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EXECUTIVE SUMMARY The Bureau of Reclamation is now making extensive use of quantitative risk assessment in support of dam safety decisionmaking. This report proposes a practical, robust, consistent, and credible framework for characterizing extreme floods for dam safety risk assessment. A group of approximately 20 professionals from the United States, Europe, Australia, and Canada reviewed current Reclamation practices and evaluated various advances in hydrology and hydrometeorology for their potential role in the needed framework. A smaller core group developed details of the framework and formulated recommendations to Reclamation. Advances in flood estimation procedures enable us to recommend a framework for the characterization of extreme floods for use in dam safety risk analysis. The framework uses different types of hydrologic and hydrometeorologic data and provides multiple approaches, which will require levels of effort consistent with baseline risk analysis and risk reduction analysis. Each approach has inherent weaknesses. Therefore, no single approach is capable of providing the needed characterization of extreme floods over the full range of annual exceedance probabilities (AEPs) required for risk assessment. The results from several methods and sources of data should be combined to yield a composite flood characterization. This is intended to increase the credibility in the flood characterization, with the goal of increasing the confidence that can be placed on the decisions, based on the risk analysis. The greatest gains can be achieved by incorporating regional precipitation, streamflow, and paleoflood information. With good at-site and regional hydrological and paleoflood data in optimal situations, it should be possible to provide credible flood estimates with AEPs as small as 1 in 100,000. However, in typical cases with information from several combined sources, the credible limit the flood frequency relationship can be extended to may range between AEPs of 1 in 4,000 to 1 in 40,000. In general, the magnitude of the credible extrapolation limit will fall short of the probable maximum flood for a site. Probable maximum flood estimates provide a useful reference to past practice and can be compared with extreme floods characterized for risk assessment. However, there is limited scientific basis for assigning an AEP to the probable maximum flood. All types of floods (e.g., thunderstorm and rain on snow) which can lead to dam failure should be considered in a risk assessment. Seasonal timing should be considered since the different types of floods may have a significant effect on both the probability and consequences of failure. The uncertainties associated with descriptions of flood flow exceedance probabilities are likely to be substantial and are an important attribute of an extreme flood
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characterization. Such uncertainties should be honestly represented in the flood characterization. The implications of these uncertainties should be considered throughout the risk assessment and dam safety decisionmaking process. As envisaged, the proposed framework will comprise databases and methods of analysis and modeling that will continue to be improved. A program should be developed for the collection of climate, flood, and paleoflood data to support regional analyses. There should be continued support for the development of methods for processing hydrologic information. Extreme flood characterizations based on different types of data and methods of analysis and modeling should be evaluated with the goal of explaining and, where possible, reconciling differences between approaches. A process for integration of the characterizations from multiple approaches and their associated uncertainties should be developed. Alternative prescriptive approaches for assigning AEPs beyond the credible limit of extrapolation should be evaluated and, if possible, a single approach should be adopted. Several recommendations were developed to address the integration of extreme flood characterizations into Reclamation’s risk assessment process. The level of effort expended on developing the characterization of all components of the risk assessment, including their uncertainties, should be commensurate with the importance of potential failure modes and loadings for the existing dam and for decisions on risk reduction alternatives. Guidance should be developed to assist decisionmakers to deal with uncertainty and to determine when a dam should progress to the next level of the risk assessment process. The identification of failure modes and the assessment of consequences should be achieved through an interdisciplinary approach, and the different components of the risk assessment process should be carefully integrated. Toward this aim, the risk assessment process should include an opportunity for individuals, who provide the extreme flood characterizations and other inputs, to review how their contributions were incorporated. The purpose of this review should be to ensure that inputs were properly used in the risk assessment, that limitations were properly considered, and that potential improvements in flood characterization procedures are identified.



ii



ACKNOWLEDGMENTS The Bureau of Reclamation’s Dam Safety Office sponsored the workshops and other activities that have resulted in the proposed framework for characterization of extreme floods for dam safety risk assessment. In particular, David Achterberg, Chief, Dam Safety Office, Bureau of Reclamation, is recognized in leading Reclamation’s implementation of dam safety risk assessment and in recognizing the need for the development of the proposed framework. A group of professionals from the United States, Canada, Australia, and Europe participated in this effort, and each contributed in some way to the resulting framework. These individuals were: David Achterberg, Victor Baker, David Bowles, David Cattanach, Sanjay Chauhan, John England, David Goldman, Chuck Hennig, Don Jensen, Lesley Julian, Jong-Seok Lee, Dan Levish, Jim Mumford, Rory Nathan, Dan O’Connell, Dean Ostenaa, Duncan Reed, Mel Schaefer, Lou Schreiner, Jery Stedinger, Robert Swain, Jim Thomas, and Ed Tomlinson. The affiliations of each participant are listed in the appendix. Each of these individuals reviewed drafts of this report, and the report has benefited from input from each person. However, it should not be assumed that each person is in total agreement with all the conclusions, recommendations, and other information presented in this report. David S. Bowles, Utah State University, and Robert Swain, Bureau of Reclamation, served as workshop coordinators. Many of the participants made written contributions with the workshop coordinators taking responsibility for integrating these into the report. Logistics and general support for the workshops and other project activities were provided by Carmell Burns and Amber Ogden of the Utah Water Research Laboratory (UWRL) at Utah State University. Lisa Brenchley and Carmell Burns were responsible for production of the draft and final reports. Tammy Peterson, UWRL Business Office Supervisor, was responsible for contractual aspects of the project.



iii



TABLE OF CONTENTS Executive Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



i



Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



iii



1.0 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 Outline of Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 Target Audiences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



1 1 2 3 4 4



2.0 Reclamation’s Risk Assessment and Risk Assessment Processes . . . . . . . . 2.1 Comprehensive Facility Review Process . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2 Risk Analysis Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Public Protection Guidelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



7 8 9 10



3.0 Framework for Characterization of Extreme Floods . . . . . . . . . . . . . . . . . 3.1 Data Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.1 Streamflow Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.2 Climate Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.3 Basin Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.4 Historical Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.5 Paleoflood Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.6 Extrapolation Limits for Different Data Types . . . . . . . . . . . . . . . . . 3.2 Methods of Analysis and Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 Flood Frequency Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.2 Design Event-Based Precipitation-Runoff Modeling . . . . . . . . . . . . . 3.3 Combining Methods and Data Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4 Treatment of Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.1 Distinguishing Between Risk, Variability, and Uncertainty . . . . . . . 3.4.2 Evaluation of Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5 Flood Hydrographs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.1 Development of Flood Hydrographs . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.2 Reconciliation with Flood Frequency Quantiles . . . . . . . . . . . . . . . . 3.5.3 AEP-Neutrality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6 Flood Characterization Beyond Credible Extrapolation Limits . . . . . . . . . .



15 16 16 17 18 18 19 20 22 22 25 28 28 29 31 31 31 32 33 34



v



CONTENTS



4.0 Related Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.1 Concurrent Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2 Seasonal Flood Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 Research and Development Needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.1 Data Collection and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.2 Development of Methods of Analysis and Modeling . . . . . . . . . . . .



37 37 38 39 39 40



5.0 Conclusions and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.1 Framework for Characterizing Extreme Floods . . . . . . . . . . . . . . . . . 5.2.2 Research and Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.3 Implications for Reclamation’s Dam Safety Risk Assessment Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



43 43 44 44 44 45



6.0 Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



47



7.0 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



51



Appendix - Workshop Participants A.1. Group Photograph . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.2. List of Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.3. List of Presentations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.4. List of Handout Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.5. List of Working Papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



57 59 61 63 67



vi



1.0 INTRODUCTION The U.S. Bureau of Reclamation is now making extensive use of quantitative risk assessment in support of dam safety decisionmaking (Von Thun and Smart, 1996). An important input to Dam Safety Risk Assessment is a characterization of extreme floods. This shifts the focus for dam safety flood evaluation from routing a single “maximum” event (i.e., the probable maximum flood (PMF) to consideration of the entire range of plausible inflow flood events and the magnitude-frequency relationship of peak reservoir stages. From theoretical and practical perspectives, there are many difficulties associated with characterizing this relationship, especially for very extreme events. However, practical dam safety decisions must be made and justified to manage risks posed by Reclamation dams. Reclamation would like to use the best available information and approaches to meet its Dam Safety Program objective, which is stated as follows (Reclamation, 1993): To ensure that structures do not create unacceptable risks to public safety and welfare, property, the environment, and cultural resources. 1.1 Background For floods, the risk assessment process provides a basis for the selection of a spillway evaluation flood (SEF) based on the probability of dam failure and the severity of the incremental consequences of dam failure. Past practice also examined consequences, but without formal consideration of probability of failure; if consequences were judged to be large, the SEF was chosen as the PMF. The following excerpt from the Federal Guidelines for Dam Safety (Federal Coordinating Council for Science, Engineering and Technology, 1979) states the policy as it existed in 1979: When flooding could cause significant hazards to life or major property damage, the flood selected for design should have virtually no chance of being exceeded. In 1989, the Policy and Procedures for Dam Safety Modification Decision Making (Reclamation, 1989) changed the emphasis of this policy. Proposed corrective actions had to be justified by demonstrating that the corrective action would reduce the incremental loss of life from dam failure and produce, on the basis of an economic risk assessment, greater economic benefits than the costs of modification. This process defined the SEF as the “base safety condition”; that is, the smallest flood for which the dam failure loss of life is not expected to differ significantly from the natural flood loss of life without the dam. Currently, the Guidelines for Achieving Public Protection in Dam
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Safety Decision Making (Reclamation, 1997a) establish a new basis for assessing the flood (earthquake and static) risk posed by Reclamation dams. These guidelines use estimates of the average annual loss of life and the dam failure probability to assist decisionmakers in selecting the appropriate level of public protection for design of corrective action or for acceptance of the dam in its existing condition. The ideal flood input required for risk assessment is a frequency distribution of peak reservoir stages which, for dams with potentially high loss of life, might extend to very low probabilities. Reservoir stages are a complex integration of frequency information on inflow flood peak discharge, runoff volume, hydrograph shape and timing, initial reservoir level, and project operations. In addition to the magnitude-frequency relationship of peak reservoir stages, concurrent flow hydrographs are sometimes needed for downstream tributaries so that flow conditions can be characterized for assessment of the consequences of flood-induced failure modes. To completely characterize the flood risk for a given dam, it may be necessary to characterize the failure potential of upstream dams. 1.2 Purpose Reclamation has identified the need for a review of its present procedures for characterizing extreme floods and associated uncertainties for use in dam safety risk assessment. Where practical, Reclamation would like to develop improved procedures. The overall objective of the activities associated with this report is as follows: To develop a practical, robust, consistent and credible framework for characterizing extreme floods for dam safety risk assessment. The desired outcome is a robust framework in which components can be improved in the future as the state-of-the-art develops, while the overall framework can be expected to remain substantially unchanged. These developments should lead to reductions in uncertainties and to a more realistic representation of flood related risks through the application of risk assessment to Reclamation’s dams. In establishing “credibility” as part of our purpose, it is important to distinguish between the pursuit of scientific inquiry leading to “scientific credibility,” and the “credibility” of dam safety decisions based on risk assessment. A similar distinction is well made in a recent essay on “Uncertainties in Global Climate Change Estimates” by Pate-Cornell (1996), as follows: When science can progress quietly, independently from the pressures of public policy making, the scientific community has ample time to fight its 2
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internal battles and to prove or disprove each element of the problem. There is no need to synthesize the state of knowledge until the problem is considered resolved by most. . . . When decisions need to be made along the way, based on partial and incomplete information for private purposes or public sector regulations, one does not have the luxury of taking the time to reach a complete, unquestioned consensus. In that case, the available information, imperfect as it is, must be synthesized at a particular stage to represent as closely as possible the state of knowledge at that time. Practical dam safety decisions must be made using the best available information and approaches to meet Reclamation’s Dam Safety Program objective. Difficulty arises when there are insufficient scientific credible data upon which to base those decisions. Such decisions must still be made, and the proposed framework must recognize this if it is to be of practical value to Reclamation. The following is paraphrased from a statement prepared by Baker (1998) which discusses the philosophical framework upon which credible extreme flood characterization may be based: Dam safety risk assessment requires characterizations of extreme floods that might occur in the future. For matters of public safety, such characterizations should compel belief by (1) those who certify the safety of a potentially hazardous structure, and (2) those at risk from the hazard. For maximum credibility, these characterizations should be both reasonable and realistic. Reasonableness is completely under the control of experts. It utilizes hydrometeorological analysis to achieve efficiency and reproducibility of results. Realism can be achieved by making a comprehensive survey of the hydrologic and hydrometeorological data and of the various natural paleoflood indicators, available for extreme flood characterization at the location of interest. Once it is determined if the appropriate data and indicators are present or not, a decision can be made on the appropriate roles for hydrometeorological analysis and data collection, including the development of paleoflood data, in achieving a credible approach for use in dam safety risk assessment. 1.3 Approach A group of approximately 20 professionals with extensive experience in the theoretical and practical aspects of physical, paleoflood, and statistical flood hydrology and hydrometeorology were invited to participate in a on1-week workshop at Utah State 3
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University, Logan, Utah, in June 1997. Participants included key Reclamation staff, practicing professionals, and academics drawn mainly from the United States, but including representatives from Europe, Australia, and Canada. A list of workshop participants and a group photograph are contained in Appendices A.1 and A.2. The workshop participants reviewed current Reclamation practice and evaluated various advances in extreme flood characterization for their potential role in the needed framework. Lists of workshop presentations and handout materials are contained in Appendices A.3 and A.4. After the Logan workshop, members of the group contributed short working papers on relevant issues (Appendix A.5). Much of this material formed the basis for the initial draft of this framework. A smaller core group was assigned to further develop details of the framework. The core group met in Denver for a 3-day followup workshop in September 1997 to complete details of the framework and to formulate recommendations to Reclamation. David Bowles, Utah State University, and Robert Swain, Bureau of Reclamation, served as Workshop Coordinators and prepared the draft report. All workshop participants were given the opportunity to comment on two drafts of this report. Most participants had experience with either dam safety risk assessment or characterizing extreme floods. The workshops focused on activities, which were designed to fulfill the overall objective of developing a “framework for characterizing extreme floods for dam safety risk assessment.” It was accepted as a premise that risk assessment is an appropriate, rational, and responsible approach to dam safety assessment, though it was acknowledged that the application of risk assessment procedures to dam safety is undergoing development. 1.4 Outline of Report This report presents the framework for characterizing extreme floods for dam safety risk assessments. It comprises five sections and a glossary. Section 2.0 is a summary of Reclamation’s current risk assessment process for which the framework is intended to provide flood characterizations. Section 3.0 contains the proposed framework. Section 4.0 addresses various related issues, including research and development needs, which are important for the implementation of the framework. Section 5.0 contains the conclusions and recommendations. Recommendations are divided into three categories as follows: framework for characterizing extreme floods, research and development, and implications for Reclamation’s dam safety risk assessment process. Section 6.0 is a glossary of terms used in this report. 4



1.0 INTRODUCTION



1.5 Target Audiences Three target audiences were identified within Reclamation who would have interest in this report. These audiences are listed below along with the needs that we have sought to address for each audience in preparing this report: Audience 1:



Reclamation technical staff and contractors, Dam Safety Office, and risk assessment team members.



Interest:



Guidance for those applying the framework.



Recommended Reading:



This audience should read the entire report. Technical readers will find that the proposed framework is broad in scope. It requires that hydrologists, meteorologists, and others who implement it exercise professional skill and judgement. It is not a step by step procedure, but rather a general discussion of approaches and principles for their application.



Audience 2:



Reclamation management and regional and area office customers.



Interest:



General capabilities, limitations, and uncertainties associated with the characterization of dam safety extreme floods for risk assessment.



Recommended Reading:



This audience may wish to limit their reading to the Executive Summary to help them become informed customers for extreme flood characterizations.



Audience 3:



Reclamation research managers.



Interest:



Research and development needs to improve capabilities of framework.



Recommended Reading:



This audience should read the entire report to provide details in specific areas which they are considering for research and development efforts. Sections 4.4 and 5.2.2 address research and development needs.
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2.0 RECLAMATION’S RISK ANALYSIS AND RISK ASSESSMENT PROCESSES The Bureau of Reclamation’s Dam Safety Program mission is as follows: “To ensure that Reclamation dams do not present unacceptable risks to people, property, and the environment” (Reclamation, 1993). As the owner of over 350 storage dams in the Western United States, Reclamation is committed to providing the public and the environment with adequate protection from the risks, which are inherent in collecting and storing large volumes of water. Traditional design and analysis methods related to various hydrologic loads and issues have focused on selecting a level of protection based on spillway evaluation flood loadings. These were usually based on the probable maximum flood (PMF). Since 1995, Reclamation has used risk analysis (evaluating and characterizing risk) and risk assessment (making decisions using risk analysis results and all other pertinent information) processes to determine appropriate levels of public protection by evaluating a full range of loading conditions and possible dam failure consequences. This is in contrast to the traditional approach of using upper bound events without regard to their likelihood of occurring. As a water resources management agency, Reclamation strives to provide decisionmakers with risk-based information founded upon current or emerging water resources management and public safety practices. For the past decade, there has been an increasing trend in water resources analysis toward the use of probabilistic methods for evaluating the effectiveness of expending funds for enhancing public safety. One of the key elements of Reclamation’s Dam Safety Program is using the data collected or developed for a dam to determine if an adequate level of public protection is provided. In the decisionmaking process, the data and assumptions used in the technical studies, along with the anticipated facility performance over the full range of potential loading conditions, are evaluated and presented in a risk-based framework. Risk analysis methods provide techniques to organize and plan the data collection and technical studies necessary to evaluate dam safety issues at a site. The risk analysis framework allows risk analysis participants to consider the possible adverse outcomes to a given loading condition and compute the risk associated with each possible outcome. The process involves identifying all of the possible loading conditions, dam responses, exposure conditions, and consequences. The overall risk from the dam is the accumulation of the risks associated with each of these factors.
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The three subsections of Section 2.0 summarize Reclamation’s Comprehensive Facility Review (CFR) process (Reclamation, 1997b), Risk Analysis Methodology (Version 3.2.1, dated October 1998), and Public Protection Guidelines (Reclamation, 1997a). Reclamation’s policies and practice in these areas are undergoing continuing improvement. These summaries reflect current thinking at the time of preparation of this report. They are intended to highlight some of Reclamation’s needs and motivations for extreme flood characterizations in dam safety risk analysis and assessment. 2.1 Comprehensive Facility Review Process An integral part of Reclamation’s Dam Safety Program is an active examination, monitoring, and evaluation program called the Comprehensive Facility Review (CFR) process (Reclamation, 1997b). The objective of this process is to provide a mechanism for early detection of developing and/or existing dam safety issues. The CFR process is used to identify risks at individual dams and to prioritize funding for the Dam Safety Program for issuing evaluation and risk reduction activities. The CFR process includes onsite examinations, review of previous reports and analysis of existing conditions. The process culminates in a series of reports consisting of: (1) Performance Parameters Technical Memorandum, (2) Examination Report, and (3) Report of Findings. The CFR process is performed every 6 years for each major dam administered by Reclamation. The Performance Parameters Technical Memorandum identifies potential failure modes and defines associated key parameters for use in monitoring the most important aspects of dam performance. Expected performance ranges are established to aid in ongoing evaluation efforts. The memorandum provides a comprehensive review of the dam safety monitoring efforts for a specific dam and its appurtenant structures. The onsite examination is documented in the Examination Report. The scope of the Examination Report includes the following: (1) all dam safety and operation and maintenance recommendations generated during the CFR, (2) documentation of the examination observations, (3) a history of past examinations, (4) the downstream hazard classification and Early Warning System/Emergency Action Plan, and (5) a review of the operating plan. The Report of Findings draws upon the information presented in the Performance Parameters Technical Memorandum, Examination Report, and all other available information and data to provide an overall review of site conditions and dam safety evaluation work performed to date, an assessment of risks, and conclusions relative to continued operation of the dam. If a risk analysis has already been performed for the 8
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subject dam, the discussion in the Report of Findings consists of a review of the key issues from the analysis. If there is new information that was not available to the team performing the original risk analysis, or if conditions that would alter the risk analysis have changed, the risk analysis is updated; and the results are evaluated against Reclamation’s Public Protection Guidelines. 2.2 Risk Analysis Methodology Risk analysis has been used in Reclamation to communicate risk, improve the understanding of dam behavior, identify information needs, formulate corrective action alternatives, and allocate resources. Present Reclamation risk analysis practice is documented in the working draft titled, Dam Safety Risk Analysis Methodology (Reclamation, 1998). Two basic categories of risk analysis are used in Reclamation’s dam safety risk management process. The first category, termed “Baseline Risk Analysis,” is used to determine the risk posed by the existing structure under current conditions and operating criteria. The second category, termed “Risk Reduction Analysis,” examines risk reduction alternatives to determine their ability to avoid unacceptable risk. Estimates of risk resulting from a Baseline Risk Analysis are used to determine whether or not dam safety risks are unacceptable, to identify additional data or study needs, and to establish a basis for comparing risk reduction alternatives. The three types of Baseline Risk Analysis are Portfolio, Comprehensive Facility Review, and Project Team. Since Reclamation is still developing a methodology for conducting Portfolio Risk Analyses, only the CFR and Project Team Risk Analyses were discussed at the workshop. A CFR Risk Analysis includes a definition of loading conditions (static, hydrologic, and seismic), failure modes, and consequences for all load classes. Structural failure modes are identified in detail to better understand dam behavior; however, structural response probabilities are only approximated for each load class. Detailed event trees usually are not prepared. Risk estimates are based on readily available data and the experience of the engineer conducting the analysis. Uncertainty of the estimates is handled by qualitative discussions in the report to the decisionmakers, rather than quantitative analysis. A Project Team Risk Analysis is the most detailed type of baseline risk analysis. The Facilitator and Team Leader establish a project team to conduct the risk analysis. Technical staff are asked to share their expertise and knowledge of the dam in order to estimate structural response probabilities to various loads. This level of risk analysis typically involves developing event trees to characterize potential failure modes. Load conditions, response probabilities, and consequences are used to quantify risk. 9
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Uncertainty in the analysis is identified (and quantified if possible) for consideration by decisionmakers. The team also identifies additional data and analysis needs that may lead to better quantification of the baseline risk. Over time, multiple Project Team Risk Analyses may occur to reflect current information about the dam and to ensure appropriate actions are taken for continued safe dam operation. A Risk Reduction Analysis is used to examine the impact of dam safety modification alternatives on baseline risk. This category of risk analysis is undertaken when baseline risks are considered unacceptable. The purpose of this analysis is to identify and evaluate potential risk reduction alternatives. Generally, the team approach is used to examine baseline risk components that are producing the highest risk and develop alternatives that may economically avoid unacceptable risk. Structural and nonstructural alternatives may be developed to reduce risk. Some alternatives may require additional data collection and analysis, design work, or cost estimates. Usually, the event tree developed for the baseline risk analysis is revised to reflect the effects of the alternatives on risk. Reclamation makes decisions every day that affect the operation of the many dams in its inventory. The uncertainty associated with hydrologic loading conditions is implicitly considered in these decisions. In an effort to more explicitly consider uncertainty with decisions associated with flood loads, Reclamation examines a wide range of plausible inflow flood events during a risk analysis. Flows typically examined range from those historic flows that have been successfully passed through the dam to those that are certain to cause failure (if appropriate). Flood data input for risk analyses can include preliminary flood frequency analyses, flood hydrograph analyses, or detailed flood frequency analyses with applied stochastic modeling and/or paleoflood hydrology methods. It is important that consequences are kept in the forefront when making decisions related to flood dam safety issues, since consequences may dominate the evaluation of risk. Low consequences may significantly reduce the need for further refining the understanding of uncertainty associated with flood loads at a given dam. Reclamation uses a staged approach for conducting risk analyses and for developing flood load information. The level of effort required to characterize extreme floods varies from project to project but generally increases as studies progress from a baseline risk analysis to risk reduction analysis. 2.3 Public Protection Guidelines Guidance for providing adequate and consistent levels of public protection in the evaluation and modification of existing dams and the design of new structures is
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described in the Guidelines for Achieving Public Protection in Dam Safety Decision Making (Public Protection Guidelines) (Reclamation, 1997a). Much of the following discussion is adapted from that document. Determining an appropriate level of public protection involves assessing the existing risks, determining the need for risk reduction, and, where needed, evaluating specific alternatives to reduce risk. The Public Protection Guidelines were prepared to assist Reclamation staff in presenting public safety information to decisionmakers for prioritizing projects and allocating limited resources. Reclamation’s Public Protection Guidelines consist of two tiers that are to be considered in the decision process for a dam. Tier 1 deals with loss of life considerations. Tier 2 deals with agency public trust responsibilities. The latter considers the accumulation of risks from Reclamation’s total inventory of dams. The following equations are used in determining the appropriate level of public protection:
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where L(j) is the estimated average annual lives lost for a particular load category, j, either flood, earthquake, or static; I is the load range; n is the number of load ranges; P[i,j] is the probability of the load range occurring; P[F|i,j] is the conditional probability of dam failure if the load occurs within the ith range; C[i,j] is the estimated number of lives lost resulting from dam failure with the load occurring on the dam in the ith load range; j is the load category (i.e., flood, earthquake, or static); m is the number of load categories; and P[F] is the probability of dam failure. The first tier risk reduction guidelines are provided to help determine when actions are needed to reduce risks to the public resulting from Reclamation dams. The risk of loss of life is presented as the estimated average annual loss of life, L(j), due to a specific loading category, j, (flood, earthquake, or static) at a dam. Reclamation’s dam safety risk reduction actions are guided, in part, by the Tier 1 Public Protection Guidelines presented in table 2.1.



11



2.0 RECLAMATION’S RISK ANALYSIS AND RISK ASSESSMENT PROCESSES Table 2.1.—Tier 1 Public Protection Guidelines Average Annual Loss of Life



Public Protection Guidelines



L(j) greater than 0.01 lives/year



Strong justification for taking actions to reduce risks for both long-term and shortterm continued operations. Short term refers to interim risk reduction activities until permanent risk reduction actions can be designed and implemented. The duration of short-term actions is considered to be 5 years or less. Short-term actions could include restricting reservoir operations, temporary structural modifications, or reducing the downstream consequences or better defining uncertainty.



L(j) between 0.01 and 0.001 lives/year



Strong justification exists for taking actions to reduce risks under continued long-term operations. Justification for implementing risk reduction actions under short-term operations is reduced provided that permanent risk reduction can be implemented within a 2- to 5-year period after a decision is made to pursue long-term risk reduction. Public safety is the key factor in decisionmaking.



L(j) less than 0.001 lives/year



Justification to implement risk reduction actions diminishes. Corrective action costs, uncertainties in the risk estimates, the magnitude of economic consequences, operational and other water resources management issues play an increased role in decisionmaking.



The probability that Reclamation will have a dam failure is the accumulation of the dam failure probabilities from each of the individual dams within the Reclamation inventory. The larger the inventory of dams and the longer the time of exposure, the more difficult it becomes to ensure that the agency will not experience a dam failure. A high level of national safety and stewardship of public assets is expected of Reclamation as an agency specifically entrusted to manage a large inventory of dams. Therefore, the probability of dam failures needs to be very small regardless of the consequences. When evaluating a dam against the Tier 2 guidelines, the dam failure probability resulting from each load category (flood, earthquake, or static) is summed to determine the total dam failure probability. To provide for public safety across the inventory of Reclamation dams, the Tier 2 guidelines recommend that each individual dam have an annual 12
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probability of failure, P[F], summed over all load categories, as indicated in table 2.2. Limiting the probability of failure to 1 in 10,000/year ensures that no one individual is exposed to dam safety risk that constitutes a significant portion of their overall life safety risk.



Table 2.2.—Tier 2 Public Protection Guidelines Probability of Dam Failure



Public Protection Guidelines



P[F] greater than 1 in 10,000/year



Increasing justification to reduce probability of failure



P[F] less than 1 in 10,000/year



Diminishing justification to reduce probability of failure
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3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS Advances in hydrological procedures now enable us to propose a framework for the characterization of extreme floods for dam safety risk analysis. The framework stresses the use of several approaches for this characterization over the range of annual exceedance probabilities (AEPs) of interest. However, new approaches can be added to the framework as the state-of-the-art develops. This section presents a framework for characterizing extreme floods. A brief description of the sources of hydrological and hydrometeorological data is presented in Section 3.1, followed by a discussion of the methods of analysis and modeling in Section 3.2. Strategies for using the data by combining several methods to characterize AEPs for extreme floods and their associated uncertainties are discussed in Sections 3.3 and 3.4, respectively. Section 3.5 reviews approaches to developing flood hydrographs. Section 3.6 introduces some issues for extrapolations beyond credible data limits. The ideal flood input often required for risk assessment is a frequency distribution of peak reservoir stages, including stages resulting from very extreme inflow floods. This distribution may integrate frequency information on inflow flood peak discharge, runoff volume, hydrograph shape, initial reservoir level, and project operations. These are determined by antecedent watershed conditions and such factors as spatial and temporal storm characteristics, seasonality of storms, and storm tracks. Design event-based precipitation-runoff modeling tends to simplify the convolution of these factors in assigning a frequency for the peak of inflow flood hydrographs (Section 3.2.2). However, inflow floods have separate frequency relationships for peak discharge, runoff volume, time to peak, and hydrograph shape; these differ from the frequency distribution of peak reservoir stages which are influenced by project operations, initial reservoir level, and remedial actions such as spillway enlargement. Precipitation-runoff modeling, discussed in Section 3.2.2, may eventually be capable of more realistically combining all variables which significantly affect the frequency distribution of peak reservoir stages. The proposed framework uses several types of available hydrological and hydrometeorological data as inputs to hydrologic methods of analysis and modeling to provide a characterization of extreme floods, which are an input to risk assessment. The nature and extent of hydrological and hydrometeorological data establish the AEP limits that can be credibly associated with outputs from different types of analyses. To apply risk assessment beyond these limits, prescriptive approaches should be adopted. Hydrologic methods of analysis and modeling are used to organize the data into information useful in
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the risk assessment process. A staged approach, which corresponds to the level of risk analysis, is used to characterize the floods and their associated AEPs. In hydrology, sufficient information is seldom available at a site to adequately determine the frequency of low probability events using frequency analysis. This is clearly the case for extreme rare events, which are of interest in dam safety risk assessment. The National Research Council (1988) has proposed three “principles, applicable to both statistical analysis of streamflow and hydrometeorological modeling,” as follows: “(1) ‘substitute space for time’; (2) introduction of more ‘structure’ into models; and (3) focus on extremes or tails as opposed to, or even to the exclusion of, central characteristics.” One substitutes space for time by using hydrologic information at different locations in a region to compensate for short records at a single site while accounting for differences and interdependencies among data records. Various applications of this principle are incorporated into the proposed framework. Strengthening the structure of models is emphasized throughout the discussion of methods of analysis and modeling in Section 3.2. Data collection approaches, presented in Section 3.1, emphasize the importance of collecting extreme flood and precipitation data, including paleoflood data. 3.1 Data Sources The proposed framework for characterizing floods for risk assessment uses the length of record as a guide in determining the extrapolation limits for flood frequency analysis. Traditional sources of information used for flood frequency analyses include streamflow and precipitation records. In some cases, the length of these records can be extended through the incorporation of historical information. Generally, these data sources have records that are less than 100 years in length; although, in some cases, these records can be extended to about 150 years using historical information. Regional precipitation and streamflow data can create pooled data sets from short periods of observation, and paleoflood data may be used to extend records of floods to periods of up to many thousands of years. 3.1.1 Streamflow Data Many different types of streamflow information are used in characterizing floods for risk assessment. Streamflow data are used as input for frequency analyses or as the basis for developing flood hydrographs. The usual source of these data is the streamflow records collected and maintained by the U.S. Geological Survey. However, similar data are collected and archived by many other Federal and State government agencies and some nongovernmental organizations. Streamflow records consist of data collected at
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established gaging stations and indirect measurements of streamflow conducted at other sites. Streamflow data can include estimates of peak discharge, as well as average or mean discharge for various time periods. Uncertainties associated with the accuracy of streamflow data vary with discharge, channel characteristics, season, instrumentation, etc., even at a single station. For example, annual peak discharge records for most years may be accurate, based on repeated measurements of channel cross section, velocity, and stage. However, the accuracy of the discharge estimate for the largest floods may be very different. In some cases, discharge estimates for the largest floods are based on rating curve extrapolations to an observed measured stage, or on postflood stage and channel measurements combined with hydraulic modeling. Extremely large, rare floods may induce major channel changes at gaged reaches, thereby compromising the rating curves for those gages that were established by the measurement of smaller, more common flow stages. Similar differences in data collection may impact the uncertainty of other types of streamflow information as well. Most streamflow measurements on United States streams began after 1900 with only a few records dating back that far. Most often, streamflow records at a single site range in length from about 20 to 60 years. Completeness of the data set may vary from station to station. In some cases, flow records for daily or weekly flows are viewed as complete, while peak discharge estimates may be absent. Sometimes gaged records are discontinuous due to gaps in the period of available record. In some cases, there may be no extreme storms that have occurred during the recording period. 3.1.2 Climate Data Precipitation and weather data used in hydrologic models can include rainfall, snowfall, snow water equivalent, temperature, solar radiation, and wind speed and direction from individual weather stations, as well as remote sensing information and radar information for broader regions. A wide variety of data types are available from various sources, which vary greatly in record length and quality throughout the United States. Some of these types of data (i.e., snowfall, snow water equivalent, solar radiation, and wind) are limited to record lengths of less than 30 years. Basic daily precipitation and temperature data are available for some stations for up to 150 years but, in most cases, are limited to less than 100 years. If shorter duration hydrometeorological data are required, available station data are more limited.
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Several problems involved in turning climate data into information usable for assessing extreme flood hazards for quantitative risk analysis include data accuracy, short records, spatial data coverage, data correlation, and conversion of point climate data into flood frequency estimates through precipitation-runoff modeling. Precipitation data can contain significant errors (e.g., Jarrett and Crow, 1988), and historical precipitation records can be nonstationary (e.g., Bradley, 1998). Even weak correlation in pooled precipitation data can substantially limit the effective record length, and combining precipitation records to substitute space for time can compound the nonstationarity problems. In many cases, there are few or perhaps no extreme storms in the data set. Nearly all climate observations are point information that may or may not represent the conditions in the drainage basins upstream of reservoirs. Cross-checking of data and careful analyses can limit these problems. 3.1.3 Basin Characteristics Basin characteristics include topography and stream channel data, soils, bedrock lithologies, vegetation, and land-use data that can be input into runoff and routing models. These data include both spatial elements (i.e., distribution and extent) as well as measured or estimated parameters for attributes such as infiltration. These data must be assembled from a variety of sources depending on the needs of a particular method or model. The key issues for these types of data vary depending on their intended use in the model. Much of the data describing basin characteristics are broadly generalized and may not be directly applicable to hydrologic modeling. The types and level of detail of input data have direct influence on the level of detail, choice of model, and reliability of model results. Using generalized data for modeling extreme events can introduce uncertainty. Field verification of these types of important basin physical characteristics should be performed before using them for hydrologic modeling. 3.1.4 Historical Data Historical data include all kinds of human observation and recording prior to the development of systematic streamflow measurement by modern hydrological procedures. These data can provide a means for extending the length of record for many types of data—in particular, for observations of the most extreme or unusual events. These data are most commonly used to extend streamflow records of peak discharge prior to organized stream gaging. Historical observations can provide information for other types of data such as weather patterns and the frequency of extreme storm events or changes in land use or vegetation that may be significant to runoff modeling calculations. However, as with any type of historical data, the accuracy and validity of the observations must be 18
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carefully assessed and compared with the other types of data used in the analysis. Historical records are generally incomplete, in that they may not capture all events above a given threshold. 3.1.5 Paleoflood Data Paleoflood hydrology is the study of past or ancient flood events, which occurred prior to the time of human observation or direct measurement by modern hydrological procedures (Baker, 1987). Unlike historical data, paleoflood data do not involve direct human observation of the flood events. Instead, the paleoflood investigator studies geomorphic and stratigraphic records (various indicators) of past floods, as well as the evidence of past floods and streamflow derived from historical, archeological, dendrochronologic, or other sources. The advantage of paleoflood data is that it is often possible to develop records that are 10 to 100 times longer than conventional or historical records from other data sources in the Western United States. In addition, the paleoflood record is a longterm measure of the tendency of a river to produce large floods. In many cases, paleoflood studies can provide a long-term perspective that can put exceptional annual peak discharge estimates in context and assist in reconciliation of conflicting historical records (e.g., Levish et al., 1994; House and Pearthree, 1995). Paleoflood data generally include records of the largest floods and commonly the limits on the stages of the largest floods over long time periods. This information can be converted to peak discharges using a hydraulic flow model. Generally, paleoflood data consist of two independent components. One component is a peak discharge estimate, and the other is a time period or age over which the peak discharge estimate applies. Paleoflood studies can provide estimates of peak discharge for specific floods in the past (Patton et al., 1979; Kochel and Baker, 1988), or they can provide exceedance and nonexceedance bounds for extended time periods (Ostenaa et al., 1996; 1997). Each of these types of paleoflood data must be appropriately treated in flood frequency analyses. For most types of paleoflood data, the record of the largest floods is best preserved. Likewise, because recent large floods often have eroded the evidence of smaller past floods, the record of past smaller floods is usually incomplete. As a general rule, however, considerable experience in paleoflood hydrological investigation at many sites in the Western United States, Australia, Israel, India, Spain, and South Africa has shown that the largest paleofloods in a given time period are the events whose indicators have the best chances for long-term preservation. Using thresholds of exceedance helps to minimize difficulties associated with local cases of record incompleteness for smaller extreme floods.
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Another difficulty is that the data may date from past periods when the frequency distribution for the floods was different from that of the current distribution. This raises questions about the stationarity of the data over long time periods (Ely et al., 1993). The stationarity issue can be explored by studying additional records of the causative climate variability so that the flood variability nature through time will be understood. Generally, the technique of paleoflood hydrology has been successfully applied in the Western United States where stable bedrock channels exist. As in the case of gaged streamflow records, however, paleoflow estimates may suffer greatly at sites with unstable or shifting channels (House and Pearthree, 1995). In addition, the paleoflood record is only indicative of flood peak discharge. It does not provide physical evidence of the runoff volume or hydrograph shape associated with extreme floods. 3.1.6 Extrapolation Limits for Different Data Types The primary basis for a credible extrapolation limit in any characterization of extreme floods derives from the data characteristics and the record length used in the analysis. The data used in the analysis provide the only basis for verification of the analysis or modeling results; and, as such, extensions beyond the data cannot be verified. Different risk assessments require flood characterizations for different ranges of AEP; and, therefore, analysis procedures and data sources should be selected to meet project requirements. The greatest gains to be made in providing credible characterization of extreme floods can be achieved by combining regional data from multiple sources. Thus, analysis approaches that pool data and information from regional precipitation, regional streamflow, and regional paleoflood sources should provide the highest assurance of credible characterization of low AEP floods. For many Reclamation dam safety risk assessments, flood characterizations are needed for AEPs ranging down to 1 in 10,000 or 1 in 100,000. Developing credible estimates at these low AEPs generally require combining data from multiple sources and a regional approach. Table 3.1 lists the different data types, which can be used as a basis for flood frequency estimates, and the typical and optimal credible extrapolation limits for AEP, based on the judgements of the core team. These limits are intended to apply to inflow floods. For peak reservoir stages, it is expected that lower AEP limits may apply to cases in which peak reservoir stages are sensitive to initial reservoir levels and for which these levels vary significantly. In general, the optimal limits are based on the best combination of data, which the core team could envision in the Western United States in the foreseeable future with some effort needed to develop and analyze the necessary data. Typical limits are based on the combination of data, which would be commonly available and analyzed for most sites.
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3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS Table 3.1.—Hydrologic and Hydrometeorological Data Types and Extrapolation Limits for Flood Frequency Relationship Limit of Credible Extrapolation for Annual Exceedance Probability Type of Data Used for Flood Frequency Relationship



Typical



Optimal



At-site streamflow data



1 in 100



1 in 200



Regional streamflow data



1 in 500



1 in 1,000



At-site streamflow and at-site paleoflood data



1 in 4,000



1 in 10,000



Regional precipitation data



1 in 2,000



1 in 10,000



Regional streamflow and regional paleoflood data



1 in 15,000



1 in 40,000



Combinations of regional data sets and extrapolation



1 in 40,000



1 in 100,000



The core team discussed the many factors can affect the equivalent independent record length for the optimal case. For example, gaged streamflow records in the Western United States only rarely exceed 100 years in length; and extrapolation beyond twice the length of record, or to about 1 in 200 AEP, is generally not recommended (Interagency Advisory Committee on Water Data, 1982). Likewise, for regional streamflow data, the optimal limit of credible extrapolation was established at 1 in 1,000 AEP by considering the typical number of stations in the region, lengths of record, and degree of independence of these data (Hosking and Wallis, 1997; Stedinger and Lu, 1995). “It is only in the Holocene epoch, or the past 10,000 years, that climate is judged to be sufficiently similar to the present so that paleoflood records have meaning for estimating extreme floods” (Costa, 1978). This climatic constraint indicates that an optimal limit for extrapolation from paleoflood data for a single stream, when combined with at-site gaged data, should be about 1 in 10,000 AEP. For regional precipitation data, a similar limit is imposed because of the difficulty in collecting sufficient station years of precipitation records for homogeneous regions in the orographically complex areas of the Western United States. Combined data sets of regional streamflow and regional paleoflood data can be extended to smaller AEPs, perhaps to about 1 in 40,000, given the likely availability of paleoflood data in the foreseeable future. Analysis approaches that combine all types of data are judged to be capable of providing credible estimates to an AEP limit of about 1 in 100,000 under optimal conditions. In many situations, these credible extrapolation limits are likely to be less than optimal. Typical limits would need to reflect the practical constraints on the equivalent independent record length that apply for a particular location. For example, many at-site 21



3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS



streamflow record lengths are shorter than 100 years in length. If, in a typical situation, the record length was 50 years, then the limit of credible extrapolation might be an AEP of about 1 in 100. Similarly, most paleoflood records do not extend a full 10,000 years, and extensive regional paleoflood data sets do not currently exist in all areas. Using a record length of 4,000 years, a typical limit of credible extrapolation might be an AEP of 1 in 15,000 based on regional streamflow and regional paleoflood data. The information presented in table 3.1 is intended as a guide; each situation is different and should be assessed individually. The limits of extrapolation should be determined by evaluating the length of record, number of stations in a hydrologically homogeneous region, and degree of correlation between stations. They can be expected to differ for basins of different sizes in the same region. Ideally, one would like to construct the flood frequency relationship for all floods that could conceivably occur. However, the limits of data and flood experience for any site or region, restrict the range of the floods to which AEPs can be assigned. Significant data does not appear to justify computation of AEPs less than 1 in 100,000. Section 3.6 addresses flood characterization beyond credible extrapolation limits. In general, the limit to which the flood frequency relationship can be credibly extended based upon any data characteristics and the record length will generally fall short of the probable maximum flood for a site. Probable maximum flood is an engineering construct, intended to indicate the “maximum runoff condition . . . reasonably possible for the drainage basin"(Cudworth, 1989), which has seen extensive use in standardsbased dam safety practice. In the context of risk assessment, the PMF provides a reference to past practice and can be compared with flood characterizations for risk assessment. However, there is limited scientific basis for assigning an AEP to the probable maximum flood. For precipitation data, similar limitations may apply to extrapolations that approach values described by probable maximum precipitation (PMP). 3.2 Methods of Analysis and Modeling An overview of the methods with the most potential for use in characterization of extreme floods for risk assessment is presented in this section. This overview draws on material contained in working papers prepared by workshop participants (Appendix A.5). 3.2.1 Flood Frequency Analysis Flood frequency analysis can provide information that is well suited to the risk assessment process, because the output is probabilistic in nature and there are a variety of established statistical tools. Two approaches to flood frequency analyses can be 22
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distinguished: those that rely on at-site or single basin information and regional approaches that pool information from a surrounding, hydrologically similar region. Frequency analysis is an information problem: if one had a sufficiently long record of flood flows, or perhaps precipitation for a basin, then a frequency distribution for a site could be precisely determined, so long as change over time due to urbanization or natural processes did not alter the distribution of floods (Stedinger et al., 1993). In most situations, available data are insufficient to accurately define the AEP of large floods. This forces hydrologists to use practical knowledge of the physical processes involved and efficient and robust statistical techniques to develop their estimates. The methods of frequency analysis presented here are grouped into two approaches: (1) at-site analysis, where the quantile estimates are based on data at only one site, and (2) regional analysis, where the estimates are based on data at the site under consideration and on data from other sites in the region. At-Site Analysis: Fitting a distribution to data sets allows both a compact and smoothed representation of the frequency distribution revealed by the available data and a systematic procedure for extrapolation to frequencies beyond the range of the data set. There are a number of distributions that are suited to the representation of hydrologic and hydrometeorologic frequency data. It is possible to fit the parameters of any such distribution to provide an estimate of either the magnitude or volume of a flood corresponding to a specific probability of exceedance (a quantile), or else the probability of exceedance of a given magnitude. Appropriate choices for distribution functions can be based upon examination of the data using probability plots, the physical origins of the data, or previous experience. Several general approaches are available for estimating the parameters of a distribution. A simple approach is the method of moments, which uses the available sample to compute estimators of the distribution’s parameters. The Federal guidelines published in Bulletin 17B (Interagency Advisory Committee on Water Data, 1982) recommend fitting a Pearson type 3 distribution to the common base 10 logarithms of the peak discharges. It uses at-site data to estimate the sample mean and variance of the logarithms of the flood flows and a combination of at-site and regional information to estimate skewness. Alternatively, parameters can be estimated using the sample L-moments discussed in Hosking and Wallis (1997) and Stedinger et al. (1993). These approaches do not incorporate observational data uncertainties. A moments-based estimation procedure, Expected Moments Algorithm (EMA) was recently proposed by Cohn et al. (1997). It is identical to the existing Bulletin 17B (Interagency Advisory Committee on Water Data, 1982) approach when no high or low outliers are present. The EMA method was developed to use historical and paleoflood information in a censored data framework. This approach explicitly acknowledges the number of known and unknown values above and below a threshold, similar to a 23
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maximum-likelihood approach (Stedinger and Cohn, 1986; Jin and Stedinger, 1989). Three types of at-site flood information are used: systematic stream gage records, information about the magnitudes of historical floods, and knowledge of the number of years in the historical period when no large flood occurred. Another method combines the Bayesian approach with the method of maximum likelihood (O’Connell, 1997) to produce probabilistic flood frequency estimates. The method incorporates systematic, historical, and paleoflood information together with both data and model uncertainties. Maximum likelihood estimators (MLEs) have very good statistical properties in large samples, and experience has shown that they generally do well with records available in hydrology. In many cases, MLEs cannot be reduced to simple formulas; and, therefore, estimates must be calculated using numerical methods (Stedinger et al., 1988; O’Connell, 1997). MLEs readily incorporate historical and paleoflood data (e.g., Stedinger and Cohn, 1986; Pilon and Adamowski, 1993; Frances et al., 1994). O’Connell (1997) has developed a program that utilizes at-site historical and paleoflood data and accounts for data uncertainties with Bayesian techniques. MLEs have been shown to be superior to the moments-based estimators recommended in Bulletin 17B (Interagency Advisory Committee on Water Data, 1982) for incorporation of historical and paleoflood information (Stedinger and Cohn, 1986). Regional Analysis: Sufficient at-site information is seldom available to adequately determine the frequency of rare floods using frequency analysis. This is certainly the case for the extremely rare events, which are of interest in dam safety risk assessment. The National Research Council (1988) has proposed several general strategies, including substituting space for time for estimating extreme floods. This approach involves using hydrologic information at different locations in a region to compensate for short records at a single site. Three approaches have been considered for regional flood frequency analysis: (1) index flood approach, (2) average parameter approach, and (3) specific frequency approach. The index flood method is a special case of the average parameter approach. With the average parameter approach, some parameters are assigned average values based upon regional analyses, such as the log-space skew or standard deviation. Other parameters are estimated using at-site data or regression on physiographic basin characteristics. The specific frequency approach employs regression relationships between drainage basin characteristics and particular quantiles of a flood frequency distribution. Index Flood Method. The index flood procedure is a simple regionalization technique with a long history in hydrology and flood frequency analysis (Dalrymple, 1960). It uses data sets from several sites in an effort to construct more reliable flood-quantile estimators. A similar regionalization approach in 24
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precipitation frequency analysis is the station-year method, which combines precipitation data from several sites without adjustment to obtain a large composite record to support frequency analyses. The concept underlying the index flood method is that the distributions of floods at different sites in a "region" are the same except for a scale or index-flood parameter. Generally, the mean is employed as the index flood (Hosking and Wallis, 1997). Average Shape Parameter. As at-site records increase in length, procedures that estimate two parameters with at-site data to be used with a regional shape parameter perform better than index flood methods in many cases (Stedinger and Lu, 1995). For record lengths of even 100 years, two-parameter estimators with a good estimate of the third shape parameter are generally more accurate than are three-parameter estimators (Lu and Stedinger, 1992; Stedinger and Lu, 1995). However, whether or not it is better to also regionalize the coefficient of variation depends upon the heterogeneity of the regions and the coefficients of variability of the flows. In regions with high coefficients of variation (and high coefficients of skewness), index flood methods are more attractive. Specific Frequency Approach - Regional Regression. Regional analysis can be used to derive equations to predict the values of various hydrologic statistics (including means, standard deviations, quantiles, and normalized regional flood quantiles) as a function of physiographic characteristics and other parameters. Stedinger and Tasker (1985, 1986a, 1986b) developed a specialized Generalized Least Squares (GLS) regression methodology to address the regionalization of hydrologic statistics. Advantages of the GLS procedure include more efficient parameter estimates when some sites have short records, an unbiased model-error estimator, and a better description of the relationship between hydrologic data and information for hydrologic network analysis and design. 3.2.2 Design Event-Based Precipitation-Runoff Modeling Precipitation-runoff models are mathematical formulations that attempt to simulate hydrological processes with varying degrees of complexity. At the simple end of the modeling continuum, they can be based on simple transfer functions between climatic inputs and runoff; or at their most complex, they can attempt to solve directly the equations related to the known physical processes that govern hydrological processes. Most flood event models lie midway between these two extremes—where the mathematical equations solved are based on conceptual simplifications of the detailed physical processes. Therefore, if sufficient data are available, model parameters should be calibrated; and results should be validated at levels appropriate to the stage of the analysis. 25



3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS



Inputs to the models can be either deterministic or stochastic. Traditionally, deterministic models have been used with single values of the required inputs (e.g., design rainfall depth may be characterized as a single-valued depth-area-duration relationship) to derive a single output hydrograph. Stochastic models, on the other hand, use discrete or continuous probability distributions to characterize the range and variability of the hydrological and hydrometeorological inputs. Stochastic elements for event-based models are presented in Section 3.2.3. Design Event-Based Precipitation-Runoff Modeling: The major inputs to a design event-based precipitation-runoff model are as follows: (1) climate data (rainfall and snowfall and other variables needed to predict snowmelt); (2) losses (infiltration/interception); (3) physical watershed characteristics for runoff and routing simulations (drainage areas, watershed and channel slopes, lag times, antecedent moisture, etc.); (4) precipitation-runoff transformation function; and (5) runoff conveyance/routing mechanisms. Model output includes runoff hydrographs at user-specified locations, peak discharges, and total runoff volumes. Examples of this type of model include HEC-1 (U.S. Army Corps of Engineers, 1990) and RORB (Mein et al., 1974; Laurenson and Mein, 1992; Laurenson and Mein, 1995). Stochastic Event-Based Precipitation-Runoff Modeling: In the stochastic approach, hydrologic model inputs are treated as random variables. Monte Carlo sampling procedures are used to allow the input variables to vary in accordance with their observed distributions, including the observed dependencies among some climatic and hydrologic variables. The use of the stochastic approach with regional precipitation information allows the estimation of flood magnitudefrequency curves for flood peak discharge, flood runoff volume, and reservoir level. Stochastic models are computationally more demanding than the design event application of deterministic models, but they are better suited to systems where there are nonlinear interactions between the inputs, and for which it is desirable to have an understanding of the uncertainty in the estimates. An example of the Monte Carlo approach to determine the variability of PMF estimates is Barker et al. (1997). Examples of stochastic event-based precipitation-runoff methods are MGS Engineering Consultants Inc. (1997) and Swain et al. (1998). Foufoula-Georgiou (1989) has proposed that the frequency of extreme precipitation depths can be approximated by stochastic storm transposition methods, which use estimates of the frequency of very extreme meteorological events obtained from a general regional analysis of such storms. Her approach may then be combined with a stochastic event-based precipitation-runoff model, 26
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to estimate the likely runoff if such an event were to occur on the watershed of concern. However, there is likely to be significant uncertainty associated with such analyses when the interactions of various orographic features of a basin and likely storm intensity and trajectories are not well understood. Even with these limitations, this new approach can be expected to provide an important supplemental view of the likely magnitude of very infrequent flood flows. Data Generation and Continuous Simulation Modeling: The data generation and continuous simulation modeling approach is based on Monte Carlo generation of long and detailed synthetic sequences of hydrometeorological variables, including precipitation, air temperature, and wind speed and direction. In order to represent spatial differences across the watershed adequately, it is necessary to generate hydrometeorological variables for several sites concurrently. Hydrological models of watershed behavior and hydraulic models of confluences, wave effects, and reservoir outlets are used to simulate reservoir stages continuously. An estimated magnitude-frequency relationship of peak reservoir stages is input to the risk assessment (Calver and Lamb, 1996). Atmospheric Modeling and Distributed Precipitation-Runoff Modeling: The atmospheric modeling and distributed precipitation-runoff modeling approach lies at the more complex end of the modeling continuum and requires a considerable investment of resources to both formulate and apply. It combines the work of atmospheric modelers and regional precipitation analysis to derive a precipitation magnitude-frequency curve (Chin et al., 1997). The atmospheric model is used to generate storms over the watershed, and the findings from the regional analysis are used to estimate the AEP of point and areal precipitation generated by the model. Using distributed precipitation-runoff modeling, snowpack and other antecedent conditions can be combined to estimate a flood frequency curve using a Monte Carlo approach. Atmospheric models, such as the boundary layer model by Danard and Galbraith (1994), can be used to reconstruct continuous historical precipitation and temperature data with the upper air data as input which includes the humidity, air density, and wind velocity. Physics-based atmospheric modeling is used to simulate very extreme and physically consistent storms, which provide useful information on the storm spatial, temporal characteristics, and areal reduction relationships. Distributed precipitation-runoff models, such as the WATFLOOD model (Kouwen et al., 1996), use the distributed climate simulations from atmospheric 27
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modeling as input to simulate extreme floods. The distributed nature of the model allows for representation of spatial variability of the climate data as well as the basin topographical and channel information. The WATFLOOD model relates basin land cover information to runoff characteristics. A goal of distributed physically based modeling is to simulate extreme floods, which lie beyond the limits of calibration events. 3.3 Combining Methods and Data Types No single approach is capable of providing the needed characterization of extreme floods over the full range of AEPs, which may be required for risk assessment. In particular, characterization of extreme floods for events with AEPs less than 1 in 10,000 requires that results from a number of approaches, based on multiple data sources, need to be combined to yield a composite flood frequency relationship. The application of several independent methods and types of data applicable to the same range of AEPs will increase the credibility and resulting confidence in the results. This framework document does not propose a specific approach for rigorously combining information from these differing data sources and methods of analysis and modeling. In some cases, the information may be combined statistically; and, in other cases, one set of results may be used as a bound on the frequency relationship obtained by analysis of other data. Clearly, this process will require a measure of judgement. The level of risk assessment determines the appropriate level of detail for the supporting extreme flood characterization studies. These characterizations should display the associated uncertainties. As the risk assessment moves from baseline risk analysis to risk reduction analysis, uncertainty should be reduced and better quantified so that appropriate information is included in the dam safety decisionmaking process. Table 3.2 uses a “Yes” entry to indicate those methods of analysis and modeling which the core team considered to be applicable at a particular level of dam safety risk analysis. A “No” entry implies that a method was judged to require more effort than could be justified at a particular level of risk analysis. 3.4 Treatment of Uncertainty The important distinction between risk, variability, and uncertainty is reviewed in Section 3.4.1. This is followed, in Section 3.4.2, by a brief discussion of a Monte Carlo approach to evaluating the implications of uncertainties in the overall dam safety risk assessment process for flood loading cases.
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3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS Table 3.2.—Applicability of Hydrologic Methods of Analysis and Modeling to Various Risk Assessment Levels Risk Assessment Level1 Baseline



Method of Analysis and Modeling



Risk Reduction CFR



Project Team



Flood frequency analysis



Yes



Yes



Yes



Design event-based precipitation-runoff modeling



No



Yes



Yes



Stochastic event-based precipitationrunoff modeling



No



Yes



Yes



Distributed simulation modeling



No



No



Yes



Atmospheric modeling and distributed precipitation-runoff modeling



No



No



Yes



1



See Section 2.2.



3.4.1 Distinguishing Between Risk, Variability, and Uncertainty A vocabulary is needed that makes clear the distinctions between risk, variability, and uncertainty. This will be important in deciding what to include in computed flood frequency distributions from which expected values of performance criteria will be computed. Will they reflect the expected or best estimates of the flood frequency distribution, or should they also include a description of parameter uncertainty? The National Research Council (National Research Council, 1995) committee report, Flood Risk Management and the American River, which addresses flood protection project (i.e., levees in the Sacramento, California, area and flood operations of Folsom Dam) evaluation, argues that: . . .a framework is needed to understand the structure of risk and uncertainty analysis efforts for flood protection project evaluation, and to understand the relative roles of the natural variability of flood volumes, reservoir operations, hydraulic system performance, stage-discharge errors, and uncertainty in hydrologic, hydraulic, and economic parameters . . . Several of these relationships are stochastic, while others are described by deterministic relationships. 29
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The choice of words is very important because they help us distinguish one concept or idea from another. In this regard, the terms “risk” and “uncertainty” can cause problems because different authors have ascribed to them significantly different ideas. According to the U.S. Army Corps of Engineers (U.S. Army Corps of Engineers, 1992), risk means: (1) the idea of hazard when something is described as being “at risk”; (2) the expected losses or risk related to a venture; or (3) just the probability of some outcome, such as the risk a levee is overtopped. The term uncertainty has been given a broad and sometimes conflicting range of meanings. There is a literature wherein the term, uncertainty, is used to describe events for which objective probabilities are not available (U.S. Army Corps of Engineers, 1992); and this meaning can apply to the estimation of system response probabilities by experts, which is an important part of Reclamation’s risk assessment process. On the other hand, it could simply be used to describe situations that are not certain (U.S. Army Corps of Engineers, 1992). For our purposes, in characterizing extreme flood characterization for risk assessment, uncertainty represents the limited understanding of system processes and the lack of accuracy with which the parameters in models describing natural processes can be specified. Three types of uncertainty are of concern in characterizing floods to risk assessments (National Research Council, 1994). A clear distinction is needed between parameter uncertainty, which is associated with the parameters of a particular model, and uncertainty as to the appropriate model choice, or model uncertainty. The third type of uncertainty arises due to model imprecision, or model prediction error. Parameter uncertainty is often described by continuous parameter ranges that result in corresponding uncertainty intervals associated with predictions; whereas, the choice among competing hydrologic models generally corresponds to distinct and mutually exclusive choices. Indiscriminately combining parameter and model uncertainties in risk assessments could result in the calculation of average risks and uncertainty ranges that are inconsistent with any of the alternative models. Therefore, parameter uncertainty should be evaluated separately for each competing model. Model prediction errors arise when operational hydrologic models fail to precisely predict flood conditions at some locations in a system even with the best parameters. The error here is not due to natural variability, which might be best described explicitly, or a failure to have the best set of model parameters, which is described by model-parameter uncertainty, but is instead due to lack of model accuracy and, thus, is a source of uncertainty associated with model predictions.
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Variability is often confused with uncertainty. However, variability is the randomness in the indicated process. For example, stage-discharge relationships and reservoir operations exhibit event-to-event variability. Also, there may be variability in flood damages due to factors not captured by flood stage. 3.4.2 Evaluation of Uncertainty Uncertainty can be evaluated by applying Monte Carlo methods to the overall risk assessment calculations. For example, consider the estimation of threat-to-life consequences and probability of failure associated with an existing dam and various risk reduction alternatives. In this case, one is concerned with uncertainty associated with such risk assessment inputs as flood frequency distribution, system response estimates, population at risk, warning time, and estimated loss of life. In each iteration of a Monte Carlo simulation, one could generate likely values of each of these inputs and evaluate the threat to life and probability of failure. The expected annual life loss and the AEP of failure, which are both used as Reclamation Public Protection Guidelines (Section 2.1), could be computed for each iteration (Thompson et al., 1997). By generating many replicates, one obtains samples that describe the possible values of these risk measures (performance metrics). Averaging over the replicates provides “expected” values of the quantities reflecting both the modeled probability distributions of the phenomena (risk assessment inputs) that are considered to be random variables and the uncertainty in the parameters describing those distributions. The sample standard deviations describe the variability of the performance metrics. Replicates can be used to estimate frequency distributions, which can be used for describing and evaluating the decision implications of uncertainty in the risk assessment inputs. 3.5 Flood Hydrographs Approaches to developing flood hydrographs are briefly reviewed in Section 3.5.1. The following subsections address reconciliation with flood frequency quantiles and AEPneutrality as useful practical approaches for developing flood hydrographs for use in dam safety risk assessment. 3.5.1 Development of Flood Hydrographs Flood hydrographs are sometimes needed for baseline risk analysis and risk reduction analysis. Several methods of analysis and modeling have already been described, including design or stochastic event-based precipitation-runoff models, distributed



31



3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS



simulation models, and coupling atmospheric models with distributed precipitation-runoff models. Other methods of analysis and modeling could apply but were not considered by the workshop participants. No single approach is capable of providing the needed characterization of extreme floods over the full range of AEPs required for risk assessment. Therefore, results from a number of approaches, involving different methods of analysis and modeling and sources of data, need to be combined to yield a composite flood. The application of several methods applicable to the same range of AEPs will increase the credibility and resulting confidence in the results. 3.5.2 Reconciliation with Flood Frequency Quantiles The capability of a flood event model to reproduce historical events certainly gives some confidence to the validity of subsequent estimates. However, even in a well-gaged watershed, the AEPs of the calibration floods are likely to range between 1 in 5 and 1 in 20, and only occasionally beyond 1 in 100. While it would be expected that floods of magnitudes corresponding to these AEPs would activate some floodplain storage, the nonlinear nature of drainage basin flood response is such that the routing characteristics of larger events may be considerably different. Thus, while calibration of a model provides valuable information on the flood response of a drainage basin, caution is needed when using the calibrated model to estimate floods of much larger magnitudes (Pilgrim and Cordery, 1993). Paleoflood nonexceedance and exceedance flood frequency bounds can be used to check and validate precipitation-runoff models for large events. Reconciliation with flood frequency quantiles using design precipitation inputs can provide important information on flood response characteristics for extreme design events (Nathan and Bowles, 1997; Nathan and Weinmann, 1992). With this approach, design precipitation information is prepared for a specified AEP and then used with a given set of model parameters and input assumptions to derive a design hydrograph. The peak (or volume) of the design hydrograph can then be compared to the corresponding quantile obtained from a combined at-site/regional flood frequency analysis. The model inputs associated with the greatest uncertainty can be varied within appropriate limits to ensure agreement with the selected flood quantile. The nature of the model inputs to be varied depend on the model selected; but if conditional expected values of inputs are used, then it is likely that only loss and routing parameters need to be altered. Reconciliation with flood frequency quantiles should be undertaken for a range of AEPs to ensure a consistent variation of parameters with flood magnitude or AEP.
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3.5.3 AEP-Neutrality The characterization of extreme floods highlights a dichotomy between two concepts that are entrenched in design practice. For the more frequent floods of interest, it is accepted practice to adopt typical or average values of model inputs to convert 1 in Y AEP design precipitation to corresponding 1 in Y AEP floods. For PMF estimates, however, the typical values of inputs are rejected in favor of more extreme inputs, where the intention is to derive a “probable maximum” flood response. The PMF concept is fundamentally inconsistent with a risk-based approach, as it is not possible to assign an AEP to such an event. For risk-based studies, which are based on a “design storm concept,” it is necessary to adopt an AEP-neutral approach, where the objective is to derive a flood with an AEP equivalent to its concomitant precipitation (Nathan and Bowles, 1997). The factors that influence the transfer between precipitation and runoff can be characterized by probability distributions; and, ideally, the design hydrograph should be determined by considering the joint probabilities of all the input factors. Monte-Carlo methods are ideally suited to the AEP-neutral objective, as they accommodate the observed variability of the inputs while still preserving the interdependencies between parameters. Simpler approaches may be appropriate, where the decrease in rigor is offset by the computational convenience and the transparency of the adopted functional relationships. For the least important parameters, it may be appropriate to adopt a single representative (mean) value instead of the full distribution. However, the relationship between rainfall and runoff is nonlinear, and adoption of a single representative value for the major inputs will introduce bias into the transformation. Accordingly, for more important inputs, it is necessary to adopt a joint probability approach. The nature of the method can be tailored to suit the relative importance of the parameter concerned. The simplest approach to deriving AEP-neutral inputs, concomitant with precipitation, is to use the correlation relationship between the two variables. Caution must be exercised when applying relationships based on a limited historical sample to large design events, and the inputs should be conditioned by physical reasoning. The need for precluding physically unrealistic combinations of factors is relevant to all AEP-neutral approaches, whether based on simple deterministic relationships or Monte-Carlo methods. Selecting an approach to achieve AEP-neutrality depends on the complexity of the system being modeled, the nature of the available data, and the requirements of the adopted flood model. Sensitivity analysis should be used to assess the complexity required to achieve conditionally expected values. In many cases, it may be expedient to adopt correlation structures derived using regional data, and it will be necessary to supplement empirical



33



3.0 FRAMEWORK FOR CHARACTERIZATION OF EXTREME FLOODS



evidence by physical reasoning. Reconciliation of the rainfall-derived flood estimates with at-site/regional flood frequency quantiles will help reduce the uncertainty in extreme estimates. 3.6 Flood Characterization Beyond Credible Extrapolation Limits For most Reclamation dam safety risk assessment applications, extrapolation of flood frequency estimates into the AEP range of 1 in 10,000 to 1 in 100,000 will provide a sufficient description of the frequency of extreme floods for dam safety decisions. Cases that require description of flood risk for smaller AEP ranges (e.g., to 1 in 1,000,000) will, in general, be cases in which extremely high consequences are expected to result from a dam failure due to an extreme flood. In such cases, extensive studies, using multiple types of data and methods of analysis and modeling, will be needed to develop credible characterizations of events as rare as the credible limit of extrapolation (Section 3.1.6). Extensions beyond this probability limit should only be attempted following a complete evaluation of alternative approaches. It should be recognized that extrapolation beyond the probability limits imposed by the available data are inherently arbitrary. Any extensions should employ agreed-upon and consistent procedures that reflect the broadest understanding of the physical processes and their physical limits. The limited scientific credibility and policy implications of the AEPs associated with such estimates should be recognized. Prescriptive approaches to assigning AEPs beyond the extrapolation limits are recommended as part of the proposed framework. Although several examples of these approaches were mentioned during the core team workshop, time did not permit their evaluation by the team. An example of a prescriptive procedure developed for this purpose is described in the Revised Edition of Australian Rainfall and Runoff (Institution of Engineers, Australia, 1998). It comprises procedures for assigning an AEP to the PMP and for interpolation between the limit of credible extrapolation and the PMP. A complete design flood frequency curve is derived using a precipitation-runoff model to convert design rainfalls of various AEPs into design floods of the same AEP, based on an AEP-neutral selection of model inputs (Section 3.5.3). Even for cases well within the credible limits of extrapolation, the uncertainties associated with descriptions of flood AEPs are likely to be substantial. The characterization of extreme floods should, therefore, include a “best estimate” of the AEP of floods of different magnitudes and a description of the uncertainty in such results. Such uncertainties need to be honestly represented and considered throughout the risk assessment process. Alternative prescriptive approaches for assigning AEPs beyond the credible extrapolation limit should be evaluated. These approaches should employ agreed-upon and consistent 34
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procedures that reflect our understanding of the physical process and physical limits on hydrometeorological and hydrologic processes. The limited scientific basis and policy implications for assigning AEPs to such flood estimates using these procedures should be recognized.
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4.0 RELATED ISSUES The framework proposed in Section 3.0 combines information from different data sources using various methods of analysis and modeling. Many of these methods of analysis and modeling are expected to improve with additional research and development effort. In addition, hydrologic and hydrometeorological data sources, especially regional data sets, should be developed for implementing the proposed framework. As explained in Section 1.2, we set out to propose a “robust” framework, but we expect that its component parts (data sources and methods of analysis and modeling) will improve with time and as the state-of-the-art is developed. These developments should lead to reductions in uncertainties and to a more realistic representation of flood-related risks. Many of the details necessary for implementation of the framework have yet to be worked out; and, as stated above, these will change with time as available databases grow and as methods of analysis and modeling are improved. The evolving nature of the framework should be seen in the context of Reclamation’s 6-year cycle of Comprehensive Facility Reviews, which were summarized in Section 2.1. As improvements are made in the implementation of the framework, all Reclamation dams will be evaluated against the best currently available information during their CFR, which is expected to involve baseline risk analysis or an update of a previous risk analysis. Some areas of detail were explored by individual workshop participants after the Logan meeting and before the core group followup meeting. Working papers (Appendix A.5) were developed summarizing various methods of analysis and modeling and some issues that relate to implementation of the framework. Pertinent information was drawn from these working papers in preparation of this report. Two issues of importance to the implementation of the proposed framework are introduced in Sections 4.1 and 4.2 as follows: concurrent flows and seasonal flood characterization. While there are many other topics which are relevant to the framework, these two issues were given brief coverage during the workshop. They are included in this report to capture that coverage and to serve as a reminder that implementation of the framework will need to cover many detailed issues which were not addressed in Section 3.0. Section 4.3 addresses research and development needs to support a progressively improved capability for implementing the framework. 4.1 Concurrent Flows In Section 3.0, we focused on a framework for characterizing extreme floods over a wide range of AEPs. Another flood input, which can be needed for dam safety risk assessment, 37
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may include the specification of concurrent flooding at locations in the drainage basin, such as for the following cases: • Inflow flood hydrograph at upstream reservoir(s), which may affect releases that will become inflow to the study dam or potential for failure of upstream dam(s) • Flood hydrographs for tributaries, which enter the river below the study dam and would, thus, affect the extent of flooding from the combination of flows from the study dam (including breach flows) and from the tributaries. The first example will affect the flood loading at the study dam; whereas, the second could have a significant affect on the extent of incremental consequences, which are considered in the risk assessment, especially if the study dam is on a river which flows into a much larger river. The basic form of the flood estimation problem is identical for both examples. It cannot be expected that a unique relationship will exist between flows at different locations of interest in the drainage basin. Ideally, the relationship would be described by a joint probability distribution of concurrent flooding. In a large complex drainage basin, which contains many reservoirs and consequence centers, several distributions may be needed to adequately characterize all relevant flow variables. In principle, the methods of analysis and modeling discussed in Section 3.2 would be applicable to deriving such a joint distribution. Other approaches to the estimation of concurrent flooding have been proposed by Laurenson (1974), Nathan and Weinmann (1992), and Nathan (1999). 4.2 Seasonal Flood Characterization Dams are subject to loading from floods resulting from different causative mechanisms. Often these mechanisms can be associated with different seasons of the year. For example, a dam located in the Rocky Mountains may be subject to floods due to thunderstorms in the summer and general storms at other times of the year. General storms may or may not include significant snowmelt contributions during the spring melt season. From a probabilistic perspective, these different types of floods are different random variables. Ideally, each should be represented by its own probability distribution; and, although mixed distributions can be used, these may obscure important seasonal distinctions which should be maintained in the flood characterization and which should be passed on to the risk assessment team. In addition, various factors affecting hydrometeorological, operational, and consequence considerations, which are important in the risk assessment, may be seasonally dependent. For example, antecedent moisture conditions and initial reservoir levels vary seasonally. Also, populations at risk (PARs),
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especially recreational PARs, and direct agricultural damages resulting from dam failure can be expected to be sensitive to the season of the year. Flood risk assessments should evaluate the potential for floods of different types to lead to failure of a dam. All types of floods, which can lead to failure, should be considered in a detailed risk assessment since the different types of floods may have a significant effect on both the probability and consequences of failure and, therefore, the evaluation against Reclamation’s Public Protection Guidelines. Hydrographs and AEPs should be obtained separately for each type of flood; and advice on related factors, which will affect the risk assessment, should be passed on to the risk assessment team. In the risk assessment computations, each flood type should be weighted by its likelihood of occurring in any year. This basis for weighting is preferred to a weighting which is based on the proportion of a year in which each type of flood can occur. It is preferred because different types of floods do not occur with uniform likelihood throughout a season and because the season of occurrence for different floods may overlap. A statement on the months in which each type of flood can occur should be passed on to the risk assessment team so they can take this into account in the estimation of consequences and other aspects of the risk assessment, which may be seasonally sensitive. 4.3 Research and Development Needs Research and development activities are needed in the following two areas in order to implement the framework: (1) data collection and analysis and (2) development of methods of analysis and modeling. Each of these topics is discussed in the following subsections. 4.3.1 Data Collection and Analysis A program should be developed for the collection of climate, flood, and paleoflood data to support regional analyses. A regional database of extreme storms, floods, and paleofloods is needed to efficiently and reliably develop hydrologic information that would be used for preparation of extreme flood characterization for the risk assessment of specific dams. The extreme storm database should include precipitation magnitudes, temporal and spatial storm distributions, depth-area-duration relationships, storm location and transposition limits with respect to topography, orographic influences, and isohyetal patterns. Regional envelope curves and precipitation frequency relationships should be developed from this information.
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The streamflow data set should include gaged records, hydrographs, indirect measurement estimates, historical accounts, and paleoflood data. Information should include peak discharges, volumes, paleoflood bounds, and flood dates, if available. This information will be used to develop regional flood frequency relationships for use in constructing site specific relationships. These data could also be used to calibrate hydrologic and hydraulic models. An additional issue, which came up in the workshop discussions, involved the use of paleoflood information in flood frequency analyses. All participants agreed that paleoflood data convey important information about the flood potential of a basin or region and that this information can be used for bounding flood frequency relationships. However, concerns were raised about the possibility of dealing with a nonstationary distribution of extreme flood events over the Holocene period and how to treat paleoflood data in a statistical framework. Likewise, some workshop participants expressed concerns about climate change and the impacts of erroneous extrapolation from short or pooled data sets that may not be representative of the future climate or actual probability of events. The issue of nonstationarity and its impact on risk assessment needs further study. 4.3.2 Development of Methods of Analysis and Modeling There needs to be continued support for the development of methods for processing hydrologic information to provide extreme flood characterizations for risk assessments. Improved statistical tools are needed for at-site and regional frequency analysis. The maximum likelihood estimation, regional index flood, and generalized least squares methods need additional development work to incorporate regional paleoflood, precipitation, and flood information in the analysis. Nonparametric approaches, which incorporate all available data and uncertainty information, need to be developed to provide consistent estimates of flood frequencies over a wide range of AEPs. Work should continue on the design and stochastic event-based precipitation-runoff models currently being developed. An evaluation should be performed with the goal of explaining and, where possible, reconciling the differences in extreme flood characterizations based on different types of data and methods of analysis and modeling. The process should also develop an approach for integration of the characterizations from multiple approaches to obtain the needed inputs for risk assessment, including their associated uncertainties. Priority should be given to developing procedures for better understanding and incorporating uncertainty in the characterization of floods at the baseline risk analysis or
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risk reduction analysis. Workshop participants agreed that uncertainty information is important to convey to risk assessment teams and, in turn, to decisionmakers.
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5.0 CONCLUSIONS AND RECOMMENDATIONS A framework for characterizing extreme floods for dam safety risk assessment is proposed. In formulating this framework, we have attempted to meet the objective of achieving a “practical, robust, consistent and credible” framework. Conclusions and recommendations are summarized in this section. These were developed by the core team and reviewed by most workshop participants. 5.1 Conclusions Advances in flood characterization procedures enable us to propose a framework for the characterization of extreme floods for use in dam safety risk analysis. The framework makes use of different types of hydrometeorological data and provides different approaches, which will require levels of effort consistent with baseline risk analysis and risk reduction analysis. No single approach is capable of providing the needed characterization of extreme floods over the full range of AEPs required for risk assessment. Therefore, the results from several methods and sources of data should be combined to yield a composite flood characterization. This is intended to increase the credibility in the flood characterization, with the goal of increasing the confidence that can be placed on the decisions which are based on the risk analysis. The greatest gains can be achieved by incorporating regional precipitation, streamflow, and paleoflood information. In optimal situations, with good at-site and regional hydrological and paleoflood data, it should be possible to provide credible flood estimates with AEPs as low as 1 in 100,000. However, in typical cases in which information from several sources is combined, the credible limit to which the flood frequency relationship can be extended may range between AEPs of 1 in 4,000 and 1 in 40,000. In general, the credible limit to which the flood frequency relationship can be extended based upon available data will fall short of the probable maximum flood for a site. Probable maximum flood estimates provide a useful reference to past practice and can be compared with extreme floods characterized for risk assessment. However, there is limited scientific basis for assigning an AEP to the probable maximum flood. The uncertainties associated with descriptions of flood flow exceedance probabilities are likely to be substantial and are an important attribute of an extreme flood characterization. Such uncertainties should be honestly represented in the flood characterization. The implications of these uncertainties should be considered throughout the risk assessment and dam safety decisionmaking process.
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5.2 Recommendations Recommendations are organized into Sections 5.2.1 – 5.2.3, as follows: (1) Framework for Characterizing Extreme Floods; (2) Research and Development; and (3) Implications for Reclamation's Overall Dam Safety Risk Assessment Process. 5.2.1 Framework for Characterizing Extreme Floods The following recommendations apply to the proposed framework and its implementation by Reclamation: a) The framework presented in Section 3.0 should be adopted for characterizing floods for the baseline risk analysis and risk reduction analysis. b) Several approaches for characterizing extreme floods using at-site and regional data sets should be pursued to provide alternative lines of scientific evidence to support the results and to increase their credibility for use in dam safety risk assessment. c) If estimates of AEPs beyond credible limits of extrapolation are required, then prescriptive approaches should be adopted. Such approaches should employ agreed-upon and consistent procedures that reflect our understanding of the physical process and physical limits on hydrologic processes. The limited scientific basis for such AEP estimates should be recognized. d) Assignment of an AEP to the probable maximum flood and extension of flood frequency relationships to the probable maximum flood using the assigned AEP is not recommended. e) All types of floods (e.g., thunderstorm and rain on snow) which can lead to dam failure should be considered in a risk assessment. Seasonal timing should be considered since the different types of floods may have a significant effect on both the probability and consequences of failure. 5.2.2 Research and Development As envisioned, the proposed framework will be comprised of databases and methods of analysis and modeling, both of which should be improved with time. To establish these databases and to develop these methods of analysis and modeling, the following research and development recommendations were formulated:
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a) A program should be developed for the collection of climate, flood, and paleoflood data to support regional analyses, which would be used for preparation of extreme flood characterizations for input to the risk assessment of specific dams. b) There should be continued support for the development of methods for processing hydrologic information for characterizing extreme floods for risk assessments. c) Extreme flood characterizations based on different types of data and methods of analysis and modeling should be evaluated with the goal of explaining and, where possible, reconciling differences between approaches. A process for integrating the characterizations from multiple modeling approaches and their associated uncertainties should be developed. d) Priority should be given to developing procedures for better understanding and incorporating uncertainty in the characterization of floods for baseline risk analysis and risk reduction analysis. e) Alternative prescriptive approaches for assigning AEPs beyond the credible limit of extrapolation should be evaluated and, if possible, a single approach adopted by Reclamation. 5.2.3 Implications for Reclamation’s Dam Safety Risk Assessment Process A review of Reclamation’s dam safety risk assessment process was outside the charge of this study. However, the characterization of extreme floods is an important component of Reclamation’s risk assessment process. Clearly, the success of Reclamation’s risk assessment process requires that all components should be carefully integrated. The following recommendations address the integration of extreme flood characterizations into Reclamation’s risk assessment process: a) The identification of failure modes and assessment of consequences should be achieved through an interdisciplinary approach. Some failure scenarios may not be apparent when viewed independently from separate disciplines, such as those resulting from operational problems or from combinations of more common events. b) The level of effort expended on developing the characterization of all components of the risk assessment, including their uncertainties, should be
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commensurate with the importance of potential failure modes and loadings for the existing dam and for decisions on risk reduction alternatives. c) Guidance should be developed to assist decisionmakers in dealing with uncertainty and in determining when a dam should progress to the next level in Reclamation’s risk assessment process. d) Different components of the risk assessment process should be carefully integrated. Toward this aim, the risk assessment process should include an opportunity for individuals providing the extreme flood characterizations or other risk assessment inputs to review how their contributions were incorporated. This will help to ensure that inputs are correctly interpreted and appropriately used.
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6.0 GLOSSARY Annual exceedance probability (AEP)



The probability that an event of a given magnitude will be exceeded in any one year.



At-site flood frequency analysis



A frequency analysis which is based solely on hydrologic and hydrometeorological data at one particular site.



Deterministic



A process in which the output is uniquely defined for a specified set of inputs and initial conditions.



Exceedance



A flood event with a magnitude greater than a given flow of interest.



Extreme flood



A flood event with a magnitude which has rarely, if ever, been measured or recorded by conventional means at a particular site.



Extreme flood characterization



Typically, this would comprise the following for a risk assessment: a frequency distribution of peak reservoir stages which, for dams with potentially high loss of life, might extend as far as an AEP of 1 in 1,000,000. This distribution integrates frequency information on inflow flood peak discharge, runoff volume, and initial reservoir level with hydrograph shape, reservoir release capacity, and project operations. In addition to the magnitude-frequency relationship of peak reservoir stages, concurrent flow hydrographs are sometimes needed for downstream tributaries, so that flow conditions can be characterized for assessment of the consequences of flood-induced failure modes. Similar relationships for upstream dams may be needed to adequately characterize floods at the study dam.
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Flood frequency analysis



The statistical analysis of flood data which provides estimates of the magnitude of floods for a selected AEP.



Hazard



A source of danger (e.g., a flood). Note that, for the most part, we have avoided the use of this term in this report because of its traditional use in dam safety practice to refer to the downstream property or population at risk in the event of dam failure. While this use of the term is incorrect by any dictionary definition, it is firmly entrenched in current dam safety practice. In contrast, there is extensive literature in the field of natural and manmade hazards which uses the dictionary definition. While we would like to see the dam safety community make the correct use of this term, we have largely avoided its use to minimize confusion.



Historical flood



Flood events documented by human observation and recorded prior to the development of systematic streamflow measurement by modern hydrological procedures.



Hydrometeorology



The field of meteorology that addresses water in the atmosphere, especially that which reaches the earth’s surface as precipitation.



Non-exceedance



A flood event with a magnitude less than or equal to a given flow of interest.



Paleoflood hydrology



The study of a past or ancient flood event, which occurred prior to the time of human observation or direct measurement by modern hydrological procedures. Paleoflood investigators use geomorphic and stratigraphic records of past floods to compute discharges associated with paleostage indicators.
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6.0 GLOSSARY



Paleoflood



A past or ancient flood event which occurred prior to the time of human observation or direct measurement by modern hydrological procedures. Unlike historical floods, paleofloods do not involve direct human observation of the flow events. Paleoflood investigators use geomorphic and stratigraphic records of past floods to compute discharges associated with paleostage indicators.



Precipitation-runoff models



A model, which transforms a precipitation (rainfall or snowfall) event to a flood hydrograph through simulation of the significant physical hydrologic processes.



Prescriptive approach



A consistent and agreed-upon procedure for characterizing extreme floods, which are beyond the credible limit of extrapolation.



Probable maximum precipitation (PMP)



“Theoretically, the greatest depth of precipitation for a given duration that is physically possible over a given size storm area at a particular geographical location at a certain time of the year.” (Hansen et al., 1982)



Probable maximum flood (PMF)



“Theoretically, the maximum runoff condition resulting from the most severe combination of hydrologic and meteorologic conditions that are considered reasonably possible for the drainage basin under study.” (Cudworth, 1989)



Quantile



The magnitude of an event with a specified cumulative exceedance probability.



Regional flood frequency analysis



A frequency analysis which uses data from several sites in the region.



Risk



“A measure of the likelihood and severity of adverse consequences.” (National Research Council, 1983) “A systematic process, wherein experienced



Risk Assessment
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6.0 GLOSSARY



dams engineering professionals, provide decisionmaker(s) with estimates of the risks and associated uncertainties of system responses, outcomes, and consequences, which characterize the performance of an existing dam and various remedial action alternatives, under a full range of loading conditions” (Bowles et al., 1997) against riskbased criteria. Stochastic



A process in which the output is governed by the laws of chance (i.e., the output is dependent upon the probability of occurrence of the input variables).



Uncertainty



The limited understanding of system processes and the lack of accuracy with which the parameters in models describing natural processes can be specified. Three types of uncertainty are of concern in characterizing floods for risk assessments (National Research Council, 1994): (a) parameter uncertainty, which is associated with the parameters of a particular model; (b) uncertainty as to the appropriate model choice, or model uncertainty; and (c) uncertainty arises due to model imprecision, or model prediction error. There is literature wherein the term uncertainty is used to describe events for which objective probabilities are not available (U.S. Army Corps of Engineers, 1992), and this meaning can apply to the estimation of system response probabilities by experts, which is an important part of Reclamation’s risk assessment process. On the other hand, it could simply be used to describe situations that are not certain (U.S. Army Corps of Engineers, 1992).



Variability



The randomness in the indicated process.
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