
 

6th Annual Probabilistic Flood Hazard 
Assessment Research Workshop 
Via MS Teams, February 22-25, 2021 (Start Time: 10:00AM EST) 

 

 

 

 

Main Workshop Microsoft Teams Meeting (All days)*   
Join on your computer or mobile app: Click here to join the meeting  
Or call in (audio only): +1 301-576-2978,,427071835#   USA, Maryland, Silver Spring  
Phone Conference ID: 427 071 835#  
Find a local number 
 
*Note: For Wednesday afternoon Poster Session, each poster has individual MS Teams meeting 

 
ABSTRACTS 

1B-1 KEYNOTE: Seasonally Dependent Precipitation Changes in Multimodel and Large 
Ensemble Simulations 

L. Ruby Leung, Pacific Northwest National Laboratory 

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 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. 
 

1B-2 Challenges Associated with Multi-Hazard Characterization of Landfalling Hurricanes 

Scott Weaver*1, Dereka-Carroll Smith2, 1 National Institute of Standards and Technology; 2 Joint NIST-
UMD-NCAR Research Associate 

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 

https://teams.microsoft.com/l/meetup-join/19%3ameeting_ODRiZTZiMTQtNjg1ZC00NDk5LWJiMzEtNTBiYzg1NzUxNmVh%40thread.v2/0?context=%7b%22Tid%22%3a%22e8d01475-c3b5-436a-a065-5def4c64f52e%22%2c%22Oid%22%3a%22af27561a-750d-4350-b536-f9e58cb1290d%22%7d
tel:+13015762978,,427071835#%20
https://dialin.teams.microsoft.com/b83fc072-a76f-4670-911d-8dce7ad08a63?id=427071835


* indicates speaker 2 

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. 

1B-3  Quantifying Shifts in Joint Rainfall-Surge Hazard Due to Future Climate Warming 

Avantika Gori*, Ning Lin, Princeton University 

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.  

1C-1 KEYNOTE:  On the Applicability of Kilometer-Scale Heavy Precipitation Simulations in 
Flood Risk Assessments 

Andreas Prein*, Jordan Powers, Erin Towler, David Ahijevych, National Center for Atmospheric 
Research 
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 
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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. 

1C-2 Tropical Cyclone Rainfall-driven Flood Risk Assessment 

Ali Sarhadi*, Kerry Emanuel, Massachusetts Institute of Technology 

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. 

1C-3 Does PMP have an AEP? CO-NM REPS Findings Bridge Deterministic and Probabilistic 
Approaches 

Bill McCormick*1, Mark Perry1, Kelly Mahoney2, Rob Cifelli2, 1 Colorado Division of Water Resources, 

 2 National Oceanic and Atmospheric Administration, Physical Sciences Laboratory 

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 
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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. 

1C-4 Local Intense Precipitation (LIP) Flooding PFHA Pilot Study 

Rajiv Prasad*, Yong Yuan, Pacific Northwest National Laboratory 

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 
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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 branches weighted appropriately based on their likelihood. 

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

Daniel Wright*1, Guo Yu1, Kathleen Holman2, 1UUniversity of Wisconsin-Madison, 2U.S. Bureau of 
Reclamation 

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. 

2A-2 Probabilistic Flood Hazard Assessment for a Small Watershed in Eastern Tennessee: 
Methodology and Lessons Learned  

Periandros Samothrakis*, Craig Talbot, Kit Ng, Stewart Taylor, Bechtel Corporation 

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 
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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. 

2A-3 Probabilistic Assessment of Multi-mechanism Floods in Inland Watersheds Due to 
Snowmelt-Influenced Streamflow Events 

Shih-Chieh Kao*1, 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  

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. 

 

2A-4 Updating Design Flood Estimates at Sites with Changing Variability 

Rory Jory S. Hecht*, Nancy A. Barth, Karen R. Ryberg, Angela E. Gregory, U.S. Geological Survey 

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 
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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.  

2A-5 Historical and Paleoflood Analyses for Probabilistic Flood Hazard Assessments—
Approaches and Review Guidelines 

Karen Ryberg*, Tessa Harden, Jonathan Friedman, Jim O'Connor, U.S. Geological Survey 

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.  

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

Karthik Balaguru*, Wenwei Xu, David Judi, Lai-Yung (Ruby) Leung, Pacific Northwest National 
Laboratory 

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. 
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2B-2 Storm Surge Model Uncertainty 

Victor M. Gonzalez*, Norberto C. Nadal-Caraballo, U.S. Army Corps of Engineers, Engineer Research and 
Development Center, Coastal and Hydraulics Laboratory 

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”. 

 

2B-3 Coastal Flooding PFHA Pilot Study 

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

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 
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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. 

2B-4  Probabilistic Assessment of Multi-Mechanism Floods in Coastal Areas Due to 
Hurricane-Induced Storm Surge and River Flow   

Somayeh Mohammadi1, Michelle Bensi 1, Shih-Chieh Kao2, Scott DeNeale2, Elena Yegorova3, Joseph 
Kanney3, 1University of Maryland, 2Oak Ridge National Laboratory, 3U.S. Nuclear Regulatory Commission 

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.   

3A-1 KEYNOTE: Stochastic Hydrology in the Tennessee Valley 

Miles Yaw, Tennessee Valley Authority 

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 
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enhancements to the program and framework, and future areas of research and application, both to 
Dam Safety and TVA’s broader essential mission. 

3A-2 HEC-WAT as a Framework for PFHA 

William Lehman*, Sara O’Connell, Brennan Beam, David Ho, Leila Ostadrahimi, U.S. Army Corps of 
Engineers, Hydrologic Engineering Center 

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.  

3A-3 Structured Hazard Assessment Committee Process for Flooding (SHAC-F) for 
Probabilistic Flood Hazard Assessment (PFHA) 

Rajiv Prasad*1, 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 

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 
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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 represent the CBR of the TDIs; (5) 
catalog all sensitivity analyses; and (6) provide the hazard results and instructions for their use. 

3B-1 KEYNOTE: Modeling of the May 2020 Michigan Dam Breaches    

John Edward Stowasser*, Wesley Crosby, Christopher Warren, U.S. Army Corps of Engineers 

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. 

3B-2 Developing a Framework for Flood Barrier Testing Strategies 

Zhegang Ma*1,  Sai Zhang1, Chad L. Pope2, Curtis L. Smith1, 1Idaho National Laboratory, 2Idaho State 
University 

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 
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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.  

3B-3 Qualitative Risk Ranking Process of External Flood Penetration Seals 

Marko Randelovic, Electric Power Research Institute 

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.     

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

Azin Al Kajbaf*, Michelle T. Bensi, Kaye L. Brubaker, University of Maryland, Civil & Environmental 
Engineering 

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 
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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). 

Microsoft Teams meeting  
Join on your computer or mobile app: Click here to join the meeting  
Or call in (audio only):  +1 301-576-2978,,482312311#   USA, Maryland, Silver Spring  
Phone Conference ID: 482 312 311#  
Find a local number 
 

3D-2 POSTER - Riverine Flooding HEC-WAT Pilot Project Dam Break Modeling 

Brennan Beam*, William Lehman, Sara O’Connell, David Ho, U.S. Army Corps of Engineers, Hydrologic 
Engineering Center 

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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3D-3 POSTER - Nationwide (USA) Pluvial Flood Modeling via Telemac2D 

Max Kipp*, Leo Kreymborg, Mike DePue, Atkins North America 

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 
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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.   

Microsoft Teams meeting  
Join on your computer or mobile app: Click here to join the meeting  
Or call in (audio only): +1 301-576-2978,,523372657#   USA, Maryland, Silver Spring 
Phone Conference ID: 523 372 657#  
Find a local number 
 

3D-4 POSTER - 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 

A Bill Kappel1*, Joe Bellini2, 1Applied Weather Associates, 2Aterra Solutions, LLC 

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, 
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how those H&H 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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3D-5 POSTER - A Tale of Two Cores: harmonized paleoflood hydrologic data works best for 
estimating flood frequency and magnitude 

Ray Lombardi, Lisa Davis, University of Alabama 

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

Jeremy Gaudron*, Cecile Luzoir, Électricité de France (EDF) 

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 
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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 (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. 

4A-2 Methodology Developed for the Belgian External Flooding PSA 

Bogdan Golovchuk*, Filip Van Opstal, Tractebel ENGIE 

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.  
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In addition, sensitivity, uncertainty, and importance analyses will be performed within the Task 11. The 
objective is to reach ASME capability category II. 

4A-3 External Flooding PRA Guidance 

Marko Randelovic*1, Raymond E Schneider2, 1Electric Power Research Institute, 2Westinghouse Electric 
Company 

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. 

4B Special Panel Discussion: Drivers of Uncertainty in External Flood Probabilistic Risk 
Assessment 

Moderator: Michell (Shelby), University of Maryland 

Panelists: Fernando Ferrante1, Norberto Nadal-Carraballo2, Kit Ng3, Jeremy Gaudron4, Bogdan 
Golovchuk5, Ray Schneider6, Curtis Smith7, Jeff Mitman8, 1Electric Power Research Institute, 2U.S. Army 
Corps of Engineers, 3Bechtel, 4Électricité de France, 5Tractebel ENGIE, 6Westinghouse Electric Company, 
7Idaho National Laboratory, 8U.S. Nuclear Regulatory Commission 

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 
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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. 
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