and waves they produce, 
and we are trying our best to estimate their likelihood, even though we know they're not going to 
be happening in many of the locations we are studying. Along those lines, we also need to 
maximize that the use of the historical record. For example, in our analysis we typically go back, 
in terms of record length, to the 1940s. But we have a lot of data before that that has been 
recorded by the Natural Hurricane Center and they have been doing hindcast analysis. So, we 
should be using that data to better estimate the uncertainty associated with the frequency of 
these black swans or very rare events.  
Jeff Mitman: 
I'd like to argue that we do think about black swan events quite a lot. The general public would 
probably consider a one-in-100-year event as a black swan. Certainly, a one-in-1000-year event 
is considered a black swan. But in the nuclear field, we think about one-in-a-million-year events. 
We try to extend the hazard curves out there. There's a lot of debate and argument about it, but 
we try to think about them and what they would look like and what the challenges would be. So, 
I'd say in the area of known unknowns, we think a lot about what many would consider be black 
swans. In the area of unknown unknowns I would fall back on Fernando's perspective of that's 
why the nuclear industry is required to have defense in depth. It's there explicitly to deal with 
unknowns. If you read the literature from way back, it talks about we don't know everything, so 
let's add in defense in depth. So, we try to deal with it. We could always do a better job, but I 
think that we really do try to think about it and deal with it. 
Curtis Smith 
I agree with Jeff’s comment. I think the one thing we could probably do a little better, specific to 
external hazards, and this is one of the points of Norberto brought up, the idea of the physical 
maximum possible. How much precipitation can a cloud or the atmosphere hold at any one 
time? There's a physical upper bound to that. If we understood those physical limits at least, I 
think it would give us a sense of what are those black swans that might come around very 
rarely. 
 
Shelby Bensi (Question to Panel): 
Can the panelists address the question of how important drivers of uncertainty might change as 
the focus is shifting from the existing fleet to new large light-water reactors (LWR's) or as we 
move into thinking more about small modular reactors (SMRs) and advanced reactor designs? 
Curtis Smith: 
That’s definitely an interesting question. I don't think I have a good answer, but I hope that, as 
an industry, we've learned from the existing fleet to help address the other two parts to that 
question. But I think there's going to be some unique issues that will have to be addressed. If 
you go to some of the extremes, for example, microreactors are portable and deployable across 
the world. What happens if that drives off a bridge over the Snake River, to use an example 
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locally here. So, the idea of siting becomes an interesting question when your reactor moves. 
Things like that, I think, will be questions that will have to be addressed. 
Jeff Mittman: 
So, I'd offer that we have learned a lot already. I mean for the two reactors currently being built 
at the one site in the U.S., a lot of thought went into where to site them. I won't say it's the only 
reason, but they were sited someplace where the flood hazard is minimal. Leaving aside the 
issue of mobile reactors, for the new small modular or microreactors, people are thinking about 
this explicitly from the get-go, something that wasn't well done back in the 60s and the 70s. It's 
being thought about from the beginning as part of the design, how to construct them and where 
to site them. So, I think that some lessons have been learned, probably pretty well, and that's 
being factored into the design and location of new reactors. 
Ray Schneider: 
I'd like to follow up on that. Putting on my ANS hat, we've modified the design-basis flood 
hazard standard (ANS-2.8) which used to be based on the pretty much standard deterministic 
methods. We built in the requirement to look at the probabilistic aspects of these hazards. So 
that you're factoring in beyond just the deterministic, what we know now, trying to look at the 
probabilistic aspects. That's in the new ANS-2.8 which was just issued this year.  
Fernando Ferrante: 
I think it is an interesting question. There are multiple regulatory and technical aspects of that 
question. We're getting questions from the SMR and microreactor folks. The most interesting 
part for this community, I think, kind of alludes to what Ray, Curtis, and Jeff said, which is we 
have a lot of information, and the probabilistic flood hazard assessment community is gaining 
momentum and understanding of how to bring those things together. The most interesting to me 
is the scalability of what needs to be done. We are bringing in risk-informed approaches from 
the get-go, as Jeff said, to our new designs: large, small, modular and so forth. The key issue, I 
think, is how to scale it. If a small modular reactor is required to have exactly the same, say 
security protection or the same level of rigor as a large reactor, that will potentially impact its 
financial viability. This is not to say the requirements need to be reduced, but if you have a 
microreactor which is going to be inherently simpler than a large commercial reactor, what is the 
scalability for the probabilistic methods that is most applicable? Because some vendors may 
start thinking, well, let's just go deterministic and that way we don't have all these complications. 
I think the idea of risk-informing is important. I think it adds to safety. The question is how we 
apply it in a way that is practical and commensurate with the technology we're dealing doing 
with. So, it's a very good question. 
Bogdan Golovchuk: 
I would say to really understand where uncertainty lies, which uncertainty propagates till the 
very end, you need to have at least an idea of your list of minimal cut sets. What are the 
sequences? I would say that is the way to really answer this question for whatever type reactor 
we might have in the future. At least in the design stage, once you have some design PRA and 
you have an idea of what are the dominant sequences. Then you do standard tackling of 
uncertainty with some sort of Monte Carlo simulation and see what actually contributes, then 
you can prioritize. So, basically it heavily depends on the type of the reactor and siting. 
 
Shelby Bensi (Question to Panel): 
Building off what was just said related to the uncertainty propagation we have a question here 
regarding the reasonable number of Monte Carlo iterations when dealing with the PRA. I think 
that this might be something that's interesting to address from the perspective of where we 
aggregate and de-aggregate in the PRA. We do the hazard analysis and aggregate it down to 
the hazard curve and then we have to sort of break that out and put it into the into the PRA. And 
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if we want to deal with uncertainty in that it's a de-aggregation process. So, does anyone want 
to chime in on that? 
Ray Schneider: 
There must be at least enough samples to basically cover the spectrum that you're interested in, 
i.e., in the tails. We're looking at 10-4 to 10-6 kind of hazards but that's more for the PFHA people 
to define. That's kind of why, when I ended the presentation before, I said we need all this 
information, but not just the levels. We also need to know the timing. I need to know enough of 
these scenarios that you can give me, uncertainties on the on the full spectrum of how these 
hazards will emerge and that's going to be the determined based on when we de-aggregate 
these things, how many sub events are actually included in there?  
 
Shelby Bensi (Question to Panel):  
I don't know if there was any specific question here, but there's been a couple of comments in 
the chat related to how paleoflood hydrology might provide insights that can help turn some 
swans from black to white or push back the limits of what was been missed. Does anyone want 
to weigh in on the use of paleoflood information? 
Ray Schneider: 
From what we saw earlier the workshop, paleoflood information is going to be important to 
basically get better estimates of the tails. I'm not quite sure if it'll turn swans from black to white 
or to maybe close to gray, but it will certainly provide more information. And the more data 
points you have out there on the hazard curve, the better you understand the frequency, the 
better you understand relative elevations and do better estimates of the mean. If the site is 
capable of providing that information, and if there's really risk at the very low end of the tails and 
then paleofloods should be part of the investigation and part of the hazard curve development. 
Curtis Smith: 
I’ll go back to my LOCA example because the paleo-data is similar to what we do for LOCA 
frequency evaluation. For LOCAs we combine operating experience which we do have some of, 
with expert elicitation and some modeling to get things outside the operating experience. So that 
operating experience would be sort of the analogous to having flooding data from river gauges 
for the last, say 100 years, and the paleo-data would get things outside the operating 
experience. We combine all of those. The goal in PRA uncertainty is to be honest. What do we 
know? What do we not know? That goes for every part of the PRA model. Some things we 
know pretty well and some things we don't. But that doesn't stop us. And of course, the more 
data you have, in terms of actual data points and the variety of the data, generally the better off 
you are. 
Shelby Bensi: 
I think we keep coming back to contextualizing the uncertainties relative to what else is dealt 
with in the PRA relative to what matters and what impacts the plants. 
 
Shelby Bensi (Question to Panel):  
I don't see any more questions in the chat right now, so I'll go back to some questions we had 
on the side. Does anyone want to comment on the approaches you've used to address sources 
of uncertainty in the external flood PRA? We've heard a lot about the hazard side of things, so 
maybe in dealing with the fragility or the human response. Or maybe dealing with the 
characterization of the hazard from spatially and temporally dynamic perspective. So, thoughts? 
Bogdan Golovchuk:  
I would say it also depends on where you are in your analysis. Start with a more conservative 
assumption and then once you progress or have a different iteration then you might reduce it to 
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a best estimate. As I mentioned earlier, after the first iteration you can already have an idea how 
sensitive your model is to certain parameters. If some parameters matter significantly less than 
you thought, keep whatever was assumed and focus on what you can improve and what 
uncertainties you can reduce and where you can refine.  
 
Shelby Bensi:  
So, an iterative process. Anyone else want to weigh in on these approaches? 
Jeff Mitman: 
The thing I'd like to add here is sensitivity analysis. We've touched on it a little bit, but it’s a very 
useful way to test what's important and what's not. Does a little variation have a big impact, or 
does it require a big variation to have a significant impact? That’s one way that NRC frequently 
uses to deal with uncertainty. 
 
Shelby Bensi (Question to Panel):  
I’m going to hit another question which is, I think, a hard one for many in practice. What 
approaches have been used to screen out hazards? Flooding hazards come in all different 
flavors: LIP, river flooding, dam failure, tsunami, storm surge, etc. Some of these can be 
screened out pretty obviously based on location. But in some locations, it's not always obvious. 
So, thoughts on screening of hazards from the PRA such that you wouldn't do a full analysis of 
it? 
Curtis Smith:  
I'll mention an OECD/NEA report published in 2019 that talked specifically about screening of 
external hazards. It included many hazards such as seismic, fire, and flood. That report was an 
amalgamation of many countries’ practices, mostly on the regulatory side. You know, here's 
what the regulations say in Germany, the U.S., and so on. Going from memory, I think there's 
probably less information in terms of external floods than some of the other hazards, like high 
winds and seismic. But I believe there was some flooding there. That report captured some of 
the best practices and some of the limitations and gaps found in current screening practices. 
Jeremy Gaudron:  
From the EDF point of view, we usually use a screening process, based on similar criteria used 
in the U.S., I think. We do this screening process on each of our sites. We base our screening 
process on deterministic studies. Deterministic conservative studies are used to screen out 
some of the mechanisms. We only keep the flood mechanisms that seem to be the most 
relevant for the site. It's kind of a prioritization process, because we can’t do everything.  
Ray Schneider: 
The PWR and BWR owners groups also have screening processes that are tied to the ASME 
PRA standard to screen out the different hazards. When you get to floods, it's difficult because it 
is a frequency screen. You often must do a lot of analysis to estimate the flooding frequency. Of 
course, some sites you can easily screen, for example if they are located maybe 300 feet above 
the water level. In addition, there's guidance in ANS-2.8 that has some screening for floods. 
Again, the screening ties into frequency. You're left with screening tied to frequency, which 
requires a decent amount of work. In some cases, screening can be relatively simple for some 
hazards, for example lightning and some of the wind events in certain areas of the country. But 
using frequency as a part of the screen for a flood hazard is still a decent amount of analysis. 
 
Shelby Bensi (Question to Panel):  
We have about 10 minutes left, so I'll finish with a broader question related to your perspectives 
and experience with regard to external flooding PRAs. From PRAs, or parts of them, that you 
have done, what have been the key insights or the key risk contributors? 
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Ray Schneider: 
We competed an external flood PRA for Fort Calhoun Station early on. One of the insights that 
we came up with, which stuck in my mind because it was a little bit surprising, is that a lot of the 
risk came from failing to prepare the temporary barriers before the flood arrived. Part of that was 
due to the surrounding area being inundated, making it difficult to get staff in place. Part of it 
was due to procedures not being in place. Part of it was due to competing factors. It wasn't clear 
what to prioritize because they wanted to protect everything because everything was going to 
get flooded all at once. As time went on after that, the insights were translated into procedures, 
guidance and strategies and additional equipment that basically made that a little less risky. But, 
at least as a first cut, you're going to find for sites that have to prepare and rely on temporary 
protection in some form, that's going to be a major insight. Being able to get your plant into the 
condition you want it to be in before the flood hits is going to be the biggest challenge. 
Fernando Ferrante: 
I’ll add to that, both risk insights and then thinking about external flooding PRA in general, 
including uncertainties of course. One of the things that struck me when I was at the NRC was 
that external flood can be a significant risk. You know the hazard is definitely out there. Part of 
that might be historically from the way early reactors were licensed. Based on Joe's question, 
different types of designs might lead to a different approach moving forward. The other thing is, 
following the theme of our panel, there is significant uncertainty, which by itself is neither a 
deterrent or necessarily a bad thing. You know, John Stetgar had a comment regarding SHAC-F 
and the use of expert elicitation and the uncertainty in external flooding that we're struggling 
with is. I've seen everything from Mel Schaefer’s detailed stochastic flooding simulations to folks 
taking 100 years of data and extrapolating that and thinking there is no uncertainty in that. And 
so following Stegar’s comment, we do need an improvement in how to deal with this as a whole. 
We also need more practice with some of these models. A lot of the times we're dealing with 
very narrow ranges of, say, elevation in plant response. The uncertainties driving those cases 
may be different, which means upfront, we should understand where our models are going, 
where are the compounding of uncertainties. Tom Nicholson had a question about that. If we 
can have a better understanding of where those are and how to deal with the uncertainty. Does 
paleoflood information help? Not always. It depends on what site you are at and how much you 
have. I think that there's a lot of for this audience to deal with, which is to bring a little bit more 
on some of the challenges that exist to getting the characterization of the hazards, of plant 
response and of the overall risk. I stress that practice with a lot of the tools that we are talking 
about and integration between the different groups of experts is essential for us to move forward 
and show that external flooding risk can be done, can be applied in a way that is practical that it 
provides insights, and despite the uncertainties of the challenges, can continue to support 
safety. 
Jeff Mitman: 
I want to build on a comment made earlier about this question and give my perspective on the 
pre-planning and the pre-setup of the site. I think that's a critical issue and there's a lot of 
uncertainty there. To set up the plant to deal with an extreme event is a very significant thing. It 
can encompass a lot of preparatory work, a lot of time and money. And there's also the 
consequences. Do you shut down the plant in anticipation of the event? That has two impacts. 
One is direct monetary impact on the on the utility and the other is that the community may be 
relying upon the plant to supply power during extreme events. These are really tough questions. 
To illustrate how tough it is, look at when Hurricane Sandy to hit the East Coast about five years 
ago. Everybody knew it was coming. Everybody knew it was a rather large storm. They had 
fairly good ideas of the path and three nuclear plants shutdown in preparation for Hurricane 
Sandy. Three plants lost offsite power because of the hurricane, but not any of the three plants 
that shut down. So, everybody knows it's coming. Everybody knows that it's significant. But how 
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to make that decision to start the preparatory efforts is a really tough one, both from probabilistic 
standpoint and a risk standpoint. But also, what's best for the community? What's best for all the 
entities involved? It's a challenge to plant ownership that I wouldn't want to have to be in the 
middle of. 
 
3.10.9  Moderator Concluding Remarks (Shelby Bensi) 

I will give sort of recap and maybe just a final remark. I thought one theme was placing the 
uncertainties within context and reminding ourselves that PRA in general has plenty of 
strategies for dealing with uncertainties. I think Curtis mentioned keeping in mind that there's 
plenty of orders-of-magnitude uncertainties all over the place in the PRA, and there are 
strategies for dealing with that. Not getting caught up in that, but more just being transparent 
about where the uncertainties are so that we can put those forward into the PRA. 
The other theme that I think came out of our discussion was really thinking about the need for 
integrated work. You know, different parts of the PRA team working together, not just thinking 
about PRA is a linear process. We often think about hazard, fragility, human performance, and 
plant responses as this linear process. But keeping all the different parts of the PRA in mind at 
the same time is important. Uncertainty in the hazard may not be as important as something 
related to how the evolution of the plant response is going to play out in terms of organizational 
decision making or human factors. So, keeping those drivers of uncertainty in mind as we think 
about the uncertainties in the hazard.  
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5    SUMMARY AND CONCLUSIONS 

5.1  Summary 

This report includes the agenda and presentations for the Sixth Annual PFHA Research 
Workshop, including all presentation abstracts and slides and abstracts for submitted posters. 
The workshop was virtually attended by members of the public; NRC technical staff, 
management, and contractors; and staff from other Federal agencies and academia. Public 
attendees over the course of the workshop included industry groups, industry members, 
consultants, independent laboratories, and academic institutions. 
 
5.2  Conclusions 

As reflected in these proceedings, PFHA is a very active area of research for the NRC and its 
international counterparts, other Federal agencies, industry, and academia. Readers of this 
report will have been exposed to current technical issues, research efforts, and 
accomplishments in this area within the NRC and the wider research community. 
 
The NRC projects discussed in these proceedings represent the main efforts in the first phase 
(technical basis phase) and second phase (pilot studies) of the NRC’s PFHA Research 
Program. This technical basis phase is nearly complete, and the NRC has initiated a second 
phase (pilot project phase) that synthesizes various technical basis results and lessons learned 
to demonstrate development of realistic flood hazard curves for several key flooding 
phenomena scenarios (site-scale, riverine, and coastal flooding). The third phase (development 
of selected guidance documents) is an area of active discussion between RES and NRC user 
offices. The NRC staff looks forward to further public engagement on the second and third 
phases of the PFHA research program in future PFHA research workshops. 
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