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ABSTRACT

The purpose of this document is to describe approaches and methods for estimation of the design-
basis flood at nuclear power plant sites. Chapter 1 defines the design-basis flood and lists the U.S.
Nuclear Regulatory Commission’s (NRC) regulations that require estimation of the design-basis
flood. For comparison, the design-basis flood estimation methods used by other Federal agencies
are also described. A brief discussion of the recommendations of the International Atomic Energy
Agency for estimation of the design-basis floods in its member States is also included.

Chapter 2 introduces the concept of hierarchical hazard assessment (HHA) and its application to
estimation of the design-basis flood at nuclear power plant sites. The HHA consists of a series of
progressively refined methods that increasingly use site-specific data to demonstrate whether the
plant structures, systems, and components important to safety are adequately protected from the
adverse effects of severe floods. The HHA method is illustrated by an example.

Chapter 3 introduces the concept of alternative conceptual models that are used to characterize the
severe flooding scenarios at and near the site. The individual flood-causing hydrologic and
hydrodynamic mechanisms are also described along with the potentially adverse effects they may
cause at the site. A description of the HHA method as applied to several of these flooding
mechanisms is provided. A brief discussion of combined events is also included.

Chapter 4 briefly describes two analytical approaches, the deterministic and the probabilistic, used in
standard engineering practice for estimation of design-basis floods. The current NRC approach for
estimation of design-basis floods uses the deterministic approach.

Chapter 5 describes the NRC’s quality assurance criteria for simulation models and provides a
description of criteria used in selection of simulation models. A discussion of uncertainty in input
data and model parameters is provided. A brief discussion of validation of model-derived estimates
is also included. This chapter also provides a discussion of probabilistic approaches to estimation of
flood hazard assessment and outlines the components of a formal Probabilistic Flood Hazard
Assessment (PFHA) approach.

Chapter 5 also includes a brief summary of the findings of the fourth assessment report on climate
change prepared by the Intergovernmental Panel on Climate Change. A brief note is made
regarding incorporation of the effects of climate change in estimation of the design-basis floods at
nuclear power plant sites. Some future directions for further refinement of design-basis flood
estimation methods are also provided.

Chapter 6 provides a few specific recommendations for further research. Two of these are worth
noting. Incorporation of more recent site-specific datasets to demonstrate the validity of estimated
design-basis flood and available margins would provide additional assurance regarding safety.
Development of a comprehensive PFHA methodology that leverages existing techniques in areas of
hydrologic and hydraulic simulation, accounting for uncertainty in model inputs and parameters, and
probabilistic flood frequency analysis can provide an extremely useful tool for risk-informed design-
basis flood estimation at nuclear power plant sites.

The report also contains nine appendices. One of these appendices describes currently available
hydrometeorological datasets and geographical information system techniques that are useful in
data preprocessing and synthesis of model inputs. Seven of the other appendices describe the flood
estimation techniques for various flood-causing mechanisms. The last appendix describes some
limitations of the unit hydrograph approach frequently used in estimation of design-basis floods and
recommends a method for adjusting unit hydrographs to make them more appropriate for estimation
of extreme floods.






TABLE OF CONTENTS

Section Page
= 1 I O USSP i
LIST OF FIGURES ... ettt ettt e e e e e ettt e e e e e e e e ennneseaeeeeaannes vii
[ S IO N = I RS vii
EXECUTIVE SUMMARY ..ottt e e e ettt e e e e e e e e st e e e e e e e e e e sanssssnneeeaaeeeaaannnns iX
ACKNOWLEDGMENTS ...ttt e e e et e e e e e e e e et e e e e e e e e s annnnneneeeaeeeeannns Xiii
ACRONYMS AND ABBREVIATIONS ... ..ttt e e e e e e e e e e e e e e e e aanes XV
1 DESIGN-BASIS FLOOD ....coiiiiiiiieeee ettt e e e e e e e e e e enannnes 1-1
1.1 Definition of a Design-Basis FIOOd ... 1-1
1.2 Design-Basis Flood Estimation Methods Adopted by Other Federal Agencies ............. 1-2
1.2.1 U.S. Army Corps Of ENQINEEIS ... 1-3
1.2.2 Bureau of ReCIamation...........cooiii it 1-4
1.2.3 U.S. Department Of ENEIQY ......coooooiiiiiiiiiiiiee e 1-4
1.3 Federal Energy Regulatory COMMISSION ... 1-5
14 Design-Basis Flood Estimation Guidelines of the International Atomic Energy Agency 1-6
2 THE HIERARCHICAL HAZARD ASSESSMENT APPROACH........cooiiiiiiiiiieeeeee, 2-1
3 CAUSATIVE MECHANISMS FOR DESIGN-BASIS FLOODS.........cccooiiiiiiieeeee e 3-1
3.1 Alternative Conceptual MOEIS ........ ... s 3-1
3.2 Local Intense Precipitation ... 3-1
3.2.1 Flood Generated by Local Intense Precipitation and Its Effects..........cccccccovviiiiniinnnnn. 3-1
3.2.2 Hierarchical Hazard Assessment Applied to a Local Intense Precipitation-Generated
[0 o 3-2
3.3 Flooding in Rivers and StreamsS .........coooiiiiiiiiii e 3-3
3.3.1 Estimating the PMF and Its EffeCtS .........uuviiiiiiiiiiiiiiiiiiiiiieeeisesieeeee e 3-3
3.3.2 Hierarchical Hazard Assessment Applied to PMF ... 3-4
3.4 Dam Breaches and FailUures.........oooouiiiiiii e 3-5
3.4.1 Hierarchical Hazard Assessment Applied to Dam Breaches and Failures..................... 3-5
3.5 1 (0] 10 (IR STV o =TT SO PPPPPPPPPPPPN 3-6
3.5.1 Hierarchical Hazard Assessment Applied to PMSS ...........ooommiiiiiiiiiiieeevees 3-8
3.6 R T=Y o 1= PP 3-9
3.7 [o7=R g To [UTex=To N T ToTo [ 0o TR PP PPPR TP 3-9
3.8 Flooding Resulting from Channel Migration or Diversion.............cccccoeeeeiiiiiie e, 3-10
3.9 Combined-Effects FIOOd. ..o 3-10
4 APPROACHES ... ..ot e e e e e e e e e e e e e e e e e e nnarrareaaeas 4-1
4.1 Deterministic ANAIYSES ......coouiiiie e ————— 4-1
4.2 ProbabiliStiC ANGIYSES .....coooiiiiie s 4-3
5 DESIGN-BASIS FLOOD HAZARD ESTIMATION METHODS..........ccooiieeeeeeeeeie, 5-1
5.1 Alternative Conceptual MOEIS ...........uuuuueee e 5-1



5.2 Quality Assurance Criteria for Simulation Models.............ooooiiiiiiiiie e 5-3

5.3 Selecting Simulation Models 10 USE..........ooiiiiiiiiiiiiiie e 5-3
54 Accounting for Uncertainty in Input and Model Parameters for Estimation of Design-

Basis FIood Hazards ..o 5-5
5.5 Y21 [T F= T o TR 5-6
5.6 Reconciling Deterministic and Probabilistic Notions in the Context of Design-Basis

F100d ESHMEALION ... 5-6
5.7 Effects of Climate Variability on Design-Basis Flood Estimation.......................ooeooee. 5-9
6 FUTURE DIRECTIONS ...ttt e e e e e e e e e e snaanaeeeaae s 6-1
7 REFERENGES. . ... .ot e e e e e e e e e e e e eaeens 7-1
8 GLOSSARY .ttt e e e e e et e e e e e e e e —— et aaae e e e e e ———aaetaaaeee e e e nrrareeeeaeeaaaaannns 8-1
APPENDIX A HYDROLOGICAL DATA SOURCES ...t A-1
APPENDIX B FLOODING FROM LOCAL INTENSE PRECIPITATION: A CASE STUDY........ B-1
APPENDIX C DATA PREPARATION AND WATERSHED MODELING SETUP ..................... CA1
APPENDIX D FLOODING FROM DAM BREACHES AND FAILURES: A CASE STUDY....... D-1
APPENDIX E FLOODING FROM STORM SURGES: A CASE STUDY ......ccoooiiiiiiiieeee e E-1
APPENDIX F FLOODING FROM A SEICHE: A CASE STUDY .....ccooiiiieeeeee e F-1
APPENDIX G FLOODING FROM ICE-INDUCED EVENTS: A CASE STUDY .....cccccceeerininnnee G-1
APPENDIX H COMBINED-EFFECT FLOODS .......cooiiiiiitiiiieeee ettt e e H-1
APPENDIX | UNIT HYDROGRAPHS AND NONLINEAR HYDROLOGIC RESPONSE............. I-1

Vi



LIST OF FIGURES

Figure Page

2-1.  Flowchart Demonstrating the HHA Applied to Flood Hazards from a PMF Event ......... 2-3
5-1. A Hypothetical Nuclear Power Plant Site Location with Respect to a Creek, a

River, Two Bays, and an Ocean (map elements are not to scale)..............ccccvvvveeeneenn. 5-2
LIST OF TABLES
Table Page

3-1.  Types of Tropical Storms and the Saffir-Simpson Scale Describing the Categories of
[ [0 g Tor=T U= PRSP 3-7

Vii






EXECUTIVE SUMMARY

The last revision of Regulatory Guide 1.59 was published by the U.S. Nuclear Regulatory
Commission (NRC) in 1977. Since that time, flood estimation techniques have significantly
advanced. The availability of more accurate datasets and advent of new analysis
methodologies such as geographical information systems has facilitated rapid processing of
large, spatially distributed datasets in the estimation of input for newer classes of hydrologic,
hydraulic, and hydrodynamic models. This report attempts to collect relevant information that
can be used in the estimation of design-basis floods at nuclear power plant sites.

The experience gained by the staff at Pacific Northwest National Laboratory over the last few
years while assisting the NRC staff in the review of Early Site Permits and Combined License
Applications has resulted in the development of new and efficient techniques that are expected
to provide substantial gains in the accuracy and reliability of the estimates of design-basis
floods.

The NRC regulations require a safety analysis to demonstrate that structures, systems, and
components (SSCs) important to safety of a nuclear power plant are adequately protected from
the adverse effects of flooding. This report describes a new approach, the hierarchical hazard
assessment (HHA) approach, tailored to the estimation of design-basis flood hazard metrics at a
given site. The HHA is a stepwise, progressively refined series of analyses that is aimed at
demonstrating that the SSCs important to safety are adequately protected from the adverse
effects of severe floods expected at the site.

At the start of the estimation of design-basis flood hazards, it is very useful to list clearly all
plausible flooding mechanisms that are capable of generating a severe flood at the site. It is
also readily recognized that several scenarios of a particular flooding mechanism can affect the
site; for example, precipitation-generated floods may occur in a river adjacent to the site as well
as in a tributary that flows past the site. Multiple scenarios resulting from alternative conceptual
models of flooding from other mechanisms should also be investigated.

It may be possible to determine that some alternative conceptual models of flooding are
demonstrably less conservative than others and therefore more detailed analyses of those
scenarios may not be necessary. At the same time, enumeration of all plausible alternative
conceptual models provides additional assurance that the complete range of possible scenarios
at the site is adequately accounted for.

This report briefly discusses the probabilistic approaches to estimation of design-basis floods.
However, the deterministic approach currently in use is recommended for the near future
because of two reasons: the lack of an overall framework that fully implements a Probabilistic
Flood Hazard Assessment (PFHA) and to ensure consistency with current practices.

Nevertheless, several advances can be recommended at this time. Availability of large,
spatially distributed datasets and tools for rapid processing of these datasets provides an
opportunity to refine the representation of modeling elements in the drainage basin and to
parameterize more accurately the models currently used in practice. The availability of more
than 30 years of additional data since the last revision of Regulatory Guide 1.59 also provides a
longer and more robust validation dataset. Advances in computing speeds and availability of
specialized software also reduce the time required for analysis, allowing the examination of
multiple scenarios and thereby helping to reduce uncertainty in estimates of design-basis flood
hazards.



The report contains nine appendices, seven of which present examples of flood estimation from
various mechanisms. Only flood-simulation models currently accepted and widely used have
been employed in the development of these examples. However, these examples should not
be construed to be the only or even the most appropriate approach for estimation of design-
basis flood hazard metrics at a particular site. Often, site-specific conditions greatly influence
not only parameter choices but also the selection of the simulation models themselves. Some
of these issues are discussed in Chapter 5 of this report.

Recently, debate has focused on the projected climate change in the latter parts of the
twenty-first century and what these projections mean to the estimation of design-basis flood
hazards at sites where nuclear power plants may be expected to be in operation during the
same period. Chapter 5 summarizes the findings of the Intergovernmental Panel on Climate
Change fourth assessment report of 2007. Several hydroclimatic changes are projected for the
United States. However, the complete effect of these projected changes on flood-causing
mechanisms has not been investigated in detail at various spatial scales needed for site
characterization at nuclear power plants. For example, surface temperature and precipitation
are both projected to increase in eastern North America. The North Atlantic is also projected to
be warmer. The effects of these changes on synoptic and monsoon patterns that govern
precipitation have not been studied yet. It is possible that these changes would result in a
different climate where current estimates of extreme precipitation may not hold true. In absence
of any definitive studies, this report recommends that the projected changes be incorporated in
the estimation of design-basis flood hazard as sensitivity studies. The results of these
sensitivity studies should be used to determine and clearly report the margin available between
the selected design basis and the (uncertain) site characteristic related to each flood hazard
metric.

Probabilistic flood assessment has the benefit of clearly articulating the exceedance frequency
of a selected design basis. Therefore, it facilitates a risk-informed approach to decision-making.
Several components of PFHA already exist and have matured over the past few decades.
However, the near-future need is to develop an overall framework where these techniques can
be integrated into a comprehensive PFHA tool.
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1 DESIGN-BASIS FLOOD

Nuclear power plants need to be protected from the adverse effects of flooding. To assist in
determining the potential for adverse flooding effects, the U.S. Nuclear Regulatory Commission
(NRC) provides guidance for estimating design-basis floods in Regulatory Guide 1.59 (NRC
1977).

1.1 Definition of a Design-Basis Flood

A design-basis flood is a flood caused by one or an appropriate combination of several
hydrometeorological, geoseimic, or structural-failure phenomena, which results in the most
severe hazards to structures, systems, and components (SSCs) important to the safety of a
nuclear power plant.

Title 10 of the U.S. Code of Federal Regulations (CFR) 52.79(a)(1)(iii) states that a Final Safety-
Analysis Report, which is part of the Combined Operating License application process for
nuclear power plants, must address:

The seismic, meteorological, hydrologic, and geologic characteristics of the
proposed site with appropriate consideration of the most severe of the natural
phenomena that have been historically reported for the site and surrounding area
and with sufficient margin for the limited accuracy, quantity, and time in which the
historical data have been accumulated.

10 CFR 52.17(a)(1)(vi) includes a similar statement for Early Site Permit applications.

10 CFR 52.79(a)(4)(i) states that the minimum design requirements for the principal design
criteria are established by 10 CFR Part 50, Appendix A, General Design Criteria for Nuclear
Power Plants.

General Design Criterion 2 (GDC 2), Design bases for protection against natural phenomena, in
Appendix A to 10 CFR Part 50, Domestic Licensing of Production and Utilization Facilities,
states:

Structures, systems, and components important to safety shall be designed to
withstand the effects of natural phenomena such as earthquakes, tornadoes,
hurricanes, floods, tsunami, and seiches without loss of capability to perform
their safety functions. The design bases for these structures, systems, and
components shall reflect: (1) appropriate consideration of the most severe of the
natural phenomena that have been historically reported for the site and
surrounding area, with sufficient margin for the limited accuracy, quantity, and
period of time in which the historical data have been accumulated,
(2) appropriate combinations of the effects of normal and accident conditions with
the effects of the natural phenomena, and (3) the importance of the safety
functions to be performed. [Emphases in bold added by the authors.]

The requirements imposed by GDC 2 for determining a design-basis flood are (1) consideration
of the most severe historical event with sufficient margin, (2) consideration of combinations of
ambient conditions with flood-inducing natural phenomena, and (3) consideration of the
importance of safety functions affected by flooding. GDC 2 also requires that SSCs important to
safety must be able to perform their safety functions without loss of capability during a design-
basis flood.

1-1



GDC 44, Cooling water, requires an ultimate heat sink to transfer heat from SSCs important to
safety. The ultimate heat sink must remain functional under normal and accident conditions,
including the design-basis flood.

10 CFR 100.20 requires nuclear power plant site evaluation to include meteorological,
hydrological, seismic, and geologic characteristics that may affect the acceptability of a site for a
stationary power reactor. 10 CFR 100.20 also requires evaluation of the nature and proximity of
man-related hazards such as dams.

In the past, NRC adopted the concept of a “probable maximum event,” for estimating design
bases. The probable maximum event, which is determined by accounting for the physical limits
of the natural phenomenon, is the event that is considered to be the most severe reasonably
possible at the location of interest and is thought to exceed the severity of all historically
observed events. For example, a probable maximum flood (PMF) is the hypothetical flood
generated in the drainage area by a probable maximum precipitation (PMP) event. The
probable maximum storm surge (PMSS) is generated by the probable maximum hurricane
(PMH) or the probable maximum windstorm (PMWS). These events are defined by the
American National Standards Institute (ANSI) and American Nuclear Society (ANS) in
ANSI/ANS-2.8-1992 (ANS 1992). Similar concepts exist for a probable maximum tsunami
(PMT), which is not covered in this report. Gonzalez et al. (2007) and Prasad (2009) discussed
PMT hazards at nuclear power plant sites in the United States. The PMP is assumed to be a
theoretical maximum and its estimation uses no associated probability distribution. In standard
practice, estimating the PMF from the PMP involves some subjectivity and also uses no
probabilistic basis.

More recently, probabilistic methods have also gained acceptance for determining design-basis
events. The advantage of probabilistic methods is that an estimate of the probability-of-
exceedance of the selected design basis can be made. This capability enables clear
articulation of the level of risk that an SSC important to safety encounters during its operation.
The emphasis, therefore, is not on determining the worst-case scenario as a basis for design,
but to state the level of risk a chosen design would face.

1.2 Design-Basis Flood Estimation Methods Adopted by Other
Federal Agencies

This section briefly describes the methods adopted by Federal agencies other than NRC for
determining a design-basis flood. The U.S. Army Corps of Engineers (USACE), the Bureau of
Reclamation (Reclamation), and the Federal Energy Regulatory Commission (FERC) estimate
design-basis floods when designing and conducting safety assessments of flood-control
structures, dams, water-supply infrastructure, and levees. The U.S. Department of Energy
(DOE) estimates design-basis floods to help ensure the safety of SSCs at its facilities, and the
Federal Emergency Management Agency (FEMA) determines design-basis floods so it can plan
for emergency actions following a severe flooding event.

The methods recommended by USACE, Reclamation, DOE, and FERC for estimating design-
basis floods are described in the following sections.



1.2.1 U.S. Army Corps of Engineers

USACE publishes a series of Engineer Regulations (ERs) and Engineer Manuals (EMs)
(USACE 2009). The most relevant of these publications for estimating design-basis floods are
as follows:

o EM 1110-2-1420 (Hydrologic Engineering Requirements for Reservoirs)
. EM 1110-2-1417 (Flood-Runoff Analysis)

. EM 1110-2-1406 (Runoff from Snowmelt)

. EM 1110-2-1411 (Standard Project Flood Determinations)

o EM 1110-2-1416 (River Hydraulics)

. EM 1110-2-1100 (Coastal Engineering Manual)

. EM 1110-2-1612 (Ice Engineering)

J ER 1110-8-2(FR) (Inflow Design Flood for Dams and Reservoirs)

. EM 1110-2-1603 (Hydraulic Design of Spillways)

. EM 1110-2-1605 (Hydraulic Design of Navigation Dams)

o EM 1110-2-3600 (Management of Water Control Systems)

. EC 1165-2-210 (Water Resources Policies and Authorities — Water Supply Storage and

Risk Reduction Measures for Dam Safety).

USACE regulations currently state that dams for which failures may result in potential loss of
human life must be designed safely to pass a flood inflow into the reservoir estimated from the
PMP (USACE 1991). However, USACE is now using Probabilistic Risk Assessment (PRA) and
risk analysis to assess the design adequacy and potential failure of dams and levees (USACE
2010). Hydrologic hazard estimates, which include flood probabilities up to the maximum event,
are used as inputs to risk analysis. Extreme flood probability methods currently used by
USACE are described by USACE (2008a) and summarized by Brunner and Gee (2009).

USACE typically uses generalized rainfall criteria from National Weather Service (NWS)
Hydrometeorological Reports (HMRs) (e.g., Schreiner and Riedel 1978). However, in drainage
basins where unusual conditions exist or where generalized criteria may not provide refined
estimates of rainfall, special hydrometeorological studies may be performed.

USACE (1991, 1997) transforms rainfall to runoff using unit hydrographs and loss rates that are
favorable for rapid watershed response. The peak discharges of unit hydrographs derived from
observed flood events that are smaller than the PMF should be increased 20 to 50 percent. The
water-surface elevation in a reservoir prior to the arrival of a PMF is assumed to be at the full
pool level. USACE also considers an antecedent precipitation event prior to the arrival of the
PMP event. USACE (1994) describes the process of using unit hydrographs including several
synthetic hydrographs, but cautions that unit hydrographs intended for estimating large flood
events such as the PMF should be derived from large historical flood events. It suggests that in
certain cases, it is appropriate to modify the unit hydrograph to account for the shorter travel
time expected for larger floods.

A portion of precipitation falling on the drainage basin does not contribute to direct runoff
because of interception that is eventually evaporated from canopies, depression storage that
eventually infiltrates, and evapotranspiration. The rate of precipitation loss during a PMF event
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should be the most severe that is reasonable for the storm magnitude (USACE 1994). Loss
rates observed or estimated from large historical flood events may be used if the
hydrometeorological condition prevailing during these storms can be shown to represent severe
conditions. USACE (1994) recommends that no losses be considered when the ground may be
frozen at the start of the flood event. A similar argument may also be made for saturated soil
conditions.

1.2.2 Bureau of Reclamation

Reclamation oversees, manages, and maintains over 350 large dams, reservoirs, and
appurtenant facilities in the western United States as part of its responsibility to develop and
conserve the nation’s water resources. The Reclamation Dam Safety Program is responsible
for overseeing the safety assessments and potential modifications of existing dams, and for new
dams. Reclamation uses risk analysis to prioritize financial resources on new and existing
dams within Reclamation's inventory (Reclamation 2003). Reclamation's Public Protection
Guidelines provide two risk criteria for assessing the safety of dams: potential loss of life and
annual failure probability (Reclamation 2003). Reclamation's Best Practices in Dam Safety Risk
Analysis (Reclamation 2010) describes in detail the technical methods for dam safety
assessments that are used by Reclamation staff to assess the loads, structural response,
consequences, and risk.

To assess a particular existing or new structure, Reclamation estimates the full probability
distribution of hazards such as floods or earthquakes. Reclamation uses a suite of methods to
estimate hydrologic hazard curves, which portray peak flows and volumes for a range of annual
exceedance probabilities (Swain et al. 2006). Reclamation's policy is to use the PMF, as
determined by the PMP, as the physical upper limit for hydrologic hazard curves (Reclamation
2002).

Reclamation has published a set of three design manuals for design, analysis, and investigation
for constructing dams: Design of Small Dams, Third Edition (Reclamation 1987), Design of
Gravity Dams (Reclamation 1976), and Design of Arch Dams (Reclamation 1977).
Reclamation's design floods are selected based on the estimated risk at the site of interest.
These risk estimates include all site and watershed characteristics, specific structural
characteristics of the site or facility, and downstream consequences. In some cases, the PMF is
selected as the design basis flood. PMF methods used by Reclamation are described in
Cudworth (1989) and supersede methods described by Reclamation (1987). The loss rates
used during the PMF event should be the lowest rates that are consistent with soil types of the
watershed. The unit hydrograph approach is typically used to estimate PMF events, and is
selected from site-specific or regional extreme floods (Cudworth 1989).

1.2.3 U.S. Department of Energy

DOE designs, constructs, and operates its facilities so that workers, the general public, and the
environment are protected from hazards caused by natural phenomena (DOE 2002). DOE’s
flood design and evaluation criteria are established to ensure that safety-related SSCs meet a
set of performance goals. Four performance categories, PC 1 through PC 4, are used. The
mean hazard annual probabilities-of-exceedance for PC 1, PC 2, PC 3, and PC 4 are 2x107%,
5x10*, 1x10™, and 1x107®, respectively. For the categories PC 2 through PC 4, site-specific
flood hazard analyses are required. The hazard analyses are carried out in a probabilistic
framework. The design-basis flood is determined from the mean flood hazard curve and the
target hazard probability-of-exceedance (DOE 1995).
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DOE identifies the sources of flooding (e.g., river flooding and local intense precipitation) and
the flood hazards (e.g., hydrostatic and hydrodynamic forces) that may affect a site or an
individual SSC. Flooding sources that should be investigated for estimating the design basis
include river flooding, dam failure, levee or dike failure, local intense precipitation, storm surge,
seiche, snow, and tsunami. Combinations of flooding events also are analyzed (e.g., river
flooding combined with wind waves). For each SSC, the design-basis flood is defined in terms
of a peak hazard level (such as the depth or discharge for river flooding combined with wind
waves) and the corresponding loads (such as hydrostatic and hydrodynamic forces for river
flooding combined with wind waves).

A site-specific probabilistic flood-hazard assessment is accomplished in two steps (DOE 1995).
First, a flood-screening analysis is performed to determine the magnitude of flood hazards for
an SSC, and then a comprehensive flood-hazard assessment based on the results of the
screening is completed. The screening analysis is performed to determine whether the site can
be considered a dry site as defined by ANS (1992).

The screening analysis consists of the following four steps:

1. Compile historical peak discharges.

2 Estimate the probability-of-exceedance for peak discharges.

3. Estimate the stage-discharge relationship from historical flood data or hydraulic analysis.
4 Transform the peak discharge frequency distribution to a stage frequency distribution to

evaluate the probabilities-of-exceedance for selected grade elevations.

The comprehensive flood hazard assessment may be performed using statistical methods,
probabilistic hydrologic modeling, and paleohydrologic analysis. Some of these methods are
described by the National Research Council (1988).

1.3 Federal Energy Regulatory Commission

The FERC, in part, licenses and inspects private, municipal, and state hydroelectric projects.
FERC’s engineering guidelines for evaluation of dams and hydropower projects contain
procedures for estimation of PMF (FERC 2001). FERC guidelines use the runoff generated by
the PMP in the drainage basin to estimate the inflow PMF for the project reservoir. Use of the
most recent HMR is recommended unless an approved site-specific PMP study is available.
Use of the computer program HMR52 (BOSS International 1988) is recommended for
estimation of PMP hyetographs for subbasins. The inflow PMF is routed through the reservoir
and outlet works to estimate the outflow PMF and the maximum PMF water-surface elevation at
the dam.

The guidelines (FERC 2001) do not consider failure of upstream dams during development of
the PMF at a downstream project. The PMF is routed through upstream dams assuming they
remain intact. However, consideration of the failure of upstream dams during a PMF is
recommended.

The guidelines (FERC 2001) use the unit hydrograph approach for runoff generation. Use of
unit hydrographs already developed during previous local, State, or Federal studies is
recommended. Previously developed unit hydrographs should be validated against the largest
historical flood. Development of new unit hydrographs is suggested if the available unit
hydrographs were not derived using current precipitation-runoff data, do not accurately
reproduce large historical floods, or changes in basin characteristics have occurred since the
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development of the unit hydrographs. The guidelines specifically warn against use of small
floods for development of unit hydrographs that are intended for use in estimation of the PMF.
Frequency analysis of historical floods is recommended for selection of significant floods for
development of unit hydrographs.

For ungauged drainage basins, the guidelines (FERC 2001) recommend using synthetic unit
hydrographs from existing or new regional studies. If sufficient data are not available to develop
synthetic unit hydrographs, empirical unit hydrographs such as Snyder, Clark, or Natural
Resources Conservation Service (NRCS) are recommended. The guidelines require
justification of coefficients of empirical unit hydrographs.

For estimating the PMF, FERC (2001) recommends that the initial loss, which generally reflects
interception and depression storage in the drainage basin, should be set to zero. The
guidelines recommend estimating continuing loss rates, which reflects the effect of infiltration,
from soil properties, but caution against unrealistically high estimates of loss rates. For
drainage basins where estimated loss rates cannot be validated, loss rates should be set to
minimum recommended values (FERC 2001).

The guidelines (FERC 2001) also recommend the use of certain conditions concurrent with the
PMP, similar to combined events described by ANS (1992). These concurrent conditions
include existence of a 100-year snowpack in appropriate areas of the drainage basin, air
temperature sequences, and average monthly base flow.

1.4 Design-Basis Flood Estimation Guidelines of the International
Atomic Energy Agency

If it receives a request, the International Atomic Energy Agency (IAEA) assists its member
states in determining potential sites for and designs of nuclear power plants. The IAEA
publishes a series of documents that describe the fundamentals (the basic principles that
ensure safety), standards (the basic requirements that must be met to ensure safety), guidance
(recommendations based on international experience that help meet standards), and practices
(examples and methods).

IAEA Safety Guide NS-G-3.5 (IAEA 2003) describes the design-basis flood as “... a series of
parameters that maximize the challenge to plant safety as a consequence of a flood.” The
parameters may consist of maximum water level, maximum dynamic effects on flood-protection
structures, or maximum rate of rise of water levels.

For coastal sites, IAEA (2003) recommends evaluation of PMSS, PMT, probable maximum
seiche (PMS), and wind-wave effects considered independently or in combination.
Conservatively high ambient water levels should be considered, including those related to tides,
sea-level anomalies, and lake levels.

For river sites, IAEA (2003) recommends evaluation of offsite precipitation-induced floods
routed to the site; snowmelt floods; floods caused by seismic or hydrologic failures of natural or
artificial structures; floods caused by obstruction of a river channel by landslides, ice jams, or
debris; floods caused by large waves in water basins resulting from landslides or volcanic
activity; floods caused by changes in natural channels; floods caused by wind waves on large
rivers or estuaries; and floods caused by increased groundwater levels induced by earthquakes.
Combinations of dependent events are also recommended for careful evaluation.



IAEA (2003) recommends that deterministic and probabilistic methods for evaluating the design-
basis flood should be considered complementary. The estimated flood hazard should be
compared to historical data to verify that the specified design basis exceeds the historical

extreme by a substantial margin.






2 THE HIERARCHICAL HAZARD ASSESSMENT APPROACH

The applicant for an NRC license or permit performs a safety analysis to demonstrate that
(1) hazards from natural phenomena would not adversely affect the functioning of the plant’s
safety-related SSCs (see NRC 2007b for description of safety-related SSCs), or (2) the affected
safety-related SSCs are adequately protected against the adverse effects of the natural
phenomena. In this report, we describe hazard assessment for floods.

First, for the selected site of a nuclear power plant, the causal phenomena or mechanisms that
could lead to flooding should be identified. Flood-causing mechanisms refer to the set of those
hydrometeorological, geoseismic, or structural failure phenomena that may produce a flood at or
near the site. The geographical area that is relevant for each flood-causing mechanism should
be identified. This geographical area, generally termed the vicinity of the site or site region (or
just “the vicinity”), depends on the nature of the flood-causing mechanism being considered.
Floods generated in the vicinity because of the hydrometeorological, geoseismic, or structural
failure may propagate to the site. For example, the vicinity for a PMF in a river that flows by a
site may consist of the entire watershed of the river upstream of the site. For a site located near
coastal regions, an ocean or a large lake also may be included in the vicinity if tsunamis or
storm surges that occur in them might propagate to the site.

An inspection of historical data may reveal the flood-causing mechanisms that should be
considered for a site. For example, an inspection of air temperature data may suggest the
potential for formation of ice jams or dams, the subsequent collapse of which may generate a
flood. More relevant are an inspection of the hydrology, topography, morphology, and geology
and the presence of any water-control structures in the vicinity of the site (e.g., a site located on
the banks of a river should be investigated for the PMF in the river; a site that has several
upstream dams should be analyzed for floods from single and cascading dam failures).

Typically, flood-causing mechanisms that should be considered include Ilocal intense
precipitation, flooding in rivers and streams, flooding from upstream dam breaches or failures,
flooding from storm surges or seiches, flooding from tsunamis, flooding from ice-induced events,
and flooding from channel diversions toward the site.

The hierarchical hazard assessment (HHA) is a progressively refined, stepwise estimation of
site-specific hazards that evaluates the safety of SSCs with the most conservative plausible
assumptions consistent with available data. The HHA process starts with the most conservative
simplifying assumptions that maximize the hazards from the probable maximum event for each
natural flood-causing phenomenon expected to occur in the vicinity of a proposed site. The
focus of this report is on flood hazards. If the site is not inundated by floods from any of the
phenomena to an elevation critical for safe operation of the SSCs, a conclusion that the SSCs
are not susceptible to flooding would be valid (ANS 1992), and no further flood-hazard
assessment would be needed.

However, if the level of assessed hazards results in an adverse effect or exposure to any safety-
related SSC, a more site-specific hazard assessment should be performed for the probable
maximum event. Several iterations of the flood-hazard assessment, each based on inclusion of
additional site-specific data, may be needed to demonstrate that the assessed hazards from the
probable maximum event are still based on conservative assumptions yet do not adversely
affect the safety-related SSCs. Under these conditions, the reasonable assurance criterion for
safety, as stated above, is demonstrated.



If the iterative process identifies a situation that is considered the most site-specific based on
available data and still results in exposure of or adverse effects to the safety-related SSCs,
flooding protection measures should be employed to protect the affected SSCs as described in
NRC Regulatory Guide 1.59 (NRC 1977). Regulatory Guide 1.102 (NRC 1976) identifies the
types of flooding protection acceptable to NRC. A certain level of subjectivity is involved in
determining the level of conservatism associated with a simplifying assumption, and also in
what may be considered a site-specific scenario. Engineering judgment and the practices of
Federal agencies, such as USACE, the Reclamation, the NRCS, and others, may be useful in
these considerations.

The HHA approach should be carried out for each flood-causing mechanism for a proposed site.
The design-basis flood is the event that results in the most severe hazard to the safety-related
SSC. It should be noted here that depending on the locations of safety-related SSCs, the
design-basis flood for a particular SSC may be different from design-basis floods for other
SSCs. For example, the containment building located in the powerblock area may be exposed
to the most severe hazard from the local intense precipitation-generated flood, and at the same
site, a safety-related cooling-water intake may be exposed to the most severe hazard from a
PMT or PMSS. The design bases for the containment building then should be derived from the
local intense precipitation-generated flood, while the bases for the cooling-water intake would be
derived from the PMT or PMSS.

Regulatory Guide 1.102 (NRC 1976) states that safety-related SSCs should be protected both
from static and dynamic effects of floods. Therefore, the static and dynamic loadings of floods
generated by each flood-causing mechanism should be considered to determine the design
bases for each safety-related SSC.

The steps involved in the HHA approach for estimating the design-basis flood are summarized
below.

1. Identify flood-causing phenomena or mechanisms by reviewing historical data and
assessing the geohydrological, geoseismic, and structural failure phenomena in the
vicinity of the site and region.

2. For each flood-causing phenomenon, develop a conservative estimate of the flood from
the corresponding probable maximum event using conservative simplifying assumptions.

3. If any safety-related SSC is adversely affected by flood hazards, use site-specific data to
provide more realistic conditions in the flood analyses while ensuring that these
conditions are consistent with those used by Federal agencies in similar design
considerations. Repeat Step 2; if all safety-related SSCs are unaffected by the
estimated flood, or if all site-specific data have been used, specify design bases for each
using the most severe hazards from the set of floods corresponding to the flood-causing
phenomena.

The steps of HHA can also be illustrated using a flowchart. Figure 2-1 shows the steps
involved, decision points, and ultimate alternative outcomes of the HHA for flood water-surface
elevation from a PMF event.



Estimate PMP.

Use most conservative assumptions to build
runoff generation and routing models:
PMF with no loss and instantaneous translation.

Estimate PMF discharge and
water surface elevation.

Stop. Safety of the
SSCs demonstrated.

Does PMF
water-surface elevation at the
site exceed critical elevations
of SSCs?

Use site-specific data to
refine runoff generation
and routing models.

Stop. Flooding
protection to exposed
SSCs must be provided.

Are any site-
specific data available to specify
loss rates or runoff models consistent
with practices of other Federal
agencies?

Figure 2-1. Flowchart Demonstrating the HHA Applied to Flood Hazards from a PMF

Event

An example of how HHA is applied based on Figure 2-1 is described below. The flood-causing

mechanism considered is the PMF in the drainage basin upstream of the site.

For

demonstration, it was assumed that the site is located on an impoundment on the stream, and
the safety-related SSCs are located at a grade elevation above the normal water-surface
elevation in the impoundment.

1.

The PMP for the drainage basin upstream of the site was estimated by applying relevant
data from National Oceanic and Atmospheric Administration (NOAA) NWS (HMRs) to
obtain a set of PMP rainfall hyetographs for each subbasin.

The PMF in the drainage basin upstream of the site was estimated by conservatively
assuming that no precipitation losses occur during the PMF event and that the runoff
generated in any part of the drainage basin is instantaneously translated through the
channel network and arrives at the site without delay. Both of these are simplifying
assumptions (loss rates need not be determined and channel routing need not be
performed) and are conservative as well (no loss maximizes the volume of runoff and no
delay maximizes the peak discharge). The inflow hydrograph into the reservoir is
therefore calculated simply by multiplying the hyetograph ordinates for each subbasin by
its corresponding area and converting the resulting volume into a discharge over the
time step. Further, it was conservatively assumed that the inflow hydrograph would not
be attenuated as it passed through the reservoir, and the water-surface elevation in the
reservoir corresponding to the peak discharge at the dam and spillway was estimated
using a broad-crested weir discharge equation. The resulting water-surface elevation in
the reservoir exceeded the site grade.
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Because the safety-related SSC would be inundated by the flood estimated under
extremely conservative conditions, in the second iteration the analysis was made more
site-specific by introducing reservoir routing, while keeping all other assumptions the
same. The initial water-surface elevation in the reservoir was assumed to be at the full-
pool level. Site-specific reservoir storage-elevation-discharge data were used in the
reservoir routing. The reservoir routing of the inflow hydrograph reduced the peak
discharge at the dam and spillway and resulted in a water-surface elevation that was
lower than that computed previously. However, the site was still inundated, although to
a lesser degree.

In the third iteration, the assumption of instantaneous translation of the runoff from each
subbasin to the reservoir was replaced by runoff generation according to site-specific
unit hydrographs adjusted to account for non-linear basin response during large floods
approaching the PMF (see Section 2.2). The unit hydrographs reduced the peak
discharges from those computed in the first iteration and introduced a time delay or lag
between the time when runoff was generated in each subbasin and when it arrived in the
channel network. The inflow hydrograph was routed through the reservoir as in the
second iteration. The resulting peak water-surface elevation at the site was now below
the site grade. Because all safety-related SSCs are located at the site grade, the site is
dry under the stillwater effects of the PMF. Notice that two conservative assumptions in
the PMF analysis still remain: (1) no precipitation loss and (2) no channel routing.
Therefore, the PMF is estimated using a conservative and a relatively simple approach.
Coincident wind waves should now be estimated at the site based on the longest fetch
length and a 2-year wind and added to the PMF stillwater elevation at the site. If the
combined-effects flood water-surface elevation does not exceed the site grade, the site
has been demonstrated to be dry. If the combined-effects flood water-surface elevation
exceeds the site grade, more site-specific data may be used to characterize channel
routing or specify an appropriate yet conservative precipitation loss rate.

If the site were determined to be dry, specification of no other design bases for flood
hazards from a PMF event would be needed. If the site were determined to be wet even
after using all available site-specific data, flooding protection options should be specified
for affected safety-related SSCs.



3 CAUSATIVE MECHANISMS FOR DESIGN-BASIS FLOODS

Several flooding mechanisms or causes, and reasonable combinations of those mechanisms or
causes, should be investigated to estimate the design-basis flood at nuclear power plant sites.
These mechanisms or causes are described in this chapter.

3.1 Alternative Conceptual Models

Before investing a significant effort involving the simulation of a design-basis flood at a site, it is
useful to articulate clearly the alternative conceptualizations of the hydrometeorological
phenomena and how they may affect the site. These alternative conceptualizations of causative
mechanisms are called alternative conceptual models for the site, and they should be described
for all flooding mechanisms. Alternative conceptual models also clearly demonstrate why a
particular conceptualization may be more conservative than another. Alternate conceptual
models also clearly demonstrate the need for site-specific data and the use of site-specific data
in establishing more refined site-specific models. Therefore, alternative conceptual models form
the basis of the HHA approach. As described in Chapter 4, the three iterations performed
during the example design-basis flood estimation are simply a set of alternative conceptual
models. Each alternative conceptualizes the flood-generation mechanism in the drainage basin
above the site with a different level of complexity. The alternative conceptual model that
ultimately specified the design basis also was clearly demonstrated to be conservative when the
assessment was completed.

The need for site-specific data is expected when estimating a design-basis flood. The diverse
set of publicly available data compiled by Federal and State agencies that is relevant for
estimating design-basis floods is described in Appendix A.

3.2 Local Intense Precipitation

Local intense precipitation is a measure of the extreme precipitation at a given location. The
duration of the event and the support area are needed to qualify an extreme precipitation event
fully. Generally, the amount of extreme precipitation decreases with increasing duration and
increasing area.

The PMP values for areas of the United States east of the 105th meridian are presented in
HMRs 51 (Schreiner and Riedel 1978) and 52 (Hansen et al. 1982). The 1-hr, 2.56-km? (1-mi?)
PMP was derived using single-station observations of extreme precipitation, coupled with
theoretical methods for moisture maximization, transposition, and envelopment. HMR 52
recommended that no increase in PMP values for areas smaller than 2.56 km? (1 mi?) should be
considered over the 1-hr, 2.56-km? (1-mi2) PMP. The local intense precipitation is, therefore,
deemed equivalent to the 1-hr, 2.56-km? (1-mi?) PMP at the location of the site.

3.2.1 Flood Generated by Local Intense Precipitation and Its Effects

The elevation of the site, or the site grade, is irrelevant for mitigation of flooding from local
intense precipitation. The runoff carrying capacity of the site grading design and the
performance of any active or passive drainage system would determine the depth and velocity
of surface runoff at the site. Typically, any active drainage systems should be considered non-
functional at the time of the local intense precipitation event. The surface runoff would be
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carried off from the immediate powerblock area to any adjoining drainage channels
through overland flow and then be carried away from the site to a natural creek or stream.

The runoff losses should be ignored during the local intense precipitation event to maximize the
runoff from the event. The powerblock area where safety-related SSCs are located may be
subdivided into sub-areas that drain in different directions depending on the site grading design.
The hydraulic parameters that affect the depth and velocity of flow should be chosen carefully
and should be consistent with values used in standard engineering practice by Federal agencies
and other authorities responsible for similar design considerations. The reasons for parameter-
value choices should be properly documented.

Hydrologic and hydraulic simulation models accepted in standard engineering practice by
Federal agencies and other authorities responsible for similar design considerations may be
used to estimate the time history of runoff and its hydraulic characteristics during an event. At
the time this report was written, hydrologic and hydraulic simulation models developed,
described, and maintained by the Hydrologic Engineering Center (HEC) of the USACE were
acceptable to NRC (USACE 2008a, b). Considerations involved in the choice of a simulation
model are described in more detail in Chapter 5 of this report. Although this report uses HEC
models to illustrate the estimation of floods generated by local intense precipitation at nuclear
power plant sites, appropriate justification for selection of methods, data, and models would
depend on site-specific circumstances (see Sections 5.3 and 5.4).

If a flood generated by local intense precipitation is determined to be the design basis, each
safety-related SSC that may be exposed to the static and dynamic effects of the flood should
have openings and doors located above the highest water-surface elevation attained during the
event. In addition, the safety-related SSCs should be able to withstand the dynamic effects of
the flood (e.g., drag forces). If either of the above conditions is not met, flooding protection for
affected safety-related SSCs should be considered and described. If flooding protection is
needed for safety-related SSCs, the rate of rise of the flood waters also should be determined to
establish available lead times.

3.2.2 Hierarchical Hazard Assessment Applied to a Local Intense Precipitation-
Generated Flood

Appendix B provides an example of the method used to estimate flooding in a hypothetical
passive site drainage network during a local intense precipitation event. This section describes
how the example provided in Appendix B should be applied in the HHA framework using
alternative conceptual models of the site drainage.

The simplest and most conservative conceptual model for site drainage is to assume that no
active components remain functional and even the passive site drainage network is
compromised. This conceptual model corresponds to Case 3 described in Appendix B. The
method described there should be used to determine the highest water-surface elevation during
the local intense precipitation event. If the estimated water-surface elevation does not affect
any safety-related SSCs, it can be concluded that the plant would be safe from the effects of the
local intense precipitation event.

If the water-surface elevation estimated using Case 3 does result in adverse effects to one or
more safety-related SSCs, and site constraints would not allow for adequate modifications to the
grading or placement of the SSCs, the conceptual model described in Case 2 could be used.
However, a clearly articulated justification, supported by site-specific hydrometeorological data,
would be needed to demonstrate that the passive site drainage network would not be
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completely blocked by debris or otherwise compromised during the local intense precipitation
event. Once the justification has been documented, the methods used in Case 2 may be used
to estimate the water-surface elevation during the local intense precipitation event.

If the water-surface elevation estimated using Case 2 results in adverse effects on one or more
safety-related SSCs, the methods described in Case 1 may be used. However,
hydrometeorological evidence suggests it is extremely rare that the passive site drainage
network would remain completely unblocked during a local intense precipitation event.
Therefore, use of this conceptual model is not recommended. Instead, the site grade and the
drainage network may need to be redesigned.

3.3 Flooding in Rivers and Streams

The PMF in rivers and streams adjoining the site should be determined by applying the PMP to
the drainage basin of these rivers and streams. The PMF is defined by ANSI/ANS-2.8-1992
(ANS 1992) as “... the hypothetical flood (peak discharge, volume, and hydrograph shape) that
is considered to be the most severe reasonably possible, based on comprehensive
hydrometeorological application of PMP and other hydrologic factors favorable for maximum
flood runoff such as sequential storms and snowmelt.”

3.3.1 Estimating the PMF and Its Effects

The estimation of PMP for different zones of the United States has been described by NOAA
NWS in its series of HMRs. The PMP is a deterministic estimate of the theoretical maximum
depth of precipitation that can occur at a time of year over a specified area. A rainfall-to-runoff
transformation function and an accounting of the runoff aggregation by the topographic and
drainage or stream network characteristics in addition to certain watershed properties are
needed to estimate the PMF hydrograph. Simulation models called “hydrological models”
typically use the time history of PMP precipitation as input and estimate the PMF runoff
hydrograph given a set of watershed parameters that describe precipitation losses, rainfall-to-
runoff transformation, antecedent streamflow conditions, and travel time within the stream
network.

A PMF hydrograph obtained from hydrological models provides only a time history of discharge
or streamflow within the stream network. To obtain the hydraulic parameters of the PMF, such
as velocity and depth, another class of models usually called “hydraulic models” is used. The
hydraulic models use the PMF hydrographs estimated by hydrological models at key locations,
a set of physical properties of the stream network such as longitudinal and cross-sectional
geometry, stream reach connectivity, channel roughness, and initial conditions within the stream
network to estimate PMF flow velocities and depths (or equivalently, the flood water-surface
elevation).

The hydraulic properties estimated by the hydraulic model are used then to specify the PMF
characteristics near the site. If the water-surface elevation in the river or stream adjacent to the
site exceeds the design site grade, the static and dynamic effects of the PMF may adversely
affect safety-related SSCs. The affected SSCs should be protected from the most severe
hazards, or the site grade should be redesigned. Regulatory Guide 1.102 (NRC 1976)
describes the types of flooding protection acceptable to the NRC.

At the time this report was written, hydrologic and hydraulic simulation models developed,
described, and maintained by the USACE HEC were acceptable to the NRC. Considerations
that should be applied when choosing a simulation model are described in more detail in
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Chapter 5 of this report. Although this report uses HEC models to illustrate the estimation of
floods in river and streams that may affect nuclear power plant sites, appropriate justification for
selection of methods, data, and models would depend on site-specific circumstances
(see Sections 5.3 and 5.4).

If the PMF is determined to be the design basis, each safety-related SSC that may be exposed
to the static and dynamic effects of the PMF should have its openings and doors located above
the highest water-surface elevation attained during the event. In addition, the safety-related
SSCs should be able to withstand the dynamic effects of the PMF (e.g., drag forces). If either of
the above conditions is not met, flooding protection for affected safety-related SSCs should be
considered and described. If flooding protection is needed for safety-related SSCs, the rate of
rise of the flood waters also should be determined to establish available lead times for
responding to floods.

3.3.2 Hierarchical Hazard Assessment Applied to PMF

Appendix C provides an example of how to estimate the PMF at a hypothetical nuclear power
plant site. An example of the use of alternative conceptual models within the HHA framework to
estimate the design-basis flood from a PMF is provided in Section C.4. Appendix C contains
additional discussions regarding alternative conceptual models that should be investigated
(see discussion of scenarios in Section C.4).

The most commonly accepted way of specifying a rainfall-runoff transformation function
accepted is the unit hydrograph approach, which was proposed by Sherman (1932). The unit
hydrograph is defined as the direct runoff hydrograph that results from a unit depth of spatially
and temporally uniform rainfall excess in the drainage basin over a specific duration (Pilgrim and
Cordery 1993).

The theory behind the unit hydrograph approach is based on two assumptions: (1) the drainage
basin is a lumped system in that no spatial variability in rainfall input or losses is allowed, and
(2) the direct runoff discharge hydrograph for rainfall excess values other than the unit depth
can be obtained simply by scaling the unit hydrograph ordinates by the rainfall excess value.
The direct runoff hydrograph from a sequence of rainfall excess depth is calculated by
superimposing the individual responses from each of the individual pulses of rainfall excess.
Because of the linearity assumption, unit hydrographs of other durations can be estimated
readily if a unit hydrograph of a given duration is available (Chow et al. 1988).

Unit hydrographs can be estimated from observed rainfall and runoff data (Chow et al. 1988).
For ungauged drainage basins, empirical relationships based on characteristics of the drainage
basin have been developed to estimate synthetic unit hydrographs (e.g., NRCS 1985;
Nash 1960; Snyder 1938; Clark 1945). Standard hydrology texts, such as Chow et al.’s (1988),
contain descriptions of these methods. More recent research has attempted to derive unit
hydrographs from geomorphic characteristics of the drainage basin (Rodriguez-lturbe and
Valdes 1979; Gupta et al. 1980; Rodriguez-lturbe and Rinaldo 1997).

One vexing problem remains when using unit hydrographs to estimate the PMF. By definition,
the PMF is an extremely rare event, with virtually no possibility of being exceeded. Therefore,
unit hydrographs derived from observed rainfall and runoff data, or those based on empirical
relationships, do not represent hydrometeorological conditions that would prevail during a flood
as large as the PMF. The hydraulic efficiency of drainage networks is expected to increase
during a PMF event, and the flood discharge is certain to overflow the banks of drainage
channels and occupy large areas of the floodplain. For these reasons, the drainage basin
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response during a PMF event is expected to be much different from that assumed during the
derivation of the unit hydrographs, violating the linearity assumption in the theory. At the very
least, the unit hydrographs should be derived from floods that are among the largest on record
and that approach the magnitude of the PMF. Pilgrim and Cordery (1993) describe a set of
adjustments that may be made to unit hydrographs derived from floods smaller than the PMF.
The recommended adjustments to peak discharge and lag time (i.e., the time to peak discharge)
are a 5-to-20-percent increase for the peak discharge and a 33-percent reduction in the lag
time.

3.4 Dam Breaches and Failures

Flood waves resulting from severe breaches of upstream dams, including domino-type or
cascading dam failures, should be evaluated for the site. Water-storage or water-control
structures (such as onsite cooling or auxiliary water reservoirs and onsite levees) that may be
located at or above the safety-related site grade should also be evaluated. In cases of failure of
earthen levees or embankments onsite, the effects of sediment being carried with the flood
wave should also be determined.

Dam failure scenarios, particularly those related to cascading dam failures, should be carefully
analyzed and documented to establish that the most severe of the possible combinations has
been accounted for. Typically, two scenarios of upstream dam failure should be considered:
(1) failure of individual dams and (2) cascading or domino-like failures of dams. Appendix D
provides an example of cascading combinations and methods for estimating the geometric
characteristics of dam breaches.

3.4.1 Hierarchical Hazard Assessment Applied to Dam Breaches and Failures

The simplest and most conservative dam-breach induced flood may be expected to occur under
the assumption that (1) all dams upstream of the site are assumed to fail during the PMF event
regardless of their design capacity to safely pass a PMF and (2) the peak discharge from
individual dam failures reach the site at the same time. In this scenario, the peak discharges of
all individual flood waves from the failures, augmented by PMF inflows, arrive at the site at the
same time. This scenario is clearly the most conservative because (1) PMF is augmented by
release of stored water within the reservoirs and (2) differences in travel time for the peak
discharges from individual dam failures to reach the site is ignored.

If the flood water-surface elevation in the stream adjacent to the site from the most conservative
scenario described above when combined with wind-induced waves is below the safety-related
site grade, no further analysis would be necessary. If the safety-related site grade is exceeded,
site-specific data may be used to specify progressively more refined scenarios of dam failures:

1. Investigate the failures of only a subset of all the upstream dams while assuming that
peak discharges of individual dam-failure induced floods reach the site at the same time.
A justification that the remaining dams would not fail under PMF scenarios should be
provided.

2. The most severe cascading failure combination should be investigated (see Appendix D
for an example). This scenario may require setting up the USACE Hydrologic
Engineering Center River Analysis System (HEC-RAS) model or another hydraulic
model input with site-specific data related to channel geometry and bathymetry and
reservoir stage-storage-discharge relationships. Manning’s roughness coefficients also
would be needed as input. An example of this approach is provided in Appendix D.
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Although this report uses HEC models to illustrate the estimation of floods from dam breaches
and failures that may affect nuclear power plant sites, appropriate justification for selection of
methods, data, and models would depend on site-specific circumstances (see Sections 5.3 and
5.4).

If the dam-failure induced flood is determined to be the design basis, each safety-related SSC
that may be exposed to the static and dynamic effects of the flood should have openings and
doors located above the highest water-surface elevation attained during this event. In addition,
the safety-related SSC should be able to withstand the dynamic effects of the flood (e.g., drag
forces). |If either of the above conditions is not met, flooding protection for affected safety-
related SSCs should be considered and described. If flooding protection is needed for safety-
related SSCs, the rate of rise of the flood waters also should be determined to establish
available lead times.

Sunny-day failure of dams, which are characterized by an absence of a concurrent extreme
flood, may produce the highest flood elevations depending on the relative location of the dam,
water-surface elevation in the reservoir, and the critical elevations of safety-related SSCs.
These dam failures may occur due to failures of embankment material or foundation such as
those due to piping through the embankment or liquefaction of foundation during seismic
events. Sunny-day failures of dams could result in single or multiple cascading failures
depending on the configuration of the water-storage facilities. The possibility of these failures
should be carefully evaluated to ensure that all plausible mechanisms for flooding from dam
breaches and failures at and near a site are considered.

3.5 Storm Surge

Storm types are defined by NOAA according to the maximum sustained wind speed. The
maximum sustained wind speed is defined as the highest 1-minute average wind speed within
the storm at a height of 10 m (33 ft).

Tropical storms in the Atlantic Ocean start as tropical disturbances, which are weather systems
with an apparently organized convection around a low pressure center and movement that is
sustained for a day or more. As the central pressure drops, the weather system can sustain
faster winds and develop into a tropical depression that is characterized by maximum sustained
wind speeds up to 61 km/hr (38 mph, 33 kt). The weather system strengthens into a tropical
storm if the maximum sustained winds reach speeds of 63 to 117 km/hr (39 to 73 mph, 34 to 63
kt). Further strengthening of the storm categorizes it as a hurricane. As shown in Table 2.1, the
Saffir-Simpson hurricane intensity scale (Simpson and Riehl 1981) is used by NOAA to describe
the severity of hurricanes in five categories. The use of central pressure as a defining
characteristic was discontinued in the 1990s.

Storm surge is the rise in offshore water elevation caused principally by the shear force of the
hurricane winds acting on the surface. A secondary rise in water surface is also caused by the
lowering of the air pressure within the hurricane. In the past, the Saffir-Simpson scale also was
used to describe expected storm surges from hurricanes of different categories. Irish et al.
(2008) point out that while the use of Saffir-Simpson scale is appropriate for wind damage, its
use as an indicator for storm surge is not. Using numerical simulations of idealized hurricanes,
they showed that storm intensity, bottom slope, and storm size are important factors in storm
surge generation at the coastline. Simulated storm surge increased with storm size for a given
storm intensity (Irish et al. 2008).



Table 3-1. Types of Tropical Storms and the Saffir-Simpson Scale Describing the
Categories of Hurricanes

Type and Category | Wind Speed km/hr (mph, kt) | Central Pressure kPa (mb, in. Hg)

Tropical Depression (TD) <62 (< 39, 34)
Tropical Storm (TS) 63—117 (39-73, 34—-63)
Category 1 (H1) 118-153 (74-95, 64-82) > 98 (> 980, 28.94)
o Category 2 (H2) 154-177 (96-110, 83-95) 96.5-98 (965-980, 28.50—28.94)
8 |Category 3 (H3) 178-209 (111-130, 96-113) | 94.5-96.5 (945-965, 27.91-28.50)
'E |Category 4 (H4) 210-249 (131-155, 114-135) | 92-94.5 (920-945, 27.17-27.91)
£ [Category 5 (H5) >250 (> 155, 135) <92 (<920, 27.17)

NOAA NWS Technical Report 23 (NWS 23) (Schwerdt et al. 1979) provides methods for
estimating PMH wind fields. The study that was the basis for this report was funded jointly by
NRC and USACE. The PMH is defined as a hypothetical steady-state hurricane having a
combination of values of meteorological parameters that will give the highest sustained wind
speed that can probably occur at a specified coastal location. The term steady state is meant to
indicate that there is no change in the value of hurricane wind-field parameters during at least
the last several hours before the PMH makes landfall. Appendix E contains an example of how
the PMH wind field is estimated using the NWS 23 procedure (Schwerdt et al. 1979).

Once the PMH wind field is estimated, it should be input into a coastal hydrodynamics
simulation model that predicts the water-surface rise, or the PMSS, from the shear forces
imparted by the wind field. NOAA NWS has developed such a model, the Sea, Lake, and
Overland Surges from Hurricanes (SLOSH). Details of the SLOSH model are described by
Jelesnianski et al. (1992). The SLOSH model was used in this study to illustrate one way of
predicting the PMSS for a hypothetical location (see Appendix E).

Since NWS 23 (Schwerdt et al. 1979) was published, advances in the understanding of
hurricane wind fields (Holland 1980; Powell et al. 2003) have occurred and more detailed data
and models (Mukai et al. 2002; Westerink et al. 2008; Bunya et al. 2010) have become
available. These advances allow more detailed and accurate simulations of storm surges
because they are based on more recent understanding of the physics of the hurricane-storm
surge processes; resolve the spatial heterogeneity in bathymetry, topography, and hydrologic
characteristics; and can explicitly account for coastal structures that may impede or enhance the
movement of storm surge inland. The Federal Emergency Management Agency (FEMA)
currently uses the USACE Advanced Circulation (ADCIRC) model (Westerink et al. 2008; Bunya
et al. 2010) for preparing flood insurance maps along the eastern Atlantic and Gulf of Mexico
coasts (FEMA 2010).

Although this report uses SLOSH to illustrate the estimation of PMSS at nuclear power plant
sites, appropriate justification for selection of methods, data, and models would depend on site-
specific circumstances (see Sections 5.3 and 5.4). Design-basis floods that result from PMSS
at sites located some distance inland from the coastline would need to account for the
interaction of the PMSS with estuaries and river channels, coastal structures, and roads and
levees. These issues should be documented to provide assurance that an appropriate model
and supporting data are used for the site.

Similar to other simulation models (see Section 5.4), uncertainty in inputs, parameters, and

model physics apply to storm surge models also. NWS 23 provides ranges of PMH parameters.

Combinations of these parameters should be used to simulate multiple scenarios in estimation

of PMSS. More recent studies have used a formal joint probability framework to estimate the
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distribution and spatial properties of storm surge in the Gulf of Mexico (Resio et al. 2009; Irish
etal. 2009). These methods are still being developed and may require significant effort to
implement at specific sites, although some research is also being carried out that may help in
reducing the burden (Irish et al. 2009). Some of the issues discussed here can also be
addressed in a formal probabilistic flood hazard assessment, as described in Section 5.6, and
are recommended for future research.

3.5.1 Hierarchical Hazard Assessment Applied to PMSS

As with the other flood-causing mechanisms described above, the HHA should be applied to
flooding from PMSS. However, the application of HHA to PMSS is less straightforward because
there are few parameters that need adjustment. The factors that may change the PMSS water-
surface elevation at the site are (1) the ambient tide level for coastal and streamside locations
and (2) the ambient flood water-surface elevation for the streamside locations. These
two factors are accounted for in combined events criteria described below. It is not recommend
that the parameters of the SLOSH model be varied because they have been set to values that
result in an acceptable predictive accuracy for the U.S. Gulf and the Atlantic Coasts.

For a given location however, the PMH has three variable parameters: (1) the forward speed
(T), (2) the radius of maximum winds (R), and (3) the track direction (8). Because of uncertainty
in these parameters, the NWS 23 estimation procedure provides a range of values for these
parameters of the PMH wind field.

The NOAA NWS also defines two terms related to the maximum expected water-surface
elevation. The maximum envelope of water (MEOW) is defined as the maximum water-surface
elevation at any given location during simulation of the storm surge from a given hypothetical
hurricane characterized by storm category, track direction, forward speed, and tide level.
Therefore, the MEOW at any given location can be thought of as the peak of the water-surface
elevation hydrograph for a specific hurricane.

MEOWSs can be generated for several hypothetical hurricanes of a specific storm category by
varying the track direction, forward speed, and tide level. The maximum of these water-surface
elevations at any given location is called maximum of the MEOWs (MOM). Because there are
five storm categories defined by the Saffir-Simpson scale, five MOMs exist for any given
location.

The PMH does not have a Saffir-Simpson category assigned to it. However, MEOWSs for a
PMH can still be generated by simulating the PMSS for a specific set of T, 6, and R. Because
each of these three parameters of the PMH wind field has a range associated with it, a set of
hypothetical PMSS simulations can be performed for a given location by varying the
three parameters over their stated ranges. From each of these PMSS simulations, a MEOW
can be obtained for the site location. The maximum of these MEOWSs, therefore, is a PMH
MOM.

The approach adopted in this report is to estimate the PMH MOM for the site location
(see Appendix E) and then use it as an estimate of the PMSS.

If the PMSS is determined to be the design basis, each safety-related SSC that may be
exposed to the static and dynamic effects of the flood should have openings and doors located
above the highest water-surface elevation attained during this event. In addition, the safety-
related SSCs should be able to withstand the dynamic effects of the flood (e.g., drag forces). If
either of the above conditions is not met, flooding protection for affected safety-related SSCs
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should be considered and described. If flooding protection is needed for safety-related SSCs,
the rate of rise of the flood waters also should be determined to establish available lead times.

3.6 Seiche

A seiche is defined as an oscillation of the water surface in an enclosed or semi-enclosed body
of water initiated by an external cause (Wiest and Farmer 2003; Scheffner 2008). Once
started, the oscillation may continue for several cycles; however, over time it gradually decays
because of friction.

The period of oscillation of seiches can vary from a few minutes in bays to more than 10 hours
in the Great Lakes; resonance may occur in Great Lakes for periods between 2 to 10 hours
(Scheffner 2008).

In the HHA framework, the first step is to determine whether a seiche in a nearby lake or
reservoir can potentially lead to flooding at the site. A method for determining if a seiche can be
initiated by an external meteorological or seismic forcing for basins of simple geometry is
described in Appendix F. However, significant errors may be introduced when determining
fundamental oscillation periods if a complex basin geometry and bathymetry is represented by
an idealized rectangular basin of constant depth.

For lakes and bays that have irregular geometries and variable bathymetries, numerical, long-
wave hydrodynamic modeling may be the only viable solution. If the margin between the site
grade and the normal water level in an adjacent waterbody subject to seiches is small,
numerical modeling may need to be used to assess the flooding hazard from severe seiches.
Scheffner (2008) describes model selection criteria and references to an example. Another
example is described by Stevens and Lawrence (1997).

If a seiche is determined to be the design basis, each safety-related SSC that may be exposed
to the static and dynamic effects of the flood should have openings and doors located above the
highest water-surface elevation attained during this event. In addition, the safety-related SSCs
should be able to withstand the dynamic effects of the flood (e.g., drag forces). If either of the
above conditions is not met, flooding protection for affected safety-related SSCs should be
considered and described. If flooding protection is needed for safety-related SSCs, the rate of
rise of the flood waters also should be determined to establish available lead times.

3.7 Ice-Induced Flooding

Ice jams and ice dams can form in rivers and streams adjacent to a site and may lead to
flooding by two mechanisms: (1) collapse of an ice jam or a dam upstream of the site can result
in a dam breach-like flood wave that may propagate to the site and (2) an ice jam or a dam
downstream of a site may impound water upstream of itself, thus causing a flood via backwater
effects.

While it is possible to assess whether a site may possess hydroclimatic conditions that are
precursors to ice-jam or ice-dam formation (see Appendix G), it is not possible to predict the
exact location and severity (e.g., the width, height, and volume) of the ice blockage accurately.
Therefore, it is not possible, at this time, to predict a probable maximum ice jam or dam
accurately. Alternatively, it is recommended that historical records of ice jams and dams be
searched to determine the most severe historical event in the vicinity of the site.
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In the HHA framework, it may be possible to determine whether a flood caused by another
flood-causing mechanism at or near the site may exceed that resulting from an ice event. If
such an alternative and bounding flood is found, no further analysis for the ice-induced flood is
necessary. If such a bounding flood is not found for the site, methods described in Appendix G
should be used to estimate the flood water elevation and other associated hazards for the most
severe historical ice jam or ice dam event. Because this event is not a probable maximum
event, but merely the most severe historically observed event, care should be exercised in
specifying a significant margin between the estimated maximum flood water-surface elevation
and the site grade.

If an ice event is determined to be the design basis, each safety-related SSC that may be
exposed to the static and dynamic effects of the flood should have openings and doors located
above the highest water-surface elevation attained during the event. In addition, the safety-
related SSC should be able to withstand the dynamic effects of the flood (e.g., drag forces). If
either of the above conditions is not met, flooding protection for affected safety-related SSCs
should be considered and described. If flooding protection is needed for safety-related SSCs,
the rate of rise of the flood waters also should be determined to establish available lead times.

3.8 Flooding Resulting from Channel Migration or Diversion

Natural channels may migrate or divert either away from or toward the site. The relevant event
for flooding is diversion of water towards the site. There are no well-established predictive
models for channel diversions. Therefore, it is not possible to postulate a probable maximum
channel diversion event. Instead, historical records and hydrogeomorphological data should be
used to determine whether an adjacent channel, stream, or river has exhibited the tendency to
meander towards the site.

Relevant data sources for this investigation include channel form, historical topographic maps,
soil types, geologic characteristics, and other morphological parameters. Because most
channel diversion occurs during high flows when the stream or river overflows its banks, flood
data, particularly stage, may also prove useful in the determination.

Generally, stream channels that are steeply incised, have limited floodplains, and are located in
geologic formations relatively resistant to erosion would not be expected to be susceptible to
channel diversion. If a site is indeed subject to such an event, the site generally should be
determined to be unsuitable for a nuclear power plant.

Man-made channels, canals, diversions, and levees used for conveyance of water and flood
protection may also be located near the site. During extreme floods, these facilities can fail and
result in diversion of water towards the site. Therefore, all water-conveyance and water-storage
facilities near the site should be carefully evaluated to ensure their effects are accounted for in
determination of the design-basis flood at the site.

3.9 Combined-Effects Flood

The ANS states that a single flood-causing event is inadequate as a design basis for power
reactors (ANS 1992). Dependent events can occur concurrently (e.g., precipitation, snowpack,
and wind waves; high tides, and storm surges). Currently, the design-basis flood at a nuclear
power plant site is estimated from deterministic approaches that use the notion of a probable
maximum event. Despite the term “probable,” probable maximum events are thought to
approach the physical limits of the phenomena, are deterministic in nature, and are thought to
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exceed all historical occurrences of the phenomena. There are no consistent, well-established
methods for estimating the probability-of-exceedance of probable maximum events.

Because of their extreme nature, probable maximum events from two separate phenomena
should not be combined unless they are clearly dependent or result from a common cause. For
example, seismic events should not be combined with precipitation events. An exception
occurs for PMF and PMH for relatively small drainage basins in regions where the PMP may
result from a hypothetical and maximized hurricane event. Wind waves are almost always
combined with other flood-causing mechanisms. Details of the combinations are provided in
Appendix H.

The combination that results in the most severe flood hazard to the safety-related SSCs is used
to specify the design basis. It is worth noting here that different flood hazards may occur from
different combinations. For example, the maximum water-surface elevation, and consequently
the maximum hydrostatic force, may result from a PMF combined with wind waves, but the
maximum hydrodynamic force may result from fast-moving waters of a PMT. Therefore, design-
basis events should be chosen for each case to establish sufficient safety margins for each of
the most severe loadings possible.

Because events can occur in combination, a formal probabilistic flood hazard assessment
approach can provide a more consistent treatment of combination of events that are consistent
with local and regional hydrometeorological characteristics. An extended discussion of this
subject is not the focus of this report.






4 APPROACHES

This chapter describes the two analytical approaches used in standard engineering practice for
estimating design-basis floods: deterministic analysis and probabilistic analysis. The emphasis
is placed on methods used to estimate design-basis floods at nuclear power plant sites, but the
conceptual bases for these models are generally applicable for other purposes also.

Because the safety-related SSCs of a nuclear power plant may be exposed to a range of flood-
related hazards, the term “design-basis flood” should more accurately be thought of as a set of
“design-basis flood hazards.” Some of these hazards include hydrostatic and hydrodynamic
forces, erosion and deposition potential, and impacts from debris carried by a flood. It also is
important to note that individual, worst-case flood hazards may result from different flooding
mechanisms. Therefore, it may not be appropriate to focus on a single “design-basis flood;”
rather, the design should consider the worst-case hazards resulting from all appropriate
combined-effects floods that are relevant for a site and the nuclear power plant SSCs.

The deterministic approach, currently used for nuclear power plant sites in the United States, is
based on the premise that floods can be estimated from a set of empirical or physical prediction
relationships. Often, a combination of empirical and physical relationships also may be used in
a flood-prediction model. Usually, deterministic approaches try to predict the flood hazards for a
hypothetical worst-case hydrometeorological event. For example, predicting the PMF in stream
and rivers uses the PMP as input along with hydrological conditions in the affected drainage
area aim to maximize runoff from the PMP. The hazards caused by the PMF and those caused
by other flood-causing mechanisms would then be used as the set of hazards from which the
design bases should be selected.

As its name indicates, the second approach uses probabilistic techniques to estimate the flood
hazards corresponding to a specified probability-of-exceedance. The probabilistic techniques
are based on an assumption that extreme floods follow a probability distribution whose
parameters can be estimated within a certain degree of confidence from past observations. The
estimated probability distribution of the extreme flood then may be used to derive the probability
distribution of the individual hazards caused by extreme floods. The probability distributions of
the individual hazards may then be used to select a design basis corresponding to a selected
probability-of-exceedance. Because historical data for extreme events are limited by the extent
of the observed record, probabilistic techniques may be subject to significant uncertainty in the
estimated hazard magnitudes.

4.1 Deterministic Analyses

Deterministic analyses to predict floods often use empirical and physical prediction relationships
implemented into flood simulation models. The predictions are “deterministic” in the sense that
given a particular set of inputs, the prediction is always the same and uncertainty in inputs and
model parameters are generally not considered explicitly. Consequently, to gain confidence in
model predictions for estimating design-basis flood hazards, the parameters of the model may
need to be calibrated using data on large historical floods and then validated on comparatively
large flood events not used in the calibration.

The simplest of the deterministic flood prediction models is the rational method, which is based
on the following formula:

Qe=C-i-A (1)
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where Q; is the flood discharge at the outlet (dimension of [L*T™]) at time ¢, i; is the precipitation
intensity (dimension of [LT™]), and A is the contributing drainage area (dimension of [L?]). The
term C is the dimensionless runoff coefficient that embeds the effects of precipitation losses,
runoff generation, and watershed transformation processes within itself. Notice that /s and Q; are
time series (i.e., precipitation hyetograph and discharge hydrograph, respectively). It is worth
noting here that the rational method assumes that the precipitation is spatially uniform over the
drainage area A, and the precipitation excess (precipitation minus losses) is instantaneously
transformed into runoff. The rational method may be used for small, urban, or mostly
impervious drainage areas to estimate the flood discharge conservatively.

More complicated deterministic hydrologic models can be thought of as variations of the rational
method where the effects of hydrological processes are conceptualized in more detailed sub-
models. For example, if the drainage area is large enough that spatial uniformity of precipitation
is not a valid assumption, the drainage area may be subdivided into several subbasins that are
small enough to justify the assumption of uniformity of rainfall within themselves. This approach
essentially leads to “spatially distributed” hydrological models where inputs (e.g., precipitation
and air temperature) and model parameters (e.g., runoff coefficient) vary among the subbasins.
If the drainage area were divided into n subbasins with each having its own precipitation input
and runoff coefficients, the rational method may be implemented using the following formula:

Q¢ = Z}l=1 Qtjj = Z?:l(cj : itj ‘Aj) (2)

where the subscript j refers to the jth subbasin and A = }7_, 4; is the total drainage area (IL?)).

The model now needs estimates of precipitation and runoff coefficients for each subbasin.
However, precipitation excess is still transformed instantaneously into runoff regardless of the
distance between a particular subbasin and the outlet. The variation in the travel time for each
subbasin’s runoff to reach the outlet also can be accounted for by staggering the runoff
generated from each subbasin in time; in effect accounting for channel routing. Accounting for
these individual complexities in the runoff generation and delivery processes quickly becomes
so complicated that closed-form expressions of the discharge at the outlet, such as those
described above, are not possible. Therefore, more complicated hydrologic models are
assembled from modular mathematical and numerical representations of hydrological process
descriptions. However, deterministic models assume that inputs are perfectly known and
contain no measurement errors, the model parameters (e.g., the runoff coefficient) can be
measured perfectly or estimated, and the process representations do not change with scale,
either in space or in time.

Deterministic models, depending on their complexity, require data to estimate parameters
accurately. Therefore, these models should be used carefully to ensure consistency with
available site-specific data.

The rational method and its variations described above are typically referred to as empirical
models, which are derived from observations that the rate of discharge at the outlet of the
drainage basin may be approximately proportional to the rate of rainfall. Another class of
deterministic models also exists. These models, called physically-based process models,
describe the physics of the hydrological processes and assemble these descriptions into the
model. Typically, hydrological processes are described mathematically on a small spatial scale,
and model parameters may be estimated based on experiments at the laboratory scale or the
field scale. Hydrological processes commonly included in such models include partitioning of
precipitation into rain or snow, interception of precipitation by vegetation canopy, snow
accumulation and melt on the surface, infiltration of snowmelt or through-fall (i.e., rainfall that is
not intercepted by the vegetative canopy) into the soil, evapotranspiration, surface runoff
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generation, recharge of deep soil layers and base-flow generation, and channel routing to the
outlet of the basin. An example of such a model is the Distributed Hydrology Soil-Vegetation
Model (Wigmosta et al. 1994, 2002; Doten et al. 2006). However, these models are used
mostly for research purposes and require an extensive amount of site-specific data.

Simpler process models that strike a balance between the extreme simplicity of the rational
method and the relative complexity of the physically-based process models have been widely
used also. These models are called lumped-parameter models. The process descriptions are
developed and implemented on a subbasin scale, and variations in model parameters among
subbasins are allowed. Typical components of these models include accounting for
precipitation losses, a transformation function (to estimate the runoff response from the
subbasin for a given precipitation excess), a description of channel-network connectivity, effects
of possible dams or other water-control structures, and channel routing. The most widely used
lumped-parameter model is the USACE Hydrologic Engineering Center Hydrologic Modeling
System (HEC-HMS) (USACE 2008b; 2009b). More details of the HEC-HMS model and its
application to estimating design-basis flood hazards are given in Appendix C.

The hydrologic models described above assist in estimating the discharge hydrographs at
points of interest. The hazards from flooding also require development of estimates of the
hydraulic properties of the design-basis flood discharge (e.g., the water-surface elevation in the
river, velocity of the flow in the river near the site, hydrodynamic forces, etc.). To estimate these
properties, hydraulic models that describe the dynamics of discharge in the river or stream need
to be used. Hydraulic models are usually implemented to solve simplified forms of the
governing equations for gradually varied, unsteady flow in open channels (Chow 1959). The
most widely used of these models is the USACE HEC-RAS (USACE 2008a; 2009c). More
details of the HEC-RAS model and its application to estimating design-basis flood hazards are
given in Appendix D. Depending on the particular configuration of the stream reaches being
modeled, hydraulic models require geometry and hydraulic data, including channel cross
sections, channel roughness data, and reservoir stage-storage-discharge data.

4.2 Probabilistic Analyses

Probabilistic models for estimating design-basis floods are generally based on approaches that
characterize the extreme flood as a random event, describe the properties of this random
phenomenon using probability distributions, and use these probability distributions to estimate
extreme floods corresponding to a specified probability-of-exceedance (Stedinger et al. 1993).

The two key components of the probabilistic models are (1) the historical flood data and (2) the
probability distribution used to describe the historical flood data. Typically, the historical record
of annual maximum instantaneous peak discharge at the site of interest, usually measured by a
United States Geological Survey (USGS) streamflow gauge, is used to estimate the probability
distribution of extreme floods. Because the random variable of interest—the peak discharge—is
represented as a continuous variable, a continuous probability distribution is appropriate.

Probability distributions may be represented by a closed-form, parametric probability density
function (PDF) or by a data-centric, nonparametric PDF. Parametric PDFs use a functional form
or an equation to represent the shape of the distribution. For example, the normal distribution is
represented by the following PDF (Haan 1977):
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where x is the random variable, y is the mean, and o is the standard deviation of the random
variable. Because the parameters y and o control the location and the shape of the normal
distribution, respectively, they are also referred to as the location and scale parameters of the
distribution.

A continuous PDF must satisfy two conditions: (1) the integral of the PDF over all possible
values of the random variable must equal 1, and (2) its value corresponding to all values of the
random variable must be non-negative.

A nonparametric PDF cannot be expressed in a function form such as that shown above.
Usually, nonparametric PDFs are constructed by placing a kernel at each observation of the
random variable (Adamowski 1985; Lall et al. 1993). The main advantages of using
nonparametric PDFs are (1) consistency with data, (2) robustness with respect to outliers, and
(3) flexibility in shape, especially multi-modality. At this time, nonparametric methods are not
applied frequently in standard engineering practice. Although the data-centric nature of the
nonparametric methods makes them an attractive alternative, a specific disadvantage is their
limited ability to extrapolate beyond observed data (Lall et al. 1993). The extrapolation problem
is severe if the chosen kernel used to estimate the PDF is truncated (i.e., has non-zero densities
only for a limited range of values of the random variable). For this reason, applications of
nonparametric PDFs reported in the flood-frequency literature use kernels that have unlimited
support (e.g., the normal, the Cauchy, and the extreme value type | distributions [Lall et al.
1993)).

Bulletin 17B of the Hydrology Subcommittee of the Interagency Advisory Committee on Water
Data (IACWD) describes a method for estimating probability distributions for annual peak
discharges in the United States (IACWD 1982). The method is based on fitting a parametric
PDF, the log Pearson type-Illl PDF, to the annual maximum instantaneous peak discharge. The
method was developed assuming stationarity (i.e., the assumption that relationships existing
among variables at present will stay the same) and, therefore, does not account for trends, such
as those resulting from climate variability and change. The method also assumes that input
data are homogeneous; therefore, IACWD (1982) recommends careful examination of data to
identify watersheds where changes may have occurred (e.g., urbanization or construction of
dams, levees, and diversions) or to identify whether the annual peak discharge may be
produced by multiple mechanisms (e.g., by rainstorms, snowmelt, or a combination of the two).

The procedure recommended by IACWD (1982) consists of the following steps:

1. Perform logarithmic transformation of annual peak discharge data.

2. Estimate sample mean, standard deviation, and coefficient of skew from transformed
data.

3. Identify high and low outliers (if outliers are found, they should be removed and the
statistics in Step 2 should be recomputed) and compute the weighted coefficient of
skew.

4, Compute the coordinates of the frequency curve corresponding to selected probabilities-

of-exceedance.

5. Compute the confidence limits for the frequency curve.

IACWD (1982) also describes adjustments for data where some annual peak discharges may be
zero (this condition is expected in arid drainage basins that may have no flow during certain years).
The USGS has developed a computer program, PeakFQ, that implements the methods described in
Bulletin 17B (Flynn et al. 2006). The IACWD (1982) method is currently used in engineering
practice.
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The log Pearson type-lll probability distribution fit to the observed annual peak-discharge data can
be used to estimate the flood discharge for the selected probability-of-exceedance that the design
basis would be based on. However, the method yields only a single discharge and the associated
confidence band on that discharge, and not a time series. A deterministic hydraulic model may need
to be used to estimate the hazards from this discharge. For example, the HEC-RAS program could
be set up for the stream reach near a proposed site to estimate the hydraulic properties of a steady-
state discharge equal to that obtained from the above procedure. In fact, such a procedure often is
used not only for the estimated flood discharge but also for the range of annual peak discharges to
create distributions of the hazards resulting from those flood discharges. Essentially, the
deterministic hydraulic model acts as a “transformation function” that converts the distribution of the
flood discharge into the distributions of the associated hazards. However, careful application of this
approach is required because the deterministic hydraulic model itself may contain uncertainties (e.g.,
the parameters of the model may not be known perfectly). Therefore, the uncertainties in the
estimated design-basis flood discharge would be compounded by uncertainties in the
“transformation function,” and the confidence band on the design-basis flood hazard may be larger
than that on the design-basis flood discharge. Some of these issues are described in Chapter 5.

Relatively short observation history of streamflow complicates the accurate determination of
frequency distribution of extreme floods. To augment recorded history of streamflow, paleo-flood
data can be used in frequency estimation of extreme floods (England et al. 2003; Swain et al. 2004;
Griffis and Stedinger 2007). Uncertainty in the estimates of the paleo-flood discharges as well as
dating of these events complicates the analysis (O’'Connell et al. 2002; England et al. 2003).
Because paleo-flood events may have occurred in the distant past, the assumption of stationarity
typically used in frequency analysis, also needs to be carefully evaluated. Indeed, some of the
paleo-events may have occurred under different climate conditions or when the
hydrogeomorphology of the drainage basin was significantly different from present-day conditions.
These factors may require non-stationary statistical models to account for changing conditions that
influence extreme floods (O’Connell et al. 2002). In the context of the determination of design-basis
floods at nuclear power plant sites, the operational life of the plant should be considered, which may
include recent past, present, and near future time periods. Use of paleo-flood data should be
carefully evaluated to ensure that use of these data is consistent with estimation of design-basis
flood at the site.

Monte-Carlo techniques can also be used to estimate the frequency distribution of extreme floods
(Schaefer and Barker 2002; USACE 2005). These techniques were also recommended by the
National Research Council (1988). The idea behind these techniques is to use a hydrologic
simulation model for transforming a range of hydrometeorological inputs sampled from their joint
distributions to predict corresponding peak discharges. The predicted peak discharges can then be
used to derive the frequency distribution of extreme floods. One of the advantages of these
methods is that uncertainty in inputs, model parameters, and antecedent conditions can be explicitly
considered.

The design-basis flood at the site can be selected from the frequency distribution of extreme floods.
The selection criteria can be based on selecting a probability-of-exceedance of the flood hazard or
on the risk to which the safety-related SSCs may be exposed. The latter approach is recommended
by the NRC (2007a). Although probabilistic risk assessment for external flooding has been carried
out at several nuclear power plant sites, detailed methodology and guidance are currently not
available (ASME 2009). These topics are not discussed further in this report, but are recommended
for future research, evaluation, and adoption by the NRC.
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5 DESIGN-BASIS FLOOD HAZARD ESTIMATION METHODS

This chapter describes a systematic approach to estimation of a design-basis flood at a nuclear
power plant site. We describe the process of developing alternative conceptualizations of the
hydrology in the vicinity of the site that results in a set of alternative conceptual models,
described below, for each of the relevant flooding mechanisms. The safety of the SSCs from
floods caused by the relevant flooding mechanisms should be demonstrated using the HHA
approach described in Chapter 2 of this report. The NRC has established quality assurance
criteria for nuclear power plants in Appendix B of 10 CFR Part 50. Any numerical simulation
models that may be used for determination of the design-basis flood hazards are covered under
these criteria.

This chapter also describes uncertainties in inputs and model parameters that may affect the
estimation of design-basis flood hazards. The effects of climate variability, especially those
related to long-term change predictions, are described. We present some approaches to
account for these effects in estimation of flood hazards at the time of permitting and licensing.

5.1 Alternative Conceptual Models

Before using a simulation model to estimate flood hazards at a site, it is very useful to develop
alternative conceptualizations for each of the flooding mechanisms. These conceptualizations
result in a set of alternative descriptions that cover the gamut of possible ways in which a flood
may present hazards to SSCs. It is convenient to illustrate by an example.

Figure 5-1 shows the location of a hypothetical nuclear power plant site with respect to a creek,
a river, two bays, and an ocean. For each of the flooding mechanisms listed below, some
possible ways a flood can present hazards to this site are identified:

. Local intense precipitation

Runoff generated in contributing areas N and E and the powerblock area drained via
the passive drainage channels around the powerblock area

o Flooding in rivers and streams
- PMF in the river flowing west of the site
- PMF in the creek flowing offsite

. Dam failures

Flooding in the river flowing west of the site caused by a single upstream dam failure

Flooding in the river flowing west of the site caused by cascading upstream dam
failures
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Figure 5-1. A Hypothetical Nuclear Power Plant Site Location with Respect to a Creek,
a River, Two Bays, and an Ocean (map elements are not to scale)

Storm surge and seiche

Floods caused by PMH-induced storm surges in Bays 1 and 2

Seiches in Bays 1 and 2
. Tsunamis

- Near- and far-field tsunamis that may propagate toward the two bays and run up to
the site through the two bays

- A tsunami-induced bore that may propagate upstream in the river from Bay 1

. Ice-induced floods

Flood from the collapse of an upstream ice dam or ice jam formation in the river

Flood from the backwater effects of a downstream ice dam or ice jam formation in
the river or the creek flowing offsite

. Channel diversions

- Flood caused by the river diverting towards the site.

Note that tsunami-induced hazards are not described in more detail in this report. For details
related to tsunami analysis and review see the technical memorandum by Gonzalez et al.
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(2007) and the report by Prasad (2009). The remaining scenarios listed above should be
described in sufficient detail and should include a review of historical flood occurrences and
other pertinent site-specific data. These descriptions should be used to establish the relative
importance of each of the flooding mechanisms at the site. For example, if the winters in the
vicinity of the site are mild such that extensive ice formations for sustained periods do not occur
and historical ice dam or ice jam formations have not been observed, flooding by ice-induced
events could be ruled out. The remaining flooding mechanisms and respective plausible flood
scenarios for each of these mechanisms constitute the set of alternative conceptual models for
flooding at the site. These alternative conceptual models should then be analyzed further using
the HHA approach described in Chapter 2. As described in Section 5.3 below, the selection of
numerical flood-simulation models also depends on the set of plausible, site-specific, alternative
conceptual models.

5.2 Quality Assurance Criteria for Simulation Models

After the selection of alternative conceptual models that may result in the design bases, the
estimation of hazards is carried out. Frequently, simulation models are needed to estimate the
flood hazards caused by hypothetical events such as the PMP, PMH, or dam breaches.

Appendix B of 10 CFR Part 50 requires that the safety-related SSCs of nuclear power plants
prevent or mitigate the consequences of postulated accidents that could cause undue risk to
public health and safety. The appendix also describes quality assurance requirements for
design, manufacture, construction, and operations of these SSCs. Therefore, any flood-
simulation models that are used to establish the design bases of safety-related SSCs must
comply with the requirements of this appendix.

5.3 Selecting Simulation Models to Use

Under most circumstances, flood-simulation models developed by Federal agencies such as the
USACE or academic and research institutions that are currently being used in standard
engineering practice are adequate for estimation of hazards to safety-related SSCs at a nuclear
power plant site. These models are used in engineering practice and have a history of
validation and verification (e.g., USACE 2010).

However, there could be circumstances under which a customized flood-simulation model may
be developed to account for site-specific conditions. A complete documentation of the technical
bases of the customized model should be carried out. The documentation should include the
following:

. a description of all components of the model
. a description of the governing equations
. a description of the model implementation details including, where appropriate,

simplifying assumptions, spatial and temporal discretization schemes, interpolation
methods, solution procedures, timesteps used, and convergence criteria

. a description of all model parameters
. input data requirements
. output details.



The numerical simulation models should be selected to ensure that the hydrodynamic
conditions that are expected to occur at and near the site are adequately characterized by the
model. The paragraphs below describe a few plausible scenarios where the site-specific
hydrodynamic conditions may greatly influence the selection of appropriate simulation models.
Notice that the plausible scenarios described below should already have been identified during
the development of alternative conceptual models.

For example, for a cascading dam-breach event upstream of the site depicted in Figure 5-1 in
which the river near the site is constrained by levees that are not designed to withstand the
flood expected during the dam-breach event, it may be postulated that the levees would be
overtopped by the dam-failure flood and water would flow through a breach in the levee toward
the site. Under this scenario, a two-dimensional hydrodynamic model may need to be used
because the flow is not constrained within the river channel anymore. At the same time, the
flood may carry significant amounts of sediments from the levee material along with the flow.
The sediment-laden water would have an increased density and therefore would cause
increased drag forces on structures in its path. A sediment erosion and deposition model may
need to be used to estimate the sediment concentra