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PROJECT SUMMARY

PS.1 PURPOSE OF STUDY

The Federal Emergency Management Agency (FEMA) is responsible for preparing Federal
Insurance Rate Maps (FIRMS) that delineate hazard zones and Base Flood Elevations in coastal
areas of the United States. These areas are among the most densely populated and economically
important areas in the nation. Coastal areas are subject to a variety of natural processes that result
in significant hazards to public safety and property along the nation’s coastlines, including
extreme conditions of storm surge flooding, waves, erosion, rainfall, and wind. The purpose of
this study is to evaluate existing FEMA procedures for delineating coastal flood hazard areas in
three major coastal regions of the United States (Atlantic, Gulf, and Pacific) and to develop
recommended new guidelines and procedures in one of these areas (Pacific).

This project was authorized cooperatively by FEMA Headquarters, FEMA Region 1X, and
FEMA Region X in October 2003. The project is managed by Les Sakumoto, Project Officer for
FEMA Region IX. Northwest Hydraulic Consultants, Inc. is the lead consultant and manager of
the Technical Working Group. The primary work products for the study are the Final Draft
Guidelines attached to this Project Summary, and a Phase 1 Summary Report (May 2004). The
Final Draft Guidelines (generally referred to below as “Guidelines”) provide guidance for coastal
flood hazard analyses and mapping, specific to the Pacific Coast of the United States. The Phase
1 Summary Report provides background on the project approach; describes the process used for
evaluating existing guidelines; and summarizes the recommendations for the Pacific, Atlantic,
and Gulf Coasts. Appendices to the Phase 1 Report include information on the Technical
Working Group, key references, and Focused Studies conducted on 11 categories of technical
topics.

PS.2 PROJECT CONTEXT AND GOAL

Approximately 50 percent of the population of the United States resides on or near the coast (less
than 50 miles from the coastline). More than 3,000 communities are located in this 12,000-mile-
long coastal zone, which is covered by approximately 7,400 existing FIRM panels. Much of this
inventory of coastal FIRMs is more than 20 years old. Faced with maintenance of the present
inventory and creation of new FIRM panels, FEMA began an ambitious plan for Map
Modernization in 1997. Congress approved a FY 2003 budget that included a significant increase
for funding the Map Modernization Plan, and FEMA has placed a high priority on coastal flood
hazard mapping.

While considering the needs of Map Modernization in coastal areas, FEMA recognized the need
for a comprehensive review of procedures that will be used to identify coastal flood hazards.
This review was needed to consider recent advances in coastal flood hazard assessment and
mapping, and potential modifications to existing FEMA procedures based on state-of-the-art
scientific understanding of coastal processes, new technology and numerical modeling
techniques, improved and expanded data, and modern mapping techniques.

1

FEMA COASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES
All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.




FEMA INTERNAL REVIEW
NOT FOR DISTRIBUTION

CoASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES FOR THE PACIFIC COAST OF THE UNITED STATES
PROJECT SummARY, DECEMBER 2004

The overall goal of this project is to incorporate recent advances in the sciences and in coastal
engineering into a recommended approach for improved coastal flood hazard mapping for the
Pacific Coast of the United States, based on an understanding of local and regional coastal
processes.

PS.3 DESCRIPTION OF NEEDS BY GEOGRAPHIC REGION

Guidelines for the Atlantic Coast, Gulf Coast, and Great Lakes have been assembled from
elements developed over the course of many years; however, no comprehensive assessment has
been done to evaluate their effectiveness in hazard mapping for the Atlantic and Gulf Coasts.
During this time, the Pacific Coast was recognized as a special case because of differences in
coastal processes (e.g., tsunamis, El Nifio, swell) and geomorphic characteristics, but no FEMA
guidance was established specifically for this coast.

PS.3.1 Pacific Coast

In general, the FIRMs for the Pacific Coast of the United States are more than 20 years old. These
maps require comprehensive updating to adequately define hazard zones in some of the most
densely populated and fastest growing areas of the United States. FEMA’s existing coastal
flooding guidelines focus on storm types (especially hurricanes) and coastal processes that are
relevant to the open coast settings of the Atlantic and Gulf Coasts. The Pacific Coast is subject to
storm types, wave conditions, and coastal processes that differ from those in other coastal regions
of the country. Therefore, much of the existing guidance is not directly transferable to the
analysis of Pacific Coast coastal flood hazards. An assessment of the existing guidance was
needed to determine which portions may be transferred or modified for use on the Pacific Coast
and what new procedures are needed.

PS.3.2 Atlantic and Gulf Coasts

A comprehensive review of the existing guidelines was needed in light of more recent experience
and new technology. Modified or new procedures are needed to incorporate experience from
previous studies and appeals, information on actual damages, and post-storm verification data. In
addition, a review of the basis of existing procedures was needed in light of an improved
understanding of ocean and coastal processes from recent research and new data. The existing
procedures include little guidance on analysis of storm meteorology, storm surge, or wave setup.
In addition, there is a need to evaluate expansion of the guidelines to address flood hazards in
coastal areas not directly exposed to ocean swell and waves generated by distant weather
conditions (e.g., bays and estuaries, referred to as Sheltered Waters in this document).

PS.3.3 Other Areas

The review and update of the guidelines are intended to facilitate consistent and accurate mapping
of coastal flood hazards in the Map Modernization Plan. Because of the unique coastal processes
in Alaska, Hawaii, the Great Lakes, Caribbean islands, and Pacific islands, the project focuses on
guidelines for the oceanic coastlines of the conterminous United States. It is anticipated that
many of the identified procedures will be transferable to these other areas, but that additional
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work will be required to address unique physical characteristics and processes in each of these
regions.

PS.4 PROJECT APPROACH AND SCHEDULE

The project approach included two key elements to ensure that the project was completed rapidly
and effectively: (1) a team of technical experts (Technical Working Group, or TWG) was
assembled with experience in various coastal processes and their effects in different geographic
regions of the country, and (2) the project was conducted in two phases—Phase 1 to evaluate the
existing guidelines for all three coasts and Phase 2 to develop proposed new draft guidelines for
the Pacific Coast.

The TWG is comprised of coastal experts from private industry, academic and research
institutions, federal agencies (National Oceanic and Atmospheric Administration, U.S. Army
Corps of Engineers, and U.S. Geological Survey), flood insurance study contractors, map
coordination contractors, and FEMA Headquarters and regional engineers. The TWG includes
members from all three coastal regions of the United States and from Europe. An alphabetical
listing of the Technical Working Group is provided after the Executive Summary. This group was
organized to implement a collaborative approach to identify the needs and priorities for improved
coastal flood hazard mapping procedures, consider potential alternatives, and develop
recommendations based on consensus among coastal experts.

The project schedule was established based on FEMA’s targets for the Map Modernization Plan.
The project approach recognized that improvements to the Guidelines would need to be
prioritized to maintain the adopted schedule. Phase 1 was initiated in October 2003, and a final
draft Phase 1 Summary Report was delivered to FEMA in June 2004.

Phase 2 of the project was initiated in May 2004, and Final Draft Guidelines were delivered to
FEMA in electronic format in November 2004. The Final Draft Guidelines are appended to this
Project Summary in hard copy. Additional Technical Support information will be submitted to
FEMA in January 2005.

Completion of the project on this schedule allows coastal flood insurance studies to proceed with
new draft guidance in fiscal year (FY) 2004/2005. The schedule has required an intensive work
effort to complete a comprehensive review of existing procedures, to recommend modifications
to existing procedures, develop new methods, and prepare the Final Draft Guidelines. This effort
involved approximately 30 organizations and active participation of more than 60 individuals.

PS.5 PHASE 1 TASKS

The approach for the assessment phase of the project (Phase 1) was to examine all technical areas
of the coastal flood hazard mapping process. Initial tasks focused on a review of the existing
guidelines and the needs and priorities for their improvement. Under these tasks, coastal experts
from the TWG reviewed existing guideline methodologies for the ocean and coastal processes
analyzed in flood insurance studies (e.g., storm meteorology, storm surge, wave setup, wave
transformation, wave runup, and overtopping) and evaluated their applicability for each coastline.
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Case studies were prepared to demonstrate application of guideline methodologies in previous
coastal flood insurance studies on each coast, and representative studies were prepared to
demonstrate application of guideline procedures to particular coastal processes.

An international literature search was conducted to identify sources of information on existing
and evolving coastal engineering practices and to identify pertinent scientific research that may
be useful in developing new guidelines. The international experience of several TWG members
was used during this task to provide the project with information, techniques, and practices from
around the world.

The initial tasks described above served as the basis for reporting and discussion at Workshop 1,
held in Sacramento, California, on December 2—4, 2003. The workshop was attended by 38
members of the TWG from across the country. The workshop agenda included:

@ review of existing guidelines and practices;
@ technical presentations on the state of the science in coastal processes;

@ workshop sessions to identify needs, priorities, and potential guideline improvements by
coastal geographic areas and coastal processes; and

@ Summary sessions to list and prioritize needed guideline improvements.

The primary result of Workshop 1 was a list of 53 technical topics for consideration in updating
the guidelines. Each item also included an initial assessment of the time and data required to
develop improved procedures. This assessment resulted in categorizing each topic as “Critical,”
“Important,” “Available,” or “Helpful.” *“Critical” and “Important” topics were considered the
highest priorities for development of new or improved procedures, and were subdivided into
topics that could likely be addressed in the 6-month time frame of the project (“Critical””) and
those that would require longer term development by FEMA (“Important™). “Available” topics
were considered areas where existing data or methodologies were readily available for updating
or creating guidelines. “Helpful” topics were considered valuable but lower priority. These
priority classes were assigned by the TWG for each topic on the Atlantic and Gulf Coasts, Pacific
Coast, and in Sheltered Waters (Non-Open Coast).

The results from Workshop 1 were used to formulate focused studies that organized the 53
technical topics into 11 categories according to coastal processes and coastal flood hazard
mapping procedures. Each of these 11 categories became the subject of a focused study: (1)
Storm Meteorology, (2) Stillwater Elevations, (3) Wave Characteristics, (4) Wave
Transformation, (5) Wave Setup, (6) Event-Based Erosion, (7) Wave Runup and Overtopping, (8)
Coastal Structures, (9) Sheltered Waters, (10) Tsunamis, and (11) Hazard Zones. These focused
studies are included in the Appendices to the Phase 1 Report.

The focused studies were conducted by groups of individuals from the TWG, each coordinated by
a focused study leader. This organization allowed the 11 focused studies to be completed
simultaneously and rapidly. Preliminary drafts of the focused studies were presented at
Workshop 2 on February 23-26, 2004, and subsequently were refined by the study groups.
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The focused studies contain recommendations on the approach for updating the guidelines on
three coasts (Pacific, Atlantic, and Gulf). These recommendations include further studies and
guideline development work that vary in complexity, level of effort, and time requirements. The
level of effort required to complete the recommendations for “Critical” and “Available” items
identified in Workshop 2 significantly exceeded the available time and budget for Phase 2
(development of Pacific Coast guidelines). Therefore, in March 2004 the project team engaged in
a significant effort to develop options for limiting the scope and cost of Phase 2 work while
retaining the most important topics and a balance among the 11 technical categories. The
selected option deferred some recommendations for future development in the National Flood
Insurance Program (NFIP) but maintained the target of producing reliable guidelines for coastal
studies on the Pacific Coast in FY 2004/2005.

PS.6 SUMMARY OF PHASE 1 FINDINGS

A complete list of topics and recommendations developed by the TWG during Workshops 1 and
2 is provided in Table 2 of the Phase 1 Summary Report. Following are a few of the key findings
from the Phase 1 activities:

@ Procedures are needed to compute the 1% annual chance flood elevation where 1% stillwater
levels do not necessarily coincide with 1% wave conditions (e.g., Pacific Coast and sheltered
waters along all three coasts).

@ Procedures to better represent wave setup are needed on all coasts.

@ Procedures should be developed to use regional databases and wave transformation models
to develop wave spectra at the surf zone.

@ Methods are needed to evaluate the amount of wave dissipation due to propagation over
muddy or flat nearshore areas.

@ Procedures to quantify the effects of wave setup and event-based erosion in a variety of
geomorphic settings are needed.

@  On the Atlantic Coast, a review of the 540 square-foot erosion criterion is needed in light of
new data; on the Pacific Coast, a similar geometric method is needed based on Pacific Coast
data.

@ A probabilistic method for tsunami hazard assessment and methods for combining tsunami
hazards with other coastal hazards are needed.

@ Updates and amplification of existing guidelines for wave runup and overtopping and
associated hazard zones are needed. Improved methodology for wave overwash is needed.

@  Some coastal processes, such as surge, wave transformation, and tsunamis, are best analyzed
at a regional scale rather than in flood studies of individual communities.

@  Sheltered waters (non-open coast areas) require specialized guidance because of their unique
hydrodynamic and geomorphic characteristics compared to the open coast. For example,
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new methods for calculating fetch-limited wind waves should be evaluated and incorporated
in guidelines, to the extent appropriate.

Recommended approaches to address these and other needs are included in Sections 4 and 5 of
the June 2004 Phase 1 Summary Report.

PS.7 PHASE 2 — PREPARATION OF DRAFT GUIDELINES

As noted above, priorities were established by the TWG to implement a portion of the Phase 1
recommendations to prepare new guidelines for the Pacific Coast during Phase 2. The Guidelines
developed in Phase 2 are designed to address the following general requirements:

@  Consideration of geomorphic settings and their relationship to required analysis, including
clear distinction between the open coast and sheltered water settings;

2 Development of procedures for defining the 1% percent annual chance flood elevation as a
combination of wave and water level characteristics where a single dominant storm
mechanism (e.g., hurricane) can not be defined; and

@ Identification of analyses that may best be accomplished at a regional scale (e.g., wave
transformation, tsunamis), and the appropriate input to local analyses and hazard mapping.

Phase 2 included limited case studies to develop and test new procedures and to develop simple
models designed specifically for use in FEMA flood insurance studies. The following technical
areas were identified for case studies and testing:

@  Storm Meteorology — testing to develop procedures for 1% flood elevation determination
based on wave and water level combinations in open coast and sheltered waters settings

@  Stillwater Elevations — testing for procedures to extract surge data from tide gage data;
development of a simplified surge model for the Pacific Coast

@ \Wave Characteristics — case study to develop wind field and other input data specifications
and methods for application of spectral models

@ Wave Transformation — assess wave transformation models
@ Wave Setup — testing of Boussinesq models; development and testing of a new setup model

@ Runup and Overtopping — runup model testing combined with 1% flood elevation testing in
Storm Meteorology; develop an analytical model for waver overtopping; and test numerical
wave overtopping model

@ Event-Based Erosion — testing of geometric models and procedures

@ Flood Hazard Zones — development of new criteria for VE Zone mapping based on depth
and velocity of flow
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A separate case study was also recommended by the TWG to develop a probabilistic
methodology that considers both near-field and far-field sources of tsunamis. This case study is
being accomplished outside the scope of the current project because of the highly specialized
nature of the required analyses. This case study is expected to be accomplished through
interagency cooperation among FEMA, the National Oceanic and Atmospheric Administration,
and the U.S. Geological Survey, with assistance from private consultants and research
institutions, such as the University of Southern California. This case study is scheduled for
completion early in 2005.

The Final Draft Guidelines developed in Phase 2 provide guidance for selecting and combining
specific methods to evaluate coastal flood hazards for a wide range of coastal settings and storm
conditions found along the Pacific Coast of the United States. Within these Guidelines,
“methods” means the individual techniques used to make specific computations. “Study
methodology” is the combination of appropriate methods and data necessary to develop flood
hazard zones for depiction on a Flood Insurance Rate Map (FIRM).

The Guidelines are numbered to fit into FEMA’s existing guidance document for coastal
flooding, Appendix D of the Guidelines and Specifications for Flood Hazard Mapping Partners
(April 2003).

Section D.4.1 provides an overview of the Guidelines for the Pacific Coast, and Section D.4.2
provides guidance on study methodology. Specific methods for analysis of flood frequencies;
waves and water levels; wave setup, runup, and overtopping; coastal erosion; and coastal
structures are presented in Sections D.4.3 through D.4.7. Section D.4.8 provides a placeholder for
future guidance on analysis of flood hazards due to tsunamis. In most cases, several methods may
be applicable to a specific coastal setting. The objective of these guidelines is to provide
guidance for developing an appropriate methodology based on the coastal setting and available
data for a given project location. Section D.4.9 provides guidance on mapping of flood hazard
zones and Base Flood Elevations, and Section D.4.10 provides guidance on study documentation.
Sections D.4.11 through D.4.13 provide references, notations, and acronyms.

The following are key components of the new Pacific Coast Final Draft Guidelines:

@ Guideline procedures summarize the basic steps in selecting analysis methods
according to coastal setting and availability of data.

@ Clear distinctions are made between “open coast” and “sheltered water” areas and
how hazard assessments shall proceed in each setting.

@ An approach is presented for evaluating the 1% annual chance flood, based on the
concept of “system response analyses” rather than traditional “event analyses.” The
response approach uses measured or predicted wave conditions along with
simultaneously measured or predicted water-levels to determine site specific storm
response parameters, such as runup and maximum water levels at points of interest.
Storm event responses in the surf zone and backshore are computed for a variety of
storms, and statistically evaluated to define the 1% annual chance flood
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characteristics. This method of assessing system responses in the surf zone and
backshore avoids the need to consider joint probability analysis of waves and water
levels.

@ A statistical method is recommended for determining the 1% still water level for a
tidal location subject to flooding by both coastal and riverine mechanisms.

@ A section on “flood frequency analysis methods” is provided in the guidelines. For
studies where long periods (greater than 30 years) of measured or hindcast data are
available, the Generalized Extreme Value Distribution Method with parameters
estimated by the Method of Maximum Likelihood is recommended for estimating
extreme values, such as 1% annual chance total water level and stillwater level. For
flood studies where long periods of measured or hindcast data are NOT available
then statistical simulation methods such as the Monte Carlo Method are
recommended.

@ Several available wave hindcast databases are compared. The Global Reanalysis of
Ocean Waves (GROW) is recommended for use in “open coast” FIS studies for the
Pacific.

@ A modified version of WHAFIS is described that allows for variation of wind speed
and its application to the non-hurricane wind climate found along the Pacific Coast.

@ Regional wave transformation modeling is recommended for areas such as the
Southern California Bight where offshore islands, deep canyons and headlands
require complex wave transformations.

@ New procedures for computing wave setup and runup using parametric, simple
numerical models, and advanced “Boussinesq” modeling procedures are provided,
with guidance explaining where and when such procedures are required.

@ Wave runup is recommended to be evaluated at the 2% exceedance level rather than
the 50% (mean) exceedance level presently recommended in Appendix D.

@ A new numerical model using the Direct Integration Method (DIM) is recommended
for calculating static and dynamic (infragravity) components of wave setup for the
Pacific Coast setting. Simple parameterized models are also developed based on
DIM.

@  The Atlantic and Gulf Coast “540 Rule” for beach and dune erosion is not
recommended for the Pacific Coast. Simple “geometric models” are recommended
for estimating event-based erosion of sand beaches and dunes for the Pacific Coast.
The concept of the “most likely winter profile” for various coastal beach settings is
introduced and procedures for estimating eroded winter profiles during 1% annual
flood conditions are presented for six coastal beach settings.
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@ New runup and overtopping methods are recommended. A simple analytical
trajectory model is developed for wave overtopping by splash. (Please note that the
TWG recommends that these new methods be thoroughly tested for several settings,
prior to their general application.)

@ The guidelines propose to define the VE splash zone as the landward extent of the
overtopping splash trajectory.

@ A new criterion for VE Zone delineation referred to as the high velocity flow zone is
proposed. This criterion is applicable to areas landward of the wave overtopping
splash zone, where the product of flow depth times the flow velocity squared (hv?) is
greater than or equal to 200 ft */sec?. This new criterion may also be applicable to
hazard delineation of tsunami runup in the future.

@ Guidance is presented for delineating coastal flood hazard zones and Base Flood
Elevations (BFES) based on these new methods.

PS.8 Summary

These Guidelines offer insight and recommended methods to analyze complex Pacific Coast
flood processes in a reasonable way. However, they require technical judgment and experience in
their application, and are not a prescriptive technique that can be applied uniformly in all study
areas. The Guidelines are intended to apply to a range of settings, but they cannot address all
settings and conditions due to the broad variability of the Pacific Coast. They include new
methods that were developed over a one-year period by the TWG assembled by FEMA. Methods
were selected and developed through collaboration and consensus to be robust and reproducible,
but at the release date of this document (November 2004), many of these methods have not been
fully tested in FISs. Therefore, the TWG recommends that these new methods and Guidelines be
thoroughly tested for a variety of settings, prior to general distribution and application throughout
FEMA.

Experience and judgment in coastal engineering is required in order to apply the procedures
provided in the Final Draft Guidelines. The Mapping Partner may determine that minor
modifications or deviations from the Guidelines are necessary to adequately define the coastal
flooding conditions and map flood hazard zones in specific areas. In these cases, documentation
of these differences is required as part of the intermediate and final study submittals.

Some “Critical” and “Important” topics identified in Phase 1 for the Pacific Coast were not

addressed in Phase 2 because of limited time and resources. Section 4 of the Phase 1 Summary
Report provides a brief summary that can be used for planning of future guidance development
by FEMA, and the Focused Studies appended to the report provide background on these topics.

No additional work on guideline development for the Atlantic and Gulf Coasts was conducted in
Phase 2. Section 5 of the Phase 1 Summary Report provides a brief summary of recommendations
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that can be used for planning future guidance development by FEMA. In addition, some Pacific
Coast guidelines developed during Phase 2 may be applicable to analyses on the Atlantic and
Gulf Coasts with little or no modification. The potential applicability of Pacific Coast guidelines
in specific technical categories is identified in Section 5 of the Phase 1 Summary Report. The
Focused Studies appended to the report also provide reference information that may be useful to
study contractors as a supplement to the existing guidelines.

The project approach relied heavily on the collaboration of Technical Working Group members
to meet a compressed schedule. It is envisioned that the next phase of guideline development for
coastal flood hazards will be guided by TWG recommendations for testing, extending, and
refining the procedures defined in the Final Draft Guidelines. Specialized FEMA Study
Contractors and other Mapping Partners will likely be engaged in preparing test cases and
examples, and in providing feedback on application to specific settings. FEMA recognizes that
the Guideline is an evolving document, and will encourage refinement through various
mechanisms.

PS.9 Acknowledgements

FEMA gratefully acknowledges the significant effort, collaboration, and interaction of the
members of the TWG to produce this highly technical work product. Study Leaders and
members of the TWG are listed below in alphabetical order.

10

FEMA COASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES
All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.




FEMA INTERNAL REVIEW
NOT FOR DISTRIBUTION

CoASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES FOR THE PACIFIC COAST OF THE UNITED STATES
PROJECT SummARY, DECEMBER 2004

FEMA Project Coordinator
Les Sakumoto
FEMA, Region IX
Oakland, CA

Study Leaders

The following individuals (listed alphabetically) participated as Phase 2 Study Leaders. They guided
technical development of methods and application methodologies for assessing coastal flood hazards
on the Pacific Coast and participated in the preparation of the Final Draft Guidelines.

Robert Battalio Robert Dean
Philip William & Associates, Ltd. University of Florida
San Francisco, CA Gainesville, FL
Shyamal Chowdhury Darryl Hatheway
nhc Michael Baker Jr., Inc.
West Sacramento, CA Alexandria, VA
Kevin Coulton Christopher Jones
HDR C. Jones & Associates
Portland, OR Durham, NC
David Divoky Robert MacArthur
Watershed Concepts nhc
Atlanta, GA West Sacramento, CA
William McDougal Edward Wallace
Independent Consultant nhc
Corvallis, OR West Sacramento, CA

Group Meeting Facilitator
Roy Wright

Coray Gurnitz Consulting
Arlington, VA

11

FEMA COASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES
All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



FEMA INTERNAL REVIEW
NOT FOR DISTRIBUTION

CoASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES FOR THE PACIFIC COAST OF THE UNITED STATES
PROJECT SummARY, DECEMBER 2004

Technical Working Group

The following individuals (listed alphabetically) participated in the Technical Working Groups to
prepare Focused Studies, attend workshops, prepare reporting for the Phase One Summary Report and
may also have participated in the preparation of Draft Guidelines.

Robert Battalio
Philip Williams & Associates, Ltd.
San Francisco, CA

Doug Bellomo
FEMA Headquarters
Washington, DC

Ida Bragker
Danish Hydraulic Institute
Hgarsholm, Denmark

David Carlton
FEMA Region X
Bothell, WA

Shyamal Chowdhury
nhc
West Sacramento, CA

Michael Craghan
FEMA Region IlI
Philadelphia, PA

lan Collins
Independent Consultant
Vista, CA

Kevin Coulton
HDR
Portland, OR

Robert Dean
University of Florida
Gainesville, FL

Michael DelCharco
Taylor Engineering
Jacksonville, FL

David Divoky
Watershed Concepts
Atlanta, Georgia

Claudio Fassardi
BMT Scientific Marin Services, Inc.
Escondido, CA

Eric Geist
USGS
Menlo Park, CA

Mike Goetz
FEMA Region |
Boston, MA

Frank Gonzalez
NOAA/PMEL
Seattle, WA

Robert Guza
SIO
La Jolla, CA

Darryl Hatheway
Michael Baker Jr., Inc
Alexandria, VA

Emily Hirsch
FEMA Headquarters
Washington, DC

Maria Honeycutt
PBS&J
Beltsville, MD

Terry Hull
Taylor Engineering
Jacksonville, FL

Jeff Johnson
nhc
Seattle, WA

Christopher Jones
C. Jones & Associates
Durham NC

Dale Kerper
Danish Hydraulic Institute
Cardiff, CA

Paul Komar
Oregon State University
Corvallis, OR

12
FEMA COASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



FEMA INTERNAL REVIEW
NOT FOR DISTRIBUTION

CoASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES FOR THE PACIFIC COAST OF THE UNITED STATES

PROJECT SummARY, DECEMBER 2004

Technical Working Group

Ray Lenaburg Costas Synolakis
FEMA Region 1X University of Southern California
Oakland, CA Los Angeles, CA
Jeremy Lowe Will Thomas
Philip Williams & Associates, Ltd Michael Baker Jr., Inc
San Francisco, CA Alexandria VA
Chia-Chi Lu Alicia Urban
Noble Consultants, Inc nhc
New Port Beach, CA West Sacramento, CA
Robert MacArthur Zach Usher
nhc FEMA Region 11
West Sacramento, CA New York, NY
William McDougal Mark Vieira
Independent Consultant FEMA Region IV
Corvallis, OR Atlanta, GA
Ronald Noble Ed Wallace
Noble Consultants, Inc nhc
Novato, CA West Sacramento, CA
Don Resio Jon Walters
Corps of Engineers Nolte
Vicksburg, MS San Diego, CA
Trey Ruthven Joy Woo
Applied Coastal EDAW
Mashpee MA Sacramento, CA
Les Sakumoto Roy Wright
FEMA Region IX Coray Gurnitz Consulting
Oakland, CA Arlington, VA
Dick Seymour Max Yuan
CDIP/SIO FEMA Headquarters
La Jolla, CA Washington, DC
Norm Scheffner Gary Zimmerer
CHT FEMA Region VI
Edwards, MS Denton, TX

13

FEMA COASTAL FLOOD HAZARD ANALYSIS AND MAPPING GUIDELINES

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.




Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents

Section Page
D.4  Coastal Flooding Analyses and Mapping: Pacific Coast............cccocevenieniniiniinnnn, D.4.1-1
D.4.1 Pacific Coast GUIdelines OVEIVIEW .........cceiiveiiieiiiiiesieeie e D.4.1-2
D.4.1.1  Pacific Coast Setting and Characteristics ...........ccoccevverrverierinne D.4.1-4
D.4.1.2  Pacific Coast Flood Insurance Studi€s..........ccccovvrvveriververivennene D.4.1-7
D.4.1.2.1 Study SCOPING ...ccvveiiieieiieiie et D.4.1-7
D.4.1.2.2 Regional vs. Local Studies..........cccceevrvverviinrinerienne D.4.1-9
D.4.1.2.3 Sheltered Waters .........ccccevereiienienieni e D.4.1-10
D.4.1.2.4 Tsunami Hazards .........cccceevverviieerneresieseese s D.4.1-12
D.4.1.2.5 DEDIIS...coiiiii et D.4.1-12
D.4.1.2.6 Beach Nourishment and Constructed Dunes.......... D.4.1-13
D.4.1.2.7 Hazard Zone Definitions and Use by FEMA........... D.4.1-13
D.4.1.2.8 Reporting ReqUIrEMEeNtS .........ccccevveveereeieeriesinnenns D.4.1-15
D.4.2 Study MethodolOgy........cccueiieiiiieiece e D.4.2-1
D421 OVEIVIEBW...oouiiiiiiiieie sttt st D.4.2-1
D.4.2.2  SEHING ..ovvieeieiie st D.4.2-2
D.4.2.2.1 Open Coast and Sheltered Water .............ccccceerurrnenne D.4.2-3
D.4.2.2.2 Shoreline Profile Settings .........cccoovevvviverviieseeriene D.4.2-3
D.4.2.3  C0aStal ZONES.......cooiiiiiiiiieie e D.4.2-5
D.4.2.4  Event and Response Analysis Considerations...............cccceeveene. D.4.2-8
D.4.25  Selection Of EVENLS .....cccoiiiiiiiiiiiseeee e D.4.2-10
D.4.2.5.1 Open Coast.......ccccverriiiiiiiiniii i D.4.2-10
D.4.2.5.2 Sheltered Waters .........cccceveriiieniienienieiee e D.4.2-10
D.4.25.3 1% Annual Chance Conditions............cccccevvevenen, D.4.2-10
D.4.25.4 0.2% Annual Chance Conditions...........c.cccevveenen. D.4.2-16
D.4.2.6  Summary of Methods............cccovveriiieiiiii e D.4.2-16
D427  EXAMPIES ..o D.4.2-18

D.4.2.7.1 Open Coast, Dune Backed Beach Scenario
Using Parametric DIM Model for Setup/Runup.... D.4.2-20

D.4.2.7.2 Open Coast, Dune Backed Beach Scenario
Using Numerical DIM Model for Setup/Runup ..... D.4.2-24

D.4.2.7.3 Sheltered Water, Seawall Backed Beach Scenario

Using Parametric DIM for Setup/Runup ................ D.4.2-27
D.4.3 Flood Frequency Analysis Methods ..........ccoocviiiieniiieniencce e D.4.3-1
D.4.3.1  The 1% Annual Chance FIood...........ccccovveiiiiieniieie e, D.4.3-1
D.4.3.2  Event vs. ReSpoNnse StatiStiCS.......ccouvvrririiriiniinieneeneeee e D.4.3-2
D.4.3.2.1 Event-Selection Method............cccccvevierierviierineniene D.4.3-2
D.4.3.2.2 Response-based Approach.........ccccooeveeiviiniieninne. D.4.3-3
D.4.3.2.3 Hybrid Method..........ccccooviiiiiiiiicee D.4.3-4
D.4.3.3  General Statistical Methods.............ccoocveiiiiinniiie e D.4.3-4
D.4.3.3.1 OVEIVIEW....ccviiieiiieie ettt D.4.3-4
D.4.3.3.2 Elementary Probability Theory........cccccooviiiineninne D.4.3-5
D.4-i Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Section Page
D.4.3.3.3 Distributions of Continuous Random Variables....... D.4.3-6
D.4.3.3.4 Stationarity........cccoceeieiieeieiie e D.4.3-8
D.4.3.3.5 Correlation BEtWeen Series.........cccccvvevvveeieeinrenveenn, D.4.3-9
D.4.3.3.6 Convolution of Two Distributions..............ccccceeunenee. D.4.3-9
D.4.3.3.7 Important DisStributions..........cccccoeeviiininnnieiennn D.4.3-9
D.4.3.4 Data Sample and Estimation of Parameters............c..ccccoveevennee. D.4.3-12
D.4.3.4.1 PIlotting POSITIONS ......ccveviieiiieiesiisieseeee e D.4.3-13
D.4.3.4.2 Method of Moments: Conventional Moments........ D.4.3-14
D.4.3.4.3 Method of Moments: Probability-weighted

Moments and Linear Moments............cccccccvvevveennene D.4.3-14
D.4.3.4.4 Maximum Likelihood Method.............cc.ccovevueenenn D.4.3-14
D.4.3.5 Extreme Value Analysisinan FIS..........c.ccccoovvviiieiiciciiennn, D.4.3-15
D.4.3.6  Simulation Methods..........cccccoviiiiiiiiiicceecc e D.4.3-17
D.4.3.6.1 JPM .o D.4.3-17
D.4.3.6.2 EST .ot D.4.3-18
D.4.3.6.3 Monte Carlo Method............cccooevveveiiiiicie e, D.4.3-18
D.4.3.7  Additional RESOUICES.......ccceeciueeiieiiieiie e ee e D.4.3-19
D.4.4 Waves and Water LEVEIS ........cccooiiiiiiciie sttt D.4.4-1
D441 WAVES....ceiie ittt D.4.4-1
D.4.4.1.1 WaVe SPECIA.....cccevviiiiriieiiiie e D.4.4-2
D.4.4.1.2 Measured Deepwater Wave Data................cccevvennenne. D.4.4-4
D.4.4.1.3 Hindcast Wave Data ..........ccccccvevivvevieiiie s, D.4.4-6
D.4.4.1.4 Wave Transformations..............cccoeveveeveivesneiennn, D.4.4-11
D.4.4.1.5 Waves in Sheltered Waters.........cccccoceevvvevveeireennnenn D.4.4-22
D.4.4.1.6 Data ReqUIremMEeNtS........cccevevueiiieieerie e seese e D.4.4-25
D.4.4.1.7 DoCumentation............ccccveveeivieeiiesie e e siee s D.4.4-25
D.4.4.2  Water LEVEIS ......coiiieece et D.4.4-26
D.4.4.2.1 OVEIVIEW....ccuiiiieeciie ettt D.4.4-26
D.4.4.2.2 AStronomic Tide ......cccevveiiiiieie e D.4.4-26
D.4.4.2.3 SUIGE oot D.4-4-31
D.4.4.2.4 Water Levels in Sheltered Waters............c.cccocevenee. D.4.4-34
D.4.4.2.5 Water Levels During EI Nifi0S..........ccccoovvviiininnnn, D.4.4-38
D.4.4.2.6 1% Annual Chance Still Water Levels................... D.4.4-39
D.4.4.2.7 NoN-Stationary ProCeSSES ..........cceeveerrrererienieniennns D.4.4-44
D.4.5 Wave Setup, Runup, and OVErtoppiNg ........ccceevreeirerereneniesesiese e, D.4.5-1
D.45.1  Wave Setup and RUNUP........ccoeiieieeie e D.4.5-1
D.4.5.1.1 INtroduCtion........ccovveiueeiieeiie e D.45-1
D.4.5.1.2 Background, Definitions, and Approaches............... D.4.5-1
D.4.5.1.3 General Input Requirements ..........ccccceoeverercnennnn D.4.5-6

D.4.5.1.4 Setup and Runup on Beaches: Descriptions and
Recommendations............cccceevveiieiie s D.4.5-7
D.4.5.1.5 RUNUP ON BAITIErS.....ccocceeiiieiecie e D.4.5-10
D.4-ii Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Section Page
D.4.5.1.6 Example Computations of Total Runup ................. D.4.5-18
D.4.5.1.7 DOCUMENLALION.....c.eeiiiiiiiieiiesiieeneeree e D.4.5-20
D.4.5.2  OVErtOPPING ..oveieeiieiieieieie sttt D.4.5-20
D.4.5.2.1 OVEIVIEW....ocviiiiiiiiiieiieieeieie et D.4.5-20
D.4.5.2.2 Background...........ccocueeriieienenenenisesesee e D.4.5-23
D.4.5.2.3 Data ReqUIrEMENtS.......cccevveriiiieieerie e D.4.5-27
D.4.5.2.4 Mean Overtopping Rate at the Crest..........cc.ccccvenee. D.4.5-27
D.4.5.2.5 Limits of Overtopping and Hazard Zones
Landward of the Barrier Crest .........cccccovevervreennnn. D.4.5-28
D.4.5.2.6 DOCUMENLALION.......ceviieiiiieiiesiiseseeee e D.4.5-32
D.4.5.3  Wave Dissipation and Overland Wave Propagation................. D.4.5-32
D.4.5.3.1 Assessment of Enhanced Wave Dissipation........... D.4.5-33
D.4.5.3.2 Wave Attenuation by Bottom and Vegetation
INEraCtiONS......cveieiiieiicieee e D.4.5-34
D.4.5.3.3 Overland Wave Propagation (WHAFIS)................ D.4.5-38
D.4.5.3.4 DOCUMENLALION.......ceieiiieieriesiieeseeee e D.4.5-39
D.4.6 C0aStal EFOSION ......oiuiiiieiieiiie ittt D.4.6-1
D 0 R O AV = Y 1= RS TS D.4.6-1
D.4.6.2  Pacific Coast Characteristics Related to Storm-induced
L 10 (o] o SRRSO D.4.6-1
D.4.6.3  Background and Definitions ..........cccccccveveiievecieiec e D.4.6-2
D.4.6.3.1 Coastal EXPOSUIE .......cccooeriiririiniiieieie e D.4.6-2
D.4.6.3.2 Beach Setting ........ccccvveveeiiiii e D.4.6-3
D.4.6.3.3 Data SOUICES ......oevviiiiiieiiieiieeniee e D.4.6-9
D.4.6.4  Estimating Eroded Beach Profiles...........ccccovveviiiciciniennn, D.4.6-12
D.4.6.4.1 The Concept of the Most Likely Winter Profile..... D.4.6-12
D.4.6.4.2 General Approach for Estimating Eroded Beach
Profiles from Single Storms.........cccccovvvvnincnvnenn. D.4.6-12
D.4.6.5 Estimating Profile Changes for Sand Beaches Backed by
Low Sand Berms or High Dunes (Beach Setting No. 1) .......... D.4.6-14
D.4.6.5.1 General K&D and MK&A Model Characteristics
and Applicability........ccoooeiiiii D.4.6-16
D.4.6.5.2 MK&A and Its Application to Beach Setting
NO. Lo D.4.6-17
D.4.6.5.3 Time Dependency of Profile Response (Within
the MK&A and K&D Models) ..........ccovvviviiennee, D.4.6-23

D.4.6.5.4 Summary of the MK&A Geometric Modeling

Approach for Sand Beaches Backed by Sand

Berms and Dunes (Beach Setting No. 1) ................ D.4.6-26
D.4.6.5.5 K&D Geometric Modeling Approach for Sand

Beaches Backed by Sand Berms and Dunes

(Beach Setting NO. 1)....cccooiiiiiiiiieecesec e D.4.6-28
D.4.6.5.6 Potential Future Use of Process-based Models....... D.4.6-33
D.4-iii Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Section
D.4.6.6  Estimating Profile Changes for Sandy Beaches Backed by
Protective Structures (Beach Setting NO. 2) .........ccceevevveennnen.
D.4.6.7  Estimating Profile Changes for Gravel and Cobble Beaches
(Beach Setting NO. 3)....ccooiiiieiiccceee e
D.4.6.8  Estimating Profiles for Beaches Backed by Erodible Bluffs
or Cliffs (Beach Setting NO. 4) .....cccccvvviiieieieceee e
D.4.6.8.1 General Approach for Beach Setting No. 4 ............
D.4.6.8.2 Detailed Bluff Erosion Analyses .........c.cccccevevenen.
D.4.6.9  Estimating Beach Profiles for Beaches Backed by Erosion-
Resistant Bluffs or Cliffs (Beach Setting No. 5)..........cccocv.ee.
D.4.6.10 Profiles in Tidal Flats and Wetlands (Beach Setting No. 6).....
D.4.7 CO0aStal SITUCTUIES .....veeieeiieiiesie ettt eneesneenes
D.4.7.1  Purpose and OVEIVIEW ..........ccciveieieeiieeieseesie e seesiesee e enee e
D.4.7.2  Evaluation Criteria.........cccocverieiiierieeiesie e ee e sieee e

D.4.8 Tsunamis (Future Section)

D.4.9 Mapping of Flood Hazard Zones and Base Flood Elevations ......................
D.49.1 Review and Evaluation of BasiC ReSUItS ..........ccccceevveeviieiiiinnnns
D.4.9.2 Identification of Flood Insurance Risk ZoOnes..........cccocvvvevennenen.
D.4.9.2.1 VE ZONE ..o
D.4.9.2.2 AE ZONE .uuuueiiiiiiiieeeeee e
D.4.9.2.3 AH ZONE.....cooiiiiiii e
D.4.9.2.4 A ZONC..uuueiiiiiiii it
D.4.9.2.5 X ZONE .ottt

D.4.7.2.1 Detailed Engineering Evaluation of Coastal

AImMOring StrUCLUIES. .......cviieieic e

D.4.7.2.2 Coastal Armoring Structure Evaluation Based on

Limited Data and Engineering Judgment .................
D.4.7.2.3 Evaluation of Beach Stabilization Structures ...........
D.4.7.3  FIS Treatment of Coastal Armoring Structures.............c.ccccoe.....

D.4.7.3.1 Failure and Removal of Coastal Armoring

SETUCTUIES ..o

D.4.7.3.2 Partial Failure of Coastal Armoring Structures ........

D.4.7.3.3 Buried Coastal Structures .........cccccveverververnsnereennn

D.4.7.3.4 Coastal LEVEES .......cccccveveeiecieciece e

D.4.7.3.5 Operation and Maintenance............ccocceoveveivereennennes

D.4.7.4  FIS Treatment of Beach Stabilization Structures....................
D.4.7.5  FIS Treatment of Miscellaneous Structures...........ccccccevvevennen. A.
D.4.7.5.1 Piers, Navigation Structures, and Port Facilities .... D.4.7-17

D.4.7.5.2 Bridges, Culverts, and Tide GatesS ...........cccccvrvrnenn

D.4.7.6  Data REQUIrEMENTS.......ccveiiecieiieecieee e
D.4.7.7  Study DOCUMENTALION........ceiiriiiieiiieieeie e

D.4-iv Appendix D.4 Table of Contents
All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Section Page
D.4.9.3  Wave ENVEIOPE ....c.oooviiiieee e D.4.9-5
D.4.9.4  Criteria for Flood Boundary and Hazard Zone Mapping............ D.4.9-6
D.4.9.5  TranseCt EXaMPIES ...t D.4.9-8
D.4.9.6  Mapping ProCeAUIES ........ccceeveiierieiiecieese et D.4.9-18

D.4.10 Study DOCUMENTALION.........ccveiiiiiccieeie s D.4.10-1
D.4.10.1 General DOCUMENTALION ......ccveiiveieiieieeie e D.4.10-1
D.4.10.2 ENQINeering ANAlYSES ........ccccveiieiieieerieieesr e see e see e D.4.10-1

D.4.11 RETEIEINCES. .....eeiiiiiieeiieie ettt ettt nae e D.411-1

[ 2 N\ o] = o] OSSR P PP D.4.12-1

D.4. 13 ACTONYIMS ..iitiieiiiiie ittt siiee ettt e s stae e s sbae e s e e e st e e sb e e e st e e ssae e s s rbeesnsbeessbbeeasneeas D.4.13-1

D414 GIOSSANY ...vveveerieieiie sttt ettt bbbt e s D.4.14-1

D.4-v Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Figure Page
D.4.1-1  Applicable Area — Pacific Coast GUIdelines..............coovviiiiieiiienenesee, D.4.1-1
D.4.1-2  Pacific Coast GUIdeliNES OVEIVIEW ........ccccueueierierenieiesiiseseeesee e D.4.1-3
D.4.2-1  Study Methodology Development Considerations.............ccceveveeveeiiesveieanens D.4.2-2
D.4.2-2a  Shoreline Profile Setting NOS. 110 3 .....cooiiiiiiiieerese e D.4.2-4
D.4.2-2b  Shoreline Profile Setting NOS. 410 6 ........ccoveiieiiiiieirce e D.4.2-4
D.4.2-3  COSTAl ZONES......c.eeiiieieciieiiee ettt nres D.4.2-6
D.4.2-4  Coastal ZoNeS and PrOCESSES .......cceireriiririeieiiesiesiesiesiessessesseeesseessessesiessessensens D.4.2-7
D.4.2-5 Transition from Multiple to Single EVENES ........ccooiiiiiiiiineiceec s D.4.2-9
D.4.2-6  Determination of 1% CONItIONS .........cccvveirriiieiininesee e D.4.2-13
D.4.2-7  Methodology EXAmPIES ......cc.ooiiiiiiiiiiieeee e D.4.2-18
D.4.3-1  Cumulative and Density Distributions for the La Jolla Tide Residual.............. D.4.3-16
D.4.4-1a Example of a One-Dimensional Continuous SPeCtrumM .........cccvevverenerenennniens D.4.4-2
D.4.4-1b Example of a Two-Dimensional Continuous Energy Spectrum.............cccccecu... D.4.4-2
D.4.4-2a Example of a One-Dimensional Discrete SPectrum ...........ccoceveverenenenennnnens D.4.4-3
D.4.4-2b Example of a Two-Dimensional Discrete SPectrum .........c.cccevvveveevieieeieeieennnn, D.4.4-3
D.4.4-3 NDBC Buoy Locations near Southern California ...........cccocoovevvieiencneicnnnens D.4.4-5
D.4.4-4 NDBC Buoy Locations in the North PacifiC............cccccccvvvevieiiiiiciieic e, D.4.4-5
D.4.4-5 WIS Stations in Central California...........cooevvieiiieiiiie e D.4.4-8
D.4.4-6 WIS Stations in Southern California...........ccocooveiiiiiiinieiee e D.4.4-9
D.4.4-7  Example of GROW Station Locations Along the Pacific Coast....................... D.4.4-10
D.4.4-8  Flow Chart for Wave Transformation Analysis...........cccccovevvieieeneiiieieecieennn, D.4.4-14
D.4.4-9  Example Placement of Nearshore Point and Location of Cross-Shore

THANSECLS ..ottt n e n e D.4.4-15
D.4.4-10 Conceptual Diagram of Spectral Transformation............cccceeeverenencncnennnn D.4.4-15
D.4.4-11 Flow Chart of Tasks to Derive Nearshore Wave Hindcast Information for a

FEMA STUAY AT ....c.veiviiveciiceeieese ettt sne e ne s D.4.4-21
D.4.4-12 Predicted and Observed Tides at Crescent City, California ................cccoe.ee.e. D.4.4-30
D.4.4-13 Definition Sketch for the BST Formulation...........ccccccevvvveiiinnenieniienc e D.4.4-32
D.4.4-14 El Nifio Fluctuations SiNCe 1970 .......ccccveieiirreieienese e D.4.4-39
D.4.4-15 Schematic Illustration of Riverine and Surge Rate Combination.................... D.4.4-43
D.4.5-1  Schematic of Energy and Momentum Transfer from Winds to Waves within

the Wave-generating Area, and to the Surf Zone and Related Processes........... D.4.5-2
D.4.5-2  Wave Setup Due to Transfer of MOmMentum............ccceoerenenininienineseeees D.4.5-3
D.4.5-3  Static Wave Setup Definitions at Still Water Level and Maximum Setup.......... D.4.5-3
D.4.5-4  Definitions of Static and Dynamic Wave Setup and Incident Wave Runup ...... D.4.5-4
D.4.5-5  Spectral Width Parameter Versus Gamma for JONSWAP Spectra.................... D.4.5-7
D.4.5-6  Runup on Coastal Structures, Definition SKetCh ...........cccccoevvviiiiviiiiicie D.4.5-11
D.4.5-7  Non-dimensional Total Runup vs. Iribarren NUMDber...........cccoovevvivieiveviecnenn, D.4.5-12
D.4.5-8  Berm Parameters for Wave Runup Calculations ..............c.ccoovviiiiiniinnnnn D.4.5-14
D.4.5-9  Structure Porosity Definition .........cccccoveiiiiiiecieceecee e D.4.5-14

D.4-vi Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Figure Page
D.4.5-10 Example Plot Showing the Variation of Surf Zone Parameters ....................... D.4.5-17
D.4.5-11 Offshore Profile for Example Problem..........ccccocieiiiii i D.4.5-19
D.4.5-12 Definition Sketch for Two Types of OVertopping.........cccvvrereeieenenenenenienns D.4.5-22
D.4.5-13 Parameters Available for Mapping BFEs and Flood Hazard Zones................. D.4.5-23
D.4.5-14 Definition Sketch for Wave Overtopping by Splash ..........c.cccooiiiiicnne, D.4.5-29
D.4.5-15 Solution of Trajectory Equations for Splashdown Distances..............c..c.c....... D.4.5-30
D.4.5-16 Overtopping Resulting in Bore Propagation............ccccoceovrininieieneniene e D.4.5-31
D.4.5-17 Schematic of Wave Attenuation PrOCESSES........c.cuuirireerierierieniesiesiesreeeeseeeen, D.4.5-33
D.4.5-18 Native Pacific Cordgrass Meadow at Blackie’s Pasture, Marin County .......... D.4.5-37
D.4.5-19 Tall Stand of Atlantic Smooth Cordgrass Hybrids Invading a Native Patch

of Pacific Cordgrass Meadow near Tiburon, California............cc.ccoevevvivennenn. D.4.5-37
D.4.6-1 Typical Pacific Coast Summer and Winter Beach Profiles ...........ccccocvinnnnns D.4.6-2
D.4.6-2a Sand Beach Backed by High Sand Dune (Beach Setting No. 1) .........c.ccccuveee. D.4.6-4
D.4.6-2b Sand Beach Backed by Low Sand Berm (Beach Setting NO. 1) .........cccocevvnens D.4.6-4
D.4.6-3  Sand Beach Backed by Shore Protection Structures (Beach Setting No. 2)....... D.4.6-5
D.4.6-4  Cobble, Gravel, Shingle, or Mixed Grain Sized Beach and Berms

(Beach Setting NO. 3)....cueiieiieiiec et D.4.6-5
D.4.6-5 Erodible Coastal Bluffs (Beach Setting NO. 4) ........ccccoveiiiiinininieieiene s D.4.6-6
D.4.6-6  Non-Erodible Coastal Bluffs and Cliffs (Beach Setting N0. 5)..........ccccovevvenine D.4.6-6
D.4.6-7 Tidal Flats and Wetlands (Beach Setting NO. 6).........c.ccoovririninienencnescncins D.4.6-7
D.4.6-8  Evolution of the Initial Beach Profile Before Occurrence of Large Storm

BEVENT e D.4.6-13
D.4.6-9  Definition Sketch of MLWP for Sand Beach Backed by Sand Dunes

(Beach Setting NO. 1) ....cviieieiiieiiesiieiee et D.4.6-14
D.4.6-10 Sandy Beach Backed by Low Berm, Newport Beach, CA..........cccccevvevvennnne. D.4.6-15
D.4.6-11 Sandy Beach Backed by Low Berm, Huntington Beach, CA.............cccceveneen. D.4.6-15
D.4.6-12 Photograph of Netarts Bay, Oregon.........ccccevveieiiieiieie e D.4.6-17
D.4.6-13 Definition Sketches for Terms and Dimensions Required by the Modified

Komar & Allan Geometric MOdel .............coviiiiiiiiiiesceeee D.4.6-19
D.4.6-14 Relationships Between Beach Slope and Median Diameter of

BEACH SANGS .....cvveiieiiec s D.4.6-20
D.4.6-15 Schematics of Dune Overtopping with the MK&A Model ... D.4.6-22
D.4.6-16 Storm Duration Recession Reduction Factor..........cccccuvveviieneneienesiseieen, D.4.6-26
D.4.6-17 Key Activities to Determine Beach Profile Changes for Beach Setting No. 1. D.4.6-26
D.4.6-18 Definition Sketch for K&D Geometric Model ...........ccoooviviiiiiinenciciee D.4.6-29
D.4.6-19 Sketch for K&D Geometric Model for Case Where Historical Beach Profile

Data Are Available to Prepare the MLWP ... D.4.6-29
D.4.6-20 Sand Beach Backed by Shore Protection Structures, Crystal Cove,

(08 11 (o] 111 - WSS PRSPPI D.4.6-35
D.4.6-21 Key Activities to Determine Beach Profile Changes for Beach Setting No. 2 D.4.6-35
D.4.6-22 Sand Beach Backed by Cobble Berm and Bluffs, South Carlsbad, California D.4.6-37
D.4.6-23 Sand Beach Backed by Cobble and Shingle Berm and Sandy Terrace,

Batiquitos Lagoon, California..........ccccceveiieiieie i D.4.6-37

D.4-vii Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Figure Page
D.4.6-24 Measured Beach Profile Change Due to January 1988 Storm,

Batiquitos Lagoon, California..........ccccceeveiieiieie i D.4.6-38
D.4.6-25 Measured Beach Profile Change Before and After January 1988 Storm,

Batiquitos Lagoon, California..........c.ccceeeiieieeie i D.4.6-38
D.4.6-26 Key Activities to Determine Beach Profile Changes for Beach Setting No. 3. D.4.6-39
D.4.6-27 Wave Cut Coastal Bluff, Encinitas, California...........c.ccocceveveniniiniiininnnn, D.4.6-41
D.4.6-28 BIuff Failure and Retreat During 1998 EI Nifio Storms,

Pacifica, California ........ccccooeiiiiiiice s D.4.6-41
D.4.6-29 BIuff Failure and Retreat, Encinitas, California.........ccccccceeveveiiiiieecvcciine e D.4.6-42
D.4.6-30 Key Activities to Determine Beach Profile Changes for Bluffs

Beach Setting NO. 4 ... D.4.6-43
D.4.6-31 Typical Erodible Bluff Profile Fronted by Narrow Sand-capped Beach.......... D.4.6-46
D.4.6-32 Photo of Erosion-resistant Cliff ... D.4.6-48
D.4.6-33 Key Activities to Determine Beach Profile Changes for

Beach Setting NO. 5 ..o D.4.6-49
D.4.6-34 Photograph of Tidal Flats and Wetlands CompleX ..........cccccvvevieeveiicinennene D.4.6-50
D.4.6-35 Key Activities to Determine Beach Profile Changes for Beach Setting No. 6. D.4.6-50
D.4.7-1a General Classification of Coastal Armoring Structures............ccccceevevveivcveennen. D.4.7-5
D.4.7-1b General Classification of Coastal Armoring StruCtures............ccoocevevereiennniens D.4.7-6
D.4.7-2  Partial Failure of Vertical Coastal StruCture............c.ccoovvviiiinininieiese s D.4.7-7
D.4.7-3  Partial Failure of a SIoping REVEIMENT ... D.4.7-8
D.4.7-4  Example of a Buried Coastal Structure that Could Affect Flood Hazard Zones

AN BFES ...t D.4.7-10
D.4.7-5  Methodology for Evaluating Buried Coastal Structures............ccccceevevvevvenenne. D.4.7-11
D.4.7-6  Buried Structure Remains Buried During 1% Annual Chance Flood .............. D.4.7-12
D.4.7-7  Buried Structure Exposed During 1% Annual Chance Flood .......................... D.4.7-13
D.4.7-8  Levee Removal, Multiple Levee SItuation ............cccccevvereiiieniennesiie e D.4.7-15
D.4.9-1 Example Designation of High-velocity Flow VE Zones Based on Flood

Depth and VEIOCILY .....ccviiieieiee et D.4.9-3
D.4.9-2  Simplified Mapping Procedure for Overtopped Barrier ............ccocoovvviiveienenn, D.4.9-4
D.4.9-3  Seaward Portion of Wave Envelope based on Total Water Level and Wave

Crest EIBVATION.......ociiicc e D.4.9-6
D.4.9-4a Non-erodible High Coastal Bluff with VE Zone Controlled by Wave Runup

(NO OVEITOPPING) ...ttt bbbt D.4.9-9
D.4.9-4b Plan View of Flood Hazard Zones and BFEs, Non-erodible High Coastal Bluff

with VE Zone Controlled by Wave Runup (No Overtopping) ........ccccceveeveruennen. D.4.9-9
D.4.9-5a Erodible Low Coastal Bluff with VE Zone Controlled by Wave Runup,

Overtopping Splash, and High-velocity FIOW ...........cccccoiiiiiniiiiicce, D.4.9-10
D.4.9-5b Erodible Low Coastal Bluff with VE Zone Controlled by Wave Runup,

Overtopping Splash, and High-velocity FIOW ..........cccoooiiiiiiiiiinicce, D.4.9-10
D.4.9-6a Sandy Beach Backed by High Sand Dune with PFD Controlling the

VE ZONE ... D.4.9-11

D.4-viii Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Figure Page
D.4.9-6b Sandy Beach Backed by High Sand Dune with PFD Controlling the

VB ZONE .ttt D.4.9-12
D.4.9-7a Sandy Beach Backed by Low Sand Dune with Overtopping Splash

ControlliNg VE ZONE........ooiiee ettt D.4.9-13
D.4.9-7b  Sandy Beach Backed by Low Sand Dune with Overtopping Splash Controlling

VB ZONE ..ottt D.4.9-13
D.4.9-8a Sandy Beach Backed by Shore Protection Structure with VE Zone Controlled

by the Splash Zone and High-velocity Flow from Wave Overtopping............. D.4.9-14
D.4.9-8b Sandy Beach Backed by Shore Protection Structure with VE Zone Controlled

by the Splash Zone and High-velocity Flow from Wave Overtopping............. D.4.9-15
D.4.9-9a Cobble, Gravel, Shingle, or Mixed Grain Sized Beach with VE Zone Controlled

by Wave Runup, Overtopping, and High-velocity FIOW ..............c.ccoveeeiniennen, D.4.9-16
D.4.9-9b Cobble, Gravel, Shingle or Mixed Grain Sized Beach with VE Zone Controlled

By Wave Runup, Overtopping and High Velocity FIOwW.........c.cccccccveeviinenane. D.4.9-17

D.4-ix Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Table of Contents (cont.)

Table Page
D.4.2-1  Summary of Methods Presented in Section D.4..........cccccooviiiinicienenc e D.4.2-16
D.4.2-2  Open Coast, Dune Backed Beach Example using Parametric DIM Model for

SEIUP/RUNUP ..ttt bbbt nn et D.4.2-22
D.4.2-3  Open Coast, Dune Backed Beach using Numerical DIM Model for

SEIUP/RUNUP ..ttt nre s D.4.2-25
D.4.2-4  Sheltered Water, Seawall Backed Beach using Parametric DIM Model for

SEIUP/RUNUP ..ttt nre s D.4.2-28
D.4.5-1 Summary of Factors to Be Applied With DIM...........cccccooviiiiiiiniiienc s D.4.5-9
D.4.5-2 Recommended Procedure to Avoid Double Inclusion of Wave Setup

COMPONENES ...ttt b et et e e sbe e abeenteas D.4.5-10
D.4.5-3  Summary of y Runup Reduction Factors ..........c.ccocevviierinenenenesescseeie e, D.4.5-13
D.4.5-4  Example CharaCteriStiCS.........cocuiiririeieieiiesie st D.4.5-18
D.4.5-5 Comparison of Results from Various Methods of Calculating 2% Total

RUNUP TOF EXAMPIES ... D.4.5-19
D.4.5-6  Overtopping Parameters Used in Hazard Zone Mapping .......c.cccceeevevvevvennenne. D.4.5-23
D.4.5-7  Equations for Wave OVErtOPPING .......ccereriererenininieieseesie e D.4.5-26
D.4.5-8 Summary of Equations for Overland Propagation (Over Uniform Depth)....... D.4.5-35
D.4.5-9 Common Vegetation Types on Atlantic, Gulf, and Pacific Coasts................... D.4.5-39
D.4.6-1 Common Beach Settings Found Along the California, Oregon, and

Washington CoastliNgsS..........cccuoiiiieiiiiice e D.4.6-7
D.4.6-2  Equilibrium Beach Profile CoeffiCientS..........cccooeiiriiiiiiiicce e D.4.6-24
D.4.6-3  Estimates of the Beach Profile Time ResSponse .........ccccovevevieveiiecicie e, D.4.6-24

D.4-x Appendix D.4 Table of Contents

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

D.4 Coastal Flooding Analyses and Mapping:
Pacific Coast

This section of Appendix D provides guidance for coastal flood hazard analyses and mapping
that are specific to the Pacific Coast of the United States, generally referred to as “guidelines”.
The procedures described in this section were developed by a Technical Working Group (TWG)
assembled by the Federal Emergency Management Agency (FEMA) in October 2003. They are
intended to provide guidance that is generally independent of other Appendix D sections, and
that is based on the specific physical processes that influence coastal flooding on the Pacific
Coast.

This section focuses on the Pacific Coast from California’s border with Mexico to the State of
Washington’s border with Canada, as shown in Figure D.4.1-1. The coastline of the States of
Alaska and Hawaii, and other islands in the Pacific Ocean are subject to unique meteorological
conditions and physical processes that are important to coastal flooding, but are not specifically
addressed in this version of Section D.4. However, much of this section is considered applicable
in these geographic areas if engineering methods and judgment that address geographically
unique processes or settings are applied to supplement the procedures described. In addition,
some procedures may be applicable to specific settings in other geographic areas of the United
States.

Applicable
Area

Figure D.4.1-1. Applicable Area — Pacific Coast Guidelines
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All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.




Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

D.4.1 Pacific Coast Guidelines Overview

Section D.4 is organized to:
o Present background information (Section D.4.1);
« Provide guidance on selecting study methodologies (Section D.4.2);

e Provide a set of technical methods as potential tools to be used in various study
settings (Sections D.4.3 to D.4.8);

e Provide guidance on flood hazard mapping (Section D.4.9);
o Provide guidance on study documentation (Section D.4.10); and

e Provide reference information (Sections D.4.11 to D.4.14).

Figure D.4.1-2 shows the general layout of the document. Because it is anticipated that few
readers will use the guidance by reading sequentially from beginning to end, Section D.4.2
provides a framework for overall study methodologies that Mapping Partners can use to refer to
more detailed analysis methods in subsequent subsections. In many cases, multiple methods are
presented for analysis of a single coastal process, and several coastal processes must be analyzed
from offshore to onshore to produce hazard zone designations for a coastal Flood Insurance
Study (FIS). Section D.4.2 provides guidance on selecting analysis methods that are applicable to
particular coastal settings and on linking the analysis of individual coastal processes together in a
study methodology. In this sense, the document is organized with a set of general instructions in
Section D.4.2, and a toolbox for selection of specific methods in Sections D.4.3 to D.4.8. The
appropriate tools must be selected based on study objectives, coastal exposure, geomorphic
setting, and available data.

Coastal flooding on the Pacific Coast is a product of combined offshore, nearshore, and shoreline
processes. The interrelationships of these processes are complex, and their relative effects vary
significantly with coastal setting. These complexities present challenges in the determination of
the 1% annual chance flood for FEMA hazard mapping purposes. The fundamental philosophy
of this section is to provide a set of technical tools that can be selected and applied as needed to
match specific site conditions and physical processes relevant to coastal flood hazards.

These guidelines offer insight and recommended methods to analyze complex Pacific coast flood
processes in a reasonable way. However, they require technical judgment and experience in their
application, and are not a prescriptive technique that can be applied uniformly in all study areas.
The guidelines are intended to apply to a range of settings, but they cannot address all settings
and conditions due to the broad variability of the Pacific Coast. They include new methods that
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Figure D.4.1-2. Pacific Coast Guidelines Overview

were developed over a one-year period by the TWG assembled by FEMA. Methods were
selected and developed to be robust and reproducible, but at the release date of this document
(November 2004), many of these methods have not been fully tested in FISs. Application of
experience and judgment in coastal engineering is necessary to apply the procedures described.
The Mapping Partner may determine that minor modifications or deviations from these
guidelines are necessary to adequately define the coastal flooding conditions and map flood
hazard zones in specific areas. In these cases, documentation of these differences is required as
part of intermediate and final study submittals.

Other appendices provide specific information on subjects such as study scoping (Appendix I),
aerial mapping and surveying (Appendix A), treatment of levee systems (Appendix H), formats
for FIS reports and rate maps (Appendices J and K), formats for draft digital data and Digital
Flood Insurance Rate Map (DFIRM) databases (Appendix L), guidance for technical and
administrative support data (Appendix M), and draft data capture standards and guidelines (draft
Appendix N). The guidance provided here is intended only to supplement these sections with
information specific to coastal flooding on the Pacific Coast. The Mapping Partner shall refer to
other appendices where specific guidance is required on technical elements common to most
FISs.
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Subsections D.4.1.1 and D.4.1.2 provide an overview of the Pacific Coast setting relevant to
flood hazards and an introduction to FISs for the Pacific Coast, respectively.

D.4.1.1 Pacific Coast Setting and Characteristics

The Pacific Coast of the contiguous United States is approximately 1,000 miles in overflight
length, but significantly longer when inlets, bays, headlands, and islands are considered. It
encompasses a broad spectrum of geological and biological provinces.

The overall geology is determined by the existence of tectonic activity throughout, in sharp
contrast to the Atlantic and Gulf coasts (Inman and Nordstrom, 1971). On the Pacific Coast,
active faults marking tectonic plate boundaries cross the coastline in a number of locations.
Subduction zones (continental plate riding over downward-plunging oceanic plates) are found in
the northern half. The leading edge of the Pacific Coast is marked by very narrow and steep
continental shelves with oceanic depths often found within a few miles of the shoreline. Southern
California, a fragment of continental crust attached to the largely oceanic Pacific Plate, has
widely varying coastal geology caused by the collection of plate fragments during tectonic
collisions in the distant past. Although it has the characteristic narrow continental shelf, the
Southern California Bight is marked by a large number of offshore islands and banks rising
sharply out of deep water more than 60 miles offshore. This results in partial to nearly complete
sheltering of some sections of this 200-mile-long coast from wave energy arriving from certain
directions, and produces one of the most complex wave environments in the world.

A string of near-coast mountain ranges is almost continuous along the Pacific Coast. The
subduction of the oceanic Pacific Plate under the North American Plate in Washington and
Oregon results in volcanic activity well inland from the coast and its influence on the coastal
setting is a slow uplift of the land, tending to partially offset the worldwide increase in sea level.
Coastal mountain ranges have a profound effect on the geology of the shoreline. The majority of
the Pacific Coast’s length is comprised of rocky headlands and steep slopes dropping directly to
the shore.

The Pacific Coast is ice-free in spite of the high latitude of its northern boundary because of the
moderating effects of the south-flowing current, which originates as the warm Kuroshio Current,
that cools as it traverses the Northern Pacific. It is broad and slow near the end of its path
compared to the relatively narrow and fast-flowing character near its origin. As a result, the
North Pacific current (it carries a variety of local names) has negligible effect on the intensity or
direction of storm waves reaching the Pacific Coast.

Pacific Coast tides are semidiurnal (two highs per day) and have a range of about 6 feet in the
south increasing to about 9 feet in the north.

The Pacific Coast, on the eastern rim of a very long wave-generating fetch, is in the path of the
westerly winds that dominate the weather in the Northern Temperate Zone. This results in swell
and storm waves with very long periods, greater than 20 seconds in major storms. Antarctic-
generated swell, with a number of potential great circle paths, results in low southern swell on
the Pacific Coast throughout the year, most obvious during the summer when northern
hemisphere waves are at a minimum.
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The dominant storm waves result from winter storms initiated south of the Aleutian chain. The
fetch is often more than 600 miles, such that wave height and period are controlled by wind
speed and duration. Because these storm paths are at a low angle to the general coastline trend,
the wave energy impacting a particular location is highly variable. In general, these winter
storms produce the highest waves in the northwest and the lowest in the Southern California
Bight, which is protected by the abrupt coastal direction change at Point Conception and the
offshore islands. Thus, the typical La Nifia conditions (intervals between El Nifios) provide low
southern swell in summer with occasional local storms and a series of major wave events with
long peak periods during the winter months (December through March or April.)

The EI Nifio of 1982-83, the strongest such global climate oscillation in recorded history,
resulted in several record-breaking storm wave events, extensive structural damage, and severe
erosion (Seymour et al., 1984). During EIl Nifio episodes, for intervals of a year or two, the trade
winds normally blowing towards the west near the equator weaken or reverse. This causes a slow
sloshing of the Pacific Ocean towards the east and an increase in local sea level that can be as
great as 1.5 feet. More significantly, a series of winter storms are spawned north of the Hawaiian
Islands with paths directed towards the Pacific Coast. The 1982-83 storms approached the
Southern California Bight from almost exactly west, resulting in extreme flooding and wave
impact damage on this coast and slightly lower waves impacting the Northwest. The EI Nifio of
1997-98, steered on a more northerly track by continental high pressure areas, resulted in larger
waves in the Northwest than in Southern California (Komar, 1998). The largest waves recorded
off Southern California occurred in a La Nifia year resulting from a very tight and intense storm
initiated close to the coast in January 1988, which moved rapidly onshore (Shore and Beach,
1989). The largest waves recorded off the North Pacific Coast in the last century also occurred in
a La Nifa interval (Allen and Komar, 2000). Major storms along the Pacific Coast, regardless of
the wave generation area, typically persist for 3 to 4 days.

Exposure to long waves generated anywhere in the Pacific Ocean yields the potential for tsunami
impacts anywhere on the Pacific Coast; however, much of the seacoast is protected from
extensive tsunami flooding by cliffs, steep coastal slopes, or deep water very close to shore. The
magnitude of the amplification at the shoreline of the modest deep water tsunami wave heights is
dictated by local bathymetry. Flooding risk from tsunamis is highly variable along the coast. One
such susceptible location, Crescent City, in Northern California, suffered substantial damage in
1964 from a tsunami initiated by an earthquake in Alaska (Kanamori, 1970).

The Pacific Coast can be divided into two rainfall regimes. North of Monterey Bay, precipitation
is greater and snow accumulation is heavy and reliable on inland mountain peaks, such that
rivers flow year-round and spring floods are common. South of this point, rainfall is restricted to
the winter months and declines in magnitude with reduced latitude. Rivers flow only in the
winter and flooding is highly episodic. Except at San Francisco Bay, all of the Pacific Coast
rivers discharge directly into the Pacific Ocean. Because the sediment load-carrying capacity is
strongly related to both rainfall in the watershed and flooding intensity in the river system
(Inman and Jenkins, 1999), the supply of sand to the coastline grades from a maximum in the
north to a minimum in the south. The combination of this sand supply condition, the varying
coastal geology, and the north-south gradient in wave energy levels results in very different
beach configurations in the two rainfall provinces.

D.4.1-5 Section D.4.1

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

North of Monterey, beaches are found in the lowered valleys at the mouths of streams or rivers
that flow year-round. The sizes of the accompanying spits are related to the sediment capacity of
the streams. South of Monterey Bay and extending to Point Conception, a series of beaches and
accompanying dune fields exist as large (10-15 miles long) crescentic bays anchored on the north
by large rocky headlands. Beginning at Point Conception and continuing south and east to the
border with Mexico are a series of more or less continuous beaches, broken into littoral cells by
rocky headlands (such as Palos Verdes, Fermin, Dana and La Jolla points), most in the order of
60 miles in length (Inman and Frautschy, 1966). Thus, the vast majority of the sandy beaches on
the Pacific Coast are found in a region that is slightly more than 20% of the total coastline. Their
existence in the area with the lowest potential for delivering sand to the coastline owes entirely to
the reduced incident wave energy related to latitude and to the substantial wave barriers provided
by Point Conception and the offshore islands.

Relevant to FEMA FISs, the dominant coastal flood-related hazards differ substantially for the
Pacific Coast from those on the Atlantic and Gulf coasts. Whereas the dominant source of coastal
hazards on the Atlantic and Gulf coasts is associated with large storm surge (up to 20+ feet)
caused by high wind stresses over broad and shallow continental shelves, the narrow continental
shelves of the Pacific Coast preclude surges greater than a few feet. Here, however, large waves
with long periods can cause both static and oscillating elevation of the water levels at the shore.
The combination is referred to as “wave runup”. The oscillating component of wave runup can
have periods from tens of seconds to several minutes. Wave runup and the energy of large
breaking waves contribute to coastal hazards and can cause significant beach erosion and
structural damage. Because Pacific storms often result in large rainfalls, coastal and riverine
flooding can combine to increase flood hazards near river mouths.

Characteristics of sheltered waters along the Pacific Coast differ from the Atlantic and Gulf
coasts. For example, much of the Atlantic and Gulf coasts are characterized by barrier islands,
while few barrier islands exist on the Pacific Coast. Also, while 80 to 90% of the Atlantic and
Gulf coast shorelines are marshes fringing sheltered waters, less than 20% of the Pacific Coast
consists of marsh lands and these are concentrated in lagoons and bays (CEM, 2003). More
specific characteristics also differ between the coasts. For example, the inner bars of Pacific
Coast inlets are less pronounced than those at Atlantic and Gulf coast inlets (O’Brien, 1976).

Sheltered waters in the State of Washington are predominantly associated with the straits,
passages, channels, and islands of Puget Sound. Farther south along the open coast, the large
river estuaries of Grays Harbor and Willapa Bay provide sheltered water conditions with jettied
and natural inlets. At the Washington and Oregon state border, the Columbia River forms the
largest river estuary along the Pacific Coast. Sheltered waters along the coast of Oregon are
limited to isolated bays and estuaries associated with rivers flowing out of the Coast Range.

The coastline of Northern California presents more isolated sheltered water areas than the
Oregon Coast, with Humboldt Bay as the most significant sheltered water body in this area. The
largest sheltered water body in California is the San Francisco Bay. This bay is actually a series
of bays, with San Francisco Bay oriented to the south and east of San Francisco, and San Pablo,
Suisun, Grizzly, and Honker bays to the north and east and confluencing with the Sacramento
and San Joaquin rivers. A series of open embayments characterize the Southern California Coast,
the largest of these include Monterey and Santa Monica bays. In the vicinity of Santa Barbara
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and Los Angeles, a series of large offshore islands provide sheltering effects within the Santa
Barbara Channel and Passage, the San Pedro Channel, and the Gulf of Santa Catalina. At the
Mexican border, Mission and San Diego bays represent the last major sheltered water bodies
along the Pacific Coast.

Although this version of guidance for the Pacific Coast does not specifically address Alaska and
the Pacific Islands, the physical setting and coastal flooding processes in sheltered water areas
are generally similar, with Alaskan waters further characterized by deep fjords, passages, and
inland waterways, and Pacific Island waters by offshore reefs and islands.

D.4.1.2 Pacific Coast Flood Insurance Studies

This subsection briefly introduces Pacific Coast FISs through a discussion of general study
considerations, including special considerations for sheltered waters and unique study conditions.
Descriptions of typical study scoping activities, hazard zone definitions, and study reporting
requirements are also provided. Additional information on flood hazard zone mapping and study
documentation is provided in Sections D.4.9 and D.4.10, respectively.

D.4.1.2.1 Study Scoping

Study scoping is defined as the process of determining the extent of a particular coastal FIS and
defining the fundamental methodologies to be used in completing the study. As used in this
subsection, this process includes two major tasks.

The first task is designed to assess the need for flood hazard mapping for communities and to
assign priorities. FEMA has implemented the use of an automated study scoping tool as a
module in the Watershed Information SystEm (WISE®) software package to assist Mapping
Partners in conducting study scoping. This system provides a consistent methodology for
producing a database of information and associated shapefiles that can be used to assess mapping
needs. The module can be used to produce reports and maps for community scoping meetings,
and to interactively revise and prioritize study reaches during the meetings. The module’s
ranking tools can be used to assign ranking and funds to community requests and to
geographically display the results. The Mapping Partner shall consult with the FEMA study
representative to define the appropriate use of the WISE scoping module for a particular study
area, including review of previous scoping efforts.

The second task involves determining of general study methodologies based on study area
setting, morphology, and coastal processes. This step also includes practical considerations of
data availability and data collection needs, as well as study time and budget requirements.
Sections D.4.2 and D.4.3 on study methodology and analysis methods shall be consulted by
Mapping Partners to determine which methods are appropriate for a particular coastal study
setting and their general requirements for data and flooding analysis. In some complex study
areas, a scoping phase of the coastal FIS may be needed to determine the availability of data and
define a study methodology that combines a number of analysis methods and mapping
procedures.
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The following general procedures shall be followed for scoping the study methodology:

1.

10.

11.

12.

Define the objectives of the study using the scoping module of WISE, information from
the communities, and information from the FEMA study representative.

Review prior flood studies at the site or in the vicinity.
Review the study area setting exposure and shoreline morphology.

Make an initial assessment of the probable types and extent of hazard zones in the study
area.

Identify subregions and reaches based on onshore conditions (e.g., shore geometry,
structures), nearshore conditions (e.g., local exposure, profile morphology), and offshore
conditions (e.g., depth contours, geometry of sheltered waters).

Define potentially applicable study methodologies using Sections D.4.2 and D.4.3 as
guidance.

Determine data requirements and data availability to support various analysis methods.

Assess the probable study methods in terms of level of complexity and probable accuracy
of results — in general, the simplest methodology that provides reliable results shall be
chosen. Incremental benefits of more sophisticated or detailed analysis may be assessed
in this step.

Refine selection of analysis methods based on data requirements and reliability to
synthesize an overall study methodology that effectively combines multiple analysis
methods. For some studies, alternatives to the methods described in this section may be
required to address specific situations.

Confirm that the study methodology is adequate to support development of anticipated
flood hazard zones and produce required mapping.

Estimate time and budget requirements.

Adjust study extent, data collection, analysis methods, or overall methodology, if
necessary, to meet study time and budget constraints.

Some flexibility is desirable in selecting study methodologies with respect to the procedures
defined in these guidelines. Overarching considerations in selecting study methodologies shall
include a basis in physical processes and quality-assured data, use of technically reliable and
current analysis methods, reproducibility using standard engineering methods, verification of
results using sensitivity tests and simple checks, and consistency with this appendix and other
FEMA guidance.
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D.4.1.2.2 Regional vs. Local Studies

Flood insurance studies have usually been performed for a single political jurisdiction, most
commonly a county, with the FISs and Flood Insurance Rate Maps (FIRMs) being specifically
developed for that community. Adjacent communities have been addressed only insofar as
necessary to ensure that Base Flood Elevations (BFES) match at the study community
boundaries. The hydrologic and hydraulic efforts have also typically stopped at the community
boundaries, or have extended only so far beyond them as to encompass complete hydrologic
units, such as drainage basins, which are necessary to determine conditions within the study
community.

This local study approach has been followed, in part, due to the demanding computational effort
necessary to encompass large regions within the analysis. For example, storm surge calculations
require large computational grids, which in turn require large computer capacity and long
execution time. To model more than a limited coastal region was difficult or impossible with the
computer capabilities of only a few years ago. Similarly, ocean wave simulations have been
restricted to limited zones in past studies. Although this community-by-community approach
proved tractable, it also introduces some compromise into the studies. For example, a long length
of coast that is simulated by breaking it into small sections means that boundary conditions must
be specified for each segment, with some probable loss in both efficiency and accuracy.

A second compromise in local studies is that different Mapping Partners may make different
assumptions that lead to differences between adjacent studies. Furthermore, not all Mapping
Partners have the necessary tools and experience to perform some types of coastal flooding
analyses.

The idea of regional studies is to perform large-scale regional analyses for certain portions of the
engineering tasks needed in a community study and to make these analyses available as input to
the local studies. For example, Section D.4.4 of these guidelines describes large regional
databases (such as the Global Reanalysis of Ocean Waves [GROW!] data) of wave hindcast data.
These data can be transformed to the nearshore area, just outside the surf zone, as part of a
regional study effort covering a very large portion of the Pacific Coast, using a single, consistent,
state-of-the-art methodology. The advent of modern computational abilities makes these regional
efforts feasible and more cost-effective than community-by-community repetition of a similar
effort.

Regional studies can be implemented to varying degrees. Regional studies need not be as large as
an entire coastline or a statewide analysis, but instead might cover a small number of counties.
This would be the case if there is a physical characteristic of a region that makes it logical to
treat it as a unit, instead of breaking it up into smaller areas. For example, wave studies might be
accomplished regionally according to directional exposure, island sheltering, breadth of shelf, or
other physical factors. Similarly, tsunami analysis might be done by region according to large-
scale tectonic considerations. In a general way, processes that originate in the far field — such as
incident waves and tsunamis — are candidates for regional analysis because a single coherent
source might affect a large coastal reach. In an event-selection analysis, the selected event might
be adopted regionally, controlling behavior within a multi-community basin such as a large
sound.
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The extent to which regional studies, perhaps focused on particular coastal processes, are
available and can be used in local FISs depends on planning and implementation of these studies
by FEMA. The Mapping Partner shall consult with FEMA study representatives during the study
scoping to determine if relevant regional information or analysis is available and should be
incorporated into the study methodology.

D.4.1.2.3 Sheltered Waters

Generally accepted definition for “sheltered waters”, which are taken here to include inland
waters, enclosed basins, fetch-limited waters, and low-energy beaches, does not exist (Jackson et
al., 2002). For the purposes of these guidelines, “sheltered” is assumed to imply a significant
sheltering effect on the inland propagation of storm surge, waves, and wind by land masses and
vegetation. “Sheltered waters” are water bodies or regions that experience diminished forces
from wind and/or wave action relative to the open coast due to the presence of physical barriers,
both natural and human, either on land or under water.

Sheltered water areas are exposed to the same flood-causing processes as are open coastlines
(high winds, wave setup, runup, and overtopping), but sheltering effects reduce the wave energy
and flood potential. The Mapping Partner shall evaluate these potential sheltering effects at both
a regional scale and at a local site scale.

At a regional scale, wind-generated waves in sheltered water areas are highly dependent on the
shape and orientation of the surrounding terrain to prevailing wind directions. Wave generation
and transformation in sheltered waters are usually limited by the open water fetch distance,
complex bathymetry, and often the presence of in-water and shoreline coastal structures. Other
processes, such as the effects of flood discharges from rivers, can modify local tidal and storm
surge elevations, and relatively strong tidal and/or fluvial currents can combine to create tidal
and hydrodynamic conditions only found in sheltered water areas.

Bays and estuaries often display significant spatial variability in tidal still water elevations. For
example, South San Francisco Bay often exhibits a standing wave with nearly twice the tide
range of the central bay and an elevated mean tide and high water elevation compared to the
open coast. San Pablo and Suisun bays, to the north and extending into the Sacramento-San
Joaquin Delta area, display a progressively muted tidal range and lower elevated mean tide.
These effects are the result of the combined effects of complex tidal hydraulics, residual currents,
local winds, and river runoff. Oceanic storm surge can also be modified in estuaries, with surge
heights sometimes uniformly additive to local tidal datums throughout an estuary, or amplified or
muted within a given region of a large estuary.

The Mapping Partner shall review bathymetric and topographic maps and aerial photographs,
and make field observations to determine if a coastal flood study site is located within sheltered
waters and to assess the degree of sheltering from swell, waves, and wind. The Mapping Partner
shall investigate local site scale features contributing to sheltering from wind and waves and
affecting flooding at a study site. It is important to note that sheltered water characteristics and
processes viewed at a regional scale may be different at a local scale due to site-specific controls
(Jackson and Nordstrom, 1992). In general, more detailed examination of local conditions will be
required in sheltered waters than on the open coast.
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Based on map observations of bathymetry and terrain, the extent of sheltered water areas can be
approximately delineated. A rule of thumb for estimating a wind sheltering effect is to assume
wind speeds can be blocked if the ratio U/hy, is less than 0.1, where U is wind speed and hy, is the
height of the land barrier, in consistent units (CEM, 2003). For example, wind speeds up to 80
mph may be blocked by a land mass 800 feet high. This disruption of the wind creates a
boundary layer effect, which can be roughly estimated to extend in the downwind direction a
distance approximately 30 times the height of the land mass (CEM, 2003), or for this example,
about 4 miles. Mapping Partners shall evaluate the terrain surrounding a flood study site,
together with the seasonal direction of local storm winds.

General wave transformation conditions within a sheltered water body may be inferred from
wave patterns observed on vertical aerial photographs. During field reconnaissance, the Mapping
Partner shall make field observations to identify conditions that affect selection of a study
approach. Jackson et al. (2002) have identified characteristics of sheltered water shorelines that
may be useful as a guide for field reconnaissance.

The Mapping Partner shall define a general approach to a sheltered water study at the scoping
phase of the project. Because sheltered water areas experience the same flood-causing processes
as open coast areas, guidance for performing coastal flood studies in sheltered waters is
integrated throughout the remainder of these guidelines. Where procedures apply specifically to
sheltered waters, they are identified in the individual subsections.

Beyond the initial effort to determine if a study site is located within a sheltered water area, as
described above, a general approach to sheltered water studies shall address the following topics:

e Topography/Bathymetry: The Mapping Partner shall obtain backshore topography to
define hazard zones, obtain nearshore bathymetry to define beach profiles, and define the
geometry (size and volume) of the sheltered water body to evaluate hydrodynamic
conditions. Detailed bathymetric data will likely be required in tidal inlets to assess their
hydrodynamic characteristics, which may control the magnitude and timing of flood
components, such as tidal still water levels (SWLs) and wave propagation.

e Wind: The climate in sheltered waters is dependent on localized wind conditions, and
wave data are typically unavailable at suitable resolution. The study approach will
typically focus more on the identification of appropriate wind data sources rather than
wave data (as may be relied upon for open coast studies). Accordingly, the Mapping
Partner shall identify, obtain, and review available wind data from the nearest appropriate
sources; augment long-term data from established weather stations with available short-
term data from local governments, industries, or private landowners to verify local wind
conditions; and define characteristics related to fundamental wind parameters, such as
wind source, seasonal direction, duration, magnitude, and vertical velocity distribution.

e Tide and Currents: The Mapping Partner shall identify, obtain, and review available
tide gage data to define fundamental tide characteristics, such as astronomical tide, storm
surge, tidal amplification, wind setup, and tidal and fluvial currents. Long-term data from
established tide stations with observed tides may need to be augmented with data from
other sources. In some cases, estimates of natural tidal datums from landscape features,
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such as mud and vegetation lines, may provide verification of estimated extremal tide
elevations.

e Waves: The Mapping Partner shall obtain available data on observed wave height, wave
length, and wave period, and shall assess probable extreme wave conditions given
potential bathymetric and vegetative effects on wave energy.

These general topics can define the forcing functions, boundary conditions, and constraints
necessary for analytical and/or numerical modeling approaches to flood determination. Sheltered
water physical processes can be complex and may require detailed numerical modeling to define
adequately the flood hazards. Given the availability and relative ease of use of modern numerical
models, the Mapping Partner shall consider a numerical modeling approach to a sheltered water
study where simpler methods do not appear reliable. Model selection shall be made with
consideration of the level of complexity of physical processes, data available for calibration,
flood risk, and available study budget. If the physical scale of the sheltered water coastal flood
study is small and the geographic setting and physical processes are relatively well understood
and simple, the Mapping Partner shall confer with the FEMA study representative about the
feasibility of using simplified analytical approaches instead of numerical models. A limited
analytical approach may also be appropriate to obtain a quick assessment of physical conditions
and/or to provide a check of the results from a numerical modeling approach.

D.4.1.2.4 Tsunami Hazards

Much of the Pacific Coast and the sheltered waters along the Pacific Coast are subject to tsunami
hazards. The most recent major tsunami to affect the Pacific Coast was the 1964 Great Alaskan
Tsunami that affected California, Oregon, and Alaska. Tsunamis are very long waves of small
steepness generated by impulsive geophysical events such as earthquakes and landslides. This
version of the Pacific Coast guidelines includes a placeholder (Section D.4.8) for future FEMA
guidance on tsunami hazards. The Mapping Partner shall confer with the FEMA study
representative to discuss treatment of tsunami hazards in a particular study area.

D.4.1.25 Debris

Debris entrained in tidal floodwaters and cast inland by wave runup and overtopping is a
common phenomenon on parts of the Pacific Coast. Natural debris consists of floating woody
debris, such as drift logs, branches, cut firewood, and other natural floatable materials. Masses of
drift logs covering large portions of open water have been observed during flood events along
the Oregon Coast. Wave-cast beach sediments, such as cobbles and gravel, also constitute natural
debris. Debris from human sources may originate from flood damage. This debris may include
broken pieces of shore revetment cast inland by extreme wave runup, or floatable materials, such
as construction materials, building materials, and home furnishings.

Debris hazards depend on the beach type and configuration, debris sources, the inland extent of
wave overtopping, the proximity of insured structures to the shoreline, and the height of the
structures above the BFE. At the present time, debris hazards are not explicitly included in
FEMA flood hazard zones. However, the Mapping Partner shall note significant debris hazards
in a study area and confer with the FEMA study representative, so relevant information may be
shared with community floodplain managers.

D.4.1-12 Section D.4.1

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

D.4.1.2.6 Beach Nourishment and Constructed Dunes

Current FEMA policy is not to consider the effects of beach nourishment projects in flood hazard
mapping. Beach nourishment, in effect, is treated as a temporary shoreline disturbance, or an
“uncertified” coastal structure (a structure not capable of withstanding the base flood event
and/or a structure without an approved maintenance plan).

However, given that beach nourishment is being used by more and more communities in
response to coastal erosion, it is becoming increasingly difficult to obtain recent topographic data
that do not reflect prior beach nourishment. In many communities, beach nourishment has been
ongoing for a decade or more (predating the NFIP in some cases).

Mapping Partners should be aware that flood hazard mapping of coastal areas could potentially
be affected by various types of beach nourishment, and that current topographic data may reflect
beach nourishment efforts.

The Mapping Partner shall determine whether beach nourishment affects a study area, research
any beach nourishment projects identified, identify any available data that would allow the
performance of the beach nourishment project(s) to be assessed, and determine whether the
beach nourishment is likely to persist and to have an effect on flood hazard mapping. If the beach
nourishment is determined likely to have an effect on flood hazard zones or BFEs, the Mapping
Partner shall contact the FEMA study representative to determine whether an exception to
current FEMA policy should be considered.

The presence of constructed dunes in the study area may raise similar questions. For all practical
purposes, the Mapping Partner shall treat constructed or reconstructed dunes (referred to as
“artificial” dunes by FEMA) as natural dunes would be treated during the FIS. Note, however,
the condition of the artificial dune may alter this procedure; NFIP regulations [44 CFR 65.11(a)]
do not allow an artificial dune to be considered an effective barrier to coastal flooding unless it
has well-established, longstanding vegetative cover, regardless of its size and cross-section.

D.4.1.2.7 Hazard Zone Definitions and Use by FEMA

Coastal flood hazard zones shown on the FIRM are generally divided into three categories: 1)
VE zone (the coastal high hazard area); 2) AE zone (and other A zones, where flood hazards are
not as severe as in VE zones); and 3) X zone (which is only subject to flooding by floods more
severe than the 1% annual chance flood). AH zone and AO zone designations are used in special
situations.

Delineation of flood hazard zones involves a set of analyses (waves, water levels, wave effects,
and shoreline response) combined into a methodology for a particular study area. The criteria for
establishing flood hazard zones are briefly described below. The reader should refer to
subsequent sections for a detailed description of the mapping parameters and their derivation.
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D.41.271 VE Zone

VE Zones are coastal high hazard areas where wave action and/or high-velocity water can cause
structural damage during the 1% annual chance flood. VE Zones are identified using one or more
of the following criteria for the 1% flood conditions:

1. The wave runup zone occurs where the (eroded) ground profile is 3.0 feet or more below
the TWL.

2. The wave overtopping splash zone is the area landward of the crest of an overtopped
barrier, in cases where the potential wave runup exceeds the barrier crest elevation by 3.0
feet or more(AR>3.0 feet). The landward extent is defined by yg outer (Section D.4.5.2)

3. The high-velocity flow zone is landward of the overtopping splash zone (or area on a
sloping beach or other shore type), where the product of depth of flow times the flood
velocity squared (hv?) is greater than or equal to 200 ft*/sec?.

4. The breaking wave height zone occurs where 3-foot or greater wave heights could occur
(this is the area where the wave crest profile is 2.1 feet or more above the static water
elevation).

5. The primary frontal dune zone, as defined in 44 CFR Section 59.1 of the National Flood
Insurance Program (NFIP) regulations.

D.41.2.7.2 AE Zone

AE Zones are areas of inundation by the 1% annual chance flood, including areas with TWL less
than 3.0 feet above the ground, or areas with wave heights less than 3.0 feet. These areas are also
subdivided into elevation zones with BFEs assigned. The AE Zone generally will extend inland
to the limit of the 1% annual chance flood still water elevation or TWL, whichever dominates.

D.4.1.2.7.3 AH Zone

AH Zones are areas of shallow flooding or ponding with water depths generally limited to 1.0 to
3.0 feet. These areas are usually not subdivided, and a BFE is assigned.

D.41.2.74 AO Zone

AO Zones are areas of sheet-flow shallow flooding where the product of hv? is less than 200
ft’/sec’, or where the potential runup is less than 3.0 feet above an overtopped barrier crest
(AR<3.0 feet). Sheet flow in these areas will either flow into another flooding source (AE Zone),
result in ponding (AH Zone), or deteriorate because of ground friction and energy losses to
merge into the X Zone. AO areas are designated with 1-, 2-, or 3-foot depths of flooding.

D.41.275 XZone

X Zones are areas above the 1% annual chance flood level. On the FIRM, a shaded X Zone area
is inundated by the 0.2% annual chance flood, and an unshaded X Zone area is above the 0.2%
annual chance flood.
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Detailed guidance on hazard zone mapping is provided in Section D.4.9.
D.4.1.2.8 Reporting Requirements

Reporting requirements for coastal FISs shall follow guidance provided in Appendix M for the
preparation of a Technical Support Data Notebook (TSDN). The TSDN shall consist of the
following four major sections, which are more specifically described in Appendix M:

e General documentation;

« Engineering analyses;

e Mapping information; and

e Miscellaneous reference materials.

In general, the material compiled for these sections of a coastal FIS TSDN will be similar to a
riverine study, with the exception of the engineering analyses section. The engineering analyses
section of a TSDN for a coastal study shall be formatted to reflect the required intermediate data
submissions, together with the subsequent correspondence from FEMA and any other subsequent
documentation related to a particular intermediate data submission. The purpose and content of
individual intermediate data submissions are briefly described below.

Due to the differences between coastal and riverine flood studies and the complexity of coastal
studies, intermediate data submissions are required from the Mapping Partner. Intermediate data
submissions provide defined milestones in the coastal flood study process where independent
reviews are conducted to confirm that the methods and findings are acceptable to FEMA. The
primary purpose of this submission and review process is to minimize revisions to analysis
methods late in the study.

Coastal analyses involving hydrodynamic modeling for development of water levels and wave
processes (transformation, refraction, and diffraction) are highly specialized and complex.
Changes or corrections to water-level and wave analyses after they have been used in analysis of
shoreline processes and in flood hazard zone mapping are expensive and time consuming.
Therefore, FEMA has established intermediate data submission requirements to facilitate review
of analysis methods and results at appropriate milestones. The Mapping Partner shall submit the
data for FEMA review in accordance with the sequence discussed below.

D.4.1.2.8.1 Intermediate Submission No. 1 — Scoping and Data Review

In this phase of reporting, the Mapping Partner provides the background information on the
study setting and available data relevant to the study area. Any new data needed for the detailed
coastal analyses in the following phases (offshore waves and water levels and nearshore
hydraulics) should be identified in this phase. The study should not proceed until all of the
information is available and incorporated in the scoping document for approval.

o« Data Review: If available at this stage, data may include survey control data,
topographic data from aerial photography, Llght Detection and Ranging (LIDAR), and
field surveys, and bathymetric survey data. Data shall include available tidal elevation,
wind speed, and tidal current data; evaluation of local and regional tide gage records;
selection of wind stations in the vicinity of the study area that can provide reasonable
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length of record, hourly values, and peak gusts to help estimate extreme wind statistics;
available tidal current data where currents have a significant influence on coastal flooding
potential, including effects on wave refraction and wind wave development; and available
historical data (measured and anecdotal) on past coastal flood events.

e Site Reconnaissance: The results of the site reconnaissance shall be documented to
characterize exposure and coastal morphology; inventory existing coastal structures and
levees (including buried coastal structures); identify shorelines where beach nourishment
has occurred and could influence coastal flooding analyses and mapping; characterize
coastal vegetation where it may influence coastal flooding analyses and mapping; locate
analysis transects for subsequent field survey and ultimate use in wave calculations; and
identify representative reaches with similar exposure, morphology, and features.

e Technical Approach: The submission shall describe the technical approach to analysis
of coastal processes and mapping flood hazards in the various settings and shoreline
morphologies present in the study area.

D.4.1.2.8.2 Intermediate Submission No. 2 — Offshore Water Levels and Waves

This submission shall be completed before operational modeling runs or computations are
performed to transform waves in the shoaling zone and compute wave runup, setup, and
overtopping. This submission shall document the selection of offshore water level and wave
storm events from data and hindcasts; summarize offshore wave characteristics and statistics;
present extremal assessments of wind and wave data; and define input data for restricted fetch
analyses.

D.4.1.2.8.3 Intermediate Submission No. 3 — Nearshore Hydraulics

This submission shall be completed before flood hazard mapping is conducted and document the
analyses related to: water level and wave analyses to develop base (1% annual chance) flood
conditions at the shoreline, including wave modeling for transformation, refraction, diffraction,
and shoaling; wave runup, setup, and overtopping assessments in the surf zone; coastal structure
and erosion analyses; and inland and overland water level and wave analyses. This submission
should include data on control, field, aerial, and bathymetric surveys. It should also include
validation of results with available historical flood data, and discussion of modeling results by
transect (as needed for interpretation of flood hazards). Where riverine sources influence coastal
flood hazard zones in the study area, this submission shall include analysis of riverine flood
stages and frequencies.

D.4.1.2.8.4 Intermediate Submission No.4 — Hazard Mapping

This submission will be prepared at the completion of draft delineations of flood hazard zones.
The following information shall be submitted to describe the use of analysis results to identify
and delineate flood hazard zones:

e Flood Hazard Zone Limit Identification: Discuss the determination of hazard zone
limits and BFEs resulting from the wave runup analyses and wave overtopping rates
determined during the coastal hydraulics phase. Describe the results of coastal flood
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mapping at shoreline reaches protected by coastal structures (credited or failed). Provide
discussion of the values used to define thresholds for the horizontal and vertical limits of
the VE zone for wave runup, wave overtopping, and splash zones (at structures). Provide
a table of results as a summary by transect of the still water elevation, wave setup,
maximum wave crest elevation, wave runup elevations, overtopping rates, maximum
shoreward VE zone elevations, and landward VE zone elevations.

e Flood Hazard Zone Map Boundary Delineation: Draft work maps for the study area
showing all flood hazard zone limits identified along the transects resulting from the
detailed analyses and transferred to the topographic work maps. Describe any engineering
judgment used to interpolate and delineate hazard zones in between transects including
land features that might affect flood hazards, changes in contours, the lateral extent of
coastal structures. Provide detailed documentation and technical justification of any
adjustments in the hazard zone mapping due to observed historical flood data and/or
damages in the study area.

The Mapping Partner will receive review comments within 30 days of the receipt of each data
submission. The Mapping Partner shall include the interim review in the project schedule and
shall plan the study work to minimize the effect of the reviews on the overall schedule for FIS
and DFIRM production. Additional information on reporting requirements is provided in Section
D.4.10.
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D.4.2 Study Methodology

This section provides guidance for selecting and combining specific technical methods and data
into a study methodology. The selection of methods depends upon the coastal setting and
available data.

D421 Overview

In this appendix, “methods” means the individual techniques used to make specific
computations. “Study methodology” is the combination of appropriate methods and data
necessary to develop flood hazard zones for depiction on a Flood Insurance Rate Map (FIRM). A
variety of technical methods are presented in Sections D.4.3 through D.4.7 of this appendix. In
most cases, several methods may be applicable to a specific coastal setting. The objective of this
section is to provide guidance for developing an appropriate methodology based on the coastal
setting and available data.

A significant portion of Appendix D is devoted to the presentation of technical methods. It is
important to remember that the objective of this document is to provide guidance necessary to
develop flood hazard zones and maps. The level of technical analysis should remain consistent
with this objective. It is only necessary to obtain data and conduct analyses that are required to
accomplish this objective. Because there are often several methods available to conduct similar
analyses, the Mapping Partner must choose methods that are technically consistent, are
applicable for the study setting, use available data, and are appropriate for project resources.

The recommended generalized study methodology is summarized below. To consider what data
and technical methods are appropriate, begin onshore by identifying information that is required
to develop the flood hazard zones and mapping. This involves identifying the physical processes
that likely contribute to flood hazards in the study area, and their interaction with particular
geomorphic settings. In some cases, this initial review will not resolve all of the questions related
to coastal processes and hazard zones. However, the review should identify the data
requirements for one or more methods that can be applied to make these determinations. For
example, it may not be clear at the beginning of a study whether a particular coastal structure or
levee will meet Federal Emergency Management Agency (FEMA) criteria. In this case, the data
and methods needed to determine whether the structure will fail or not, and the data and methods
needed to analyze the failed and in-place conditions, should be identified.

After a review of probable hazards at the shoreline, progress offshore considering what data and
analyses are then required at each level and for each setting within the study area to accomplish
the previous onshore analysis step. This will establish the offshore limit of the data and
computations necessary to conduct the analyses. In most cases, this limit will correspond to
offshore conditions. Once the offshore data requirements for the study are established, bring the
waves and other information back onshore to determine information to develop the hazard zones.
In other words, the mapping needs are established by progressing from the hazard map to the
offshore, but the analysis proceeds in the direction of the physics — from offshore to onshore.
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Different data requirements are associated with different analysis methods. For example, if
methods are based on the deep water unrefracted significant wave height and peak wave period,
it is not necessary to examine the details of the spectrum. If it is not necessary to transform the
waves across the surf zone, the surf zone bathymetry is not required for this method. More
advanced methods generally require additional data.

Figure D.4.2-1 summarizes the basic steps in selecting analysis methods. This logic may be
applied to both the overall study (study methodology) and to selection of methods for each major
coastal process to be analyzed in developing flood hazard zones. The basic logic begins with the
definition of objectives, which should focus on development of flood hazard zones at an
appropriate resolution and level of accuracy considering potential damages, inherent uncertainty
in the analyses, schedule, and budget. The geomorphic setting is a key factor in identifying
dominant physical processes that must be analyzed and the appropriate methods for analysis.
Potential methods applicable to a given setting may have different data requirements, and the
availability of data may influence the selection of methods. Once a methodology has been
defined (combination of methods and data), the Mapping Partner must confirm that the
methodology satisfies the study objectives, including time and budget constraints.

» Objectives Hazard Map

Exposure, Morphology, Hazard

Setting History, Structures

» Methods Waves, Runup, Overtopping, etc.

Data GROW, NOAA, LIDAR, etc.

Figure D.4.2-1. Study Methodology Development Considerations

D.4.2.2 Setting

The study area setting and hazard history will determine which methods and data are necessary
and/or appropriate. Important considerations include the coastal exposure (open water or
sheltered water), the shoreline morphology (e.g., dunes, bluffs, cliffs, etc.), and the shore
conditions (topography, development, etc.). Consideration of each of these conditions frames the
data requirements and the appropriate analysis methods.
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D.4.221 Open Coast and Sheltered Water

A primary consideration is the exposure of the shoreline; either open coast or sheltered water.
Open coast settings are exposed to the full influence of the Pacific Ocean and include processes
such as sea, swell, astronomical tides, and El Nifio. In sheltered water, the waves are primarily
due to local processes, while on the open coast, waves may be generated by both local and
distant weather conditions. On the open coast, the interrelationships among waves and water-
level processes may be quite complex. As a result, simultaneous measurements and/or hindcasts
of these processes are recommended to avoid reconstructing the complex interrelationships. This
is a key point for the Pacific Coast. Methodologies prescribed in Appendix D.4 recognize the
complexity of describing the interactions between waves and water levels, and as such these
processes are analyzed simultaneously in time as they naturally occur in nature.

In sheltered water, the waves are typically generated by local weather, which simplifies the
interrelationships. As a result, it may be possible to employ statistical or simulation techniques to
analyze these processes. However, additional considerations in sheltered water such as tidal
amplification, currents, and the effects of river inflows must be considered. While most methods
for open coasts are also applicable for sheltered water, a number of special considerations for
sheltered water exist.

D.4.2.2.2 Shoreline Profile Settings

The shoreline morphology determines which analysis tools are appropriate for estimating
shoreline responses. The general shoreline settings on the Pacific Coast include: 1) sandy beach
backed by low sand berm or high sand dune formations; 2) sandy beach backed by coastal
development or shore protection structures; 3) cobble, gravel, shingle beach or mixed grain sized
beach; 4) erodible coastal bluffs; 5) non-erodible coastal bluffs and cliffs; and 6) tidal flats and
wetlands. Details of the specific methods for each setting are given in Section D.4.6.

Figures D.4.2-2a, b summarize key considerations for each of these six settings. In all settings,
the existing shoreline conditions must be determined. These are required to determine the present
location of the shoreline, condition of structures, etc. For settings in which beach profile changes
are computed (beach/dune and structures), the initial winter profile from which storm-induced
changes are calculated must be determined. This initial profile is referred to as the most likely
winter profile (MLWP). Profile changes are estimated with the appropriate model to yield an
eroded profile. If the eroded profile results in dune breaching, structure failure, or bluff
recession, then an adjusted final profile must be determined. Wave setup, runup, overtopping,
and overland propagation are then determined for the final profile. These result are then used for
mapping the flooding hazards.

1. For a sandy beach backed by a low sand berm or high sand dune, the MLWP is the
expected winter condition of the beach profile at the time when a large storm might
occur. This is the initial profile condition from which beach changes associated with large
storms are calculated. This is an important step because there are significant differences
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1. Beach/Dune 2. Beach with Structures 3. Cobble Beach
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4—<Ru/OT/OLP> 4—<Ru/OT/OLP> Ru/OT/OLP
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Figure D.4.2-2a. Shoreline Profile Setting Nos. 1 to 3
4. Erodible Bluff 5. Non-Erodible Bluff/Cliff 6. Tidal Flats and Wetlands
Existing Existing Existing
Eroded Profile Eroded Profile
Bluff Erosion
Model
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Figure D.4.2-2b. Shoreline Profile Setting Nos. 4to 6
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between the summer and winter profile conditions. The changes are estimated using
geometric profile response models to determine the eroded profile. Process-based
models are an alternative means of estimating the profile changes. At present, process-
based models have not been adequately calibrated for Pacific Coast conditions, and are
not recommended without site-specific calibration. If the dune is overtopped or
breached, then the profile is adjusted by removing a portion of the dune. The runup
(Ru), overtopping (OT), overland wave propagation (OLP), and possibly ponding are
then calculated using this final profile.

2. For a sandy beach backed by shore protection structures, the eroded profile is determined
from data rather than a shoreline change model. The structure may cause local scour and
the structure may fail. The final profile based on these processes is then examined for
Ru/OT/OLP and possibly ponding.

3. For a cobble beach, little analytical guidance is available because many of the cobble
beaches on the Pacific Coast are mixed grain sizes and are difficult to model. As a result,
observed profiles during large events are used as the basis for determining Ru/OT/OLP
and possibly ponding.

4. For erodible bluffs, the eroded winter beach profile is determined from measurements.
The bluff recession is estimated with a bluff erosion model. The resulting profile is then
used to determine the Ru/OT/OLP and possibly ponding.

5. For non-erodible bluffs, the eroded winter beach profile is determined from
measurements. This profile is then used to determine the Ru/OT/OLP and possibly
ponding.

6. For tidal flats and wetlands, it is assumed that there is no erosion over the timescale of a
single storm. Therefore, Ru/OT/OLP are determined on the existing profile for high water
level and storm conditions.

D.4.2.3 Coastal Zones

Figure D.4.2-3 shows the cross-shore divided into four zones. The offshore zone is the area
influenced by waves and water levels that are not substantially influenced by bathymetry or
topography. Dominant processes in this zone include swell, seas, astronomical tides, storm surge,
and large-scale climatic perturbations such as El Nifio. The shoaling zone is the area outside the
surf zone where offshore conditions are transformed by interaction with bathymetry or
topography. This includes refraction, diffraction, dissipation, and generation of waves. The surf
zone is where waves break as they interact with the bottom. Dominant processes include wave
setup, runup, overtopping, erosion, and interaction with structures. The backshore zone is the
area that is outside the normal surf zone, but may be subject to inundation during coastal
flooding events. This area is subject to development and is the critical area for determination of
flood hazards.
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Figure D.4.2-3. Coastal Zones

Typical computations for a coastal Flood Insurance Study (FIS) progress from offshore through
the shoaling and surf zones. The transformation of waves and the interaction of waves and
corresponding water levels with the backshore zone are used to define hazard zones. The general
parameters used for hazard zone mapping are water level (elevation and depth), water velocity,
and the product of water depth and velocity squared. This last parameter is used as a threshold
indicator for damage potential in areas of sheet flow overtopping.

Figure D.4.2-4 shows the coastal processes as they are referenced to in the analysis methods
given in Sections D.4.3 through D.4.7. Note that offshore does not necessarily mean deep water
conditions. Offshore simply means outside the surf zone. If the offshore is not in deep water,
then the offshore and shoaling zones are combined. Also, the determination of hazards is not
restricted to the backshore. Depending on the type and magnitude of event, the flood hazard may
also occur in the surf or other zones.

Computations made in each zone use data from the preceding zone and pass the results to the
next zone. Computations generally start in the offshore zone. Wave information is determined
from measurements or hindcasts. Water levels are determined primarily from measurements. The
resulting estimates for waves and water levels are then passed to the shoaling zone where wave
transformations are determined. The offshore wave conditions are input to wave transformations,
but the wave transformations do not influence the offshore wave conditions. Therefore, offshore
wave conditions may be determined independently from the transformations.
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Figure D.4.2-4. Coastal Zones and Processes

In the shoaling zone, the offshore waves are transformed onshore to a water depth outside the
breaker line. This requires information for the bathymetry and possibly other factors, such as
dissipation over kelp beds, mud flats, or wetlands. Several of the surf zone analysis methods
require unrefracted deep water wave conditions. After the waves have been transformed across
the shoaling zone, the corresponding unrefracted deep water conditions may also be determined.
These results are then passed on to the surf zone. Again, the surf zone results do not influence the
wave transformations, so wave transformations may be determined independently of the surf
zone. The structure of this appendix reflects this independence. Section D.4.4, Waves and Water
Levels, includes processes that occur in the offshore and shoaling zones; these are offshore
waves, water levels, and wave transformations.

Surf zone computations use nearshore bathymetry and either the wave conditions determined
outside the breaker line or the unrefracted deep water conditions. Setup, runup, overtopping, and
erosion are estimated at the shoreline depending upon the specific shoreline conditions. These
results are then passed to the backshore zone to determine flood hazards.

In the backshore, information from the surf zone is combined with topography and land use type
to calculate hazards and develop a hazard map. For most cases, the backshore does not influence
the surf zone and the surf zone is independent of the backshore. However, it is possible that
processes in the surf zone are not completely independent of processes in the backshore zone.
For example, surface runoff during a storm can increase backshore flooding, but may also
develop an ephemeral stream across the beach face that will impact surf zone processes. Unless
site-specific conditions that violate this assumption exist, it is recommended that independence
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be used in the analysis. This key assumption is invoked below to define the transition from
analyses based on multiple events to an analysis based on a single event.

D.4.24 Event and Response Analysis Considerations

On the Atlantic and Gulf coasts, the 1% annual chance flood has typically been associated with a
1% storm event condition defined offshore and transformed to the surf zone. Because increased
wave heights and water levels are both associated with the same forcing event, typically a
hurricane, this association is reasonable. However, on the Pacific Coast, waves may be
associated with both local and distant storms; water levels are influenced by EI Nifio, setup, and
tides; and low frequency oscillations in the surf zone significantly influence runup. As a result,
no single mechanism is responsible for the 1% annual chance flood. Rather, a number of
processes are occurring and the statistical interrelationships among these processes are not well
defined. Therefore, statistical tools such as joint probability, Monte Carlo, and empirical
simulation methods are difficult to apply. An alternative is to use measured or predicted wave
conditions along with simultaneous measured or predicted water-level conditions. Bundling the
physical processes together as they actually occur in nature eliminates the need to determine the
statistical relationships among the various processes. The response in the surf zone and
backshore to these simultaneous physical processes may then be determined, and the 1% annual
chance flood characteristics are determined from the response statistics rather than the event
statistics.

An event corresponds to a set of time-dependent wave and water-level conditions taken as a
paired data set with a specific duration. This differs from the concept of independently analyzing
a 1% wave or 1% water level. When treated together, no statistical probability is assigned to
either the waves or the water levels. Rather, a number of observed large events (i.e., high waves
and water levels) are analyzed to determine a number of responses in the backshore zone each
year. The largest response from each year is noted and then the annual maxima for the entire
period of record are analyzed to determine the 1% annual chance flood response. This general
methodology differs substantially from that typically used on the Atlantic and Gulf coasts.

As noted above, the wave and water-level analysis for the offshore and shoaling zones in
sheltered water may be treated differently than open water due to a smaller number of
independent variables and/or lack of reliable wave data or hindcasts. However, the concept of
using a set of conditions to define responses and performing statistical analysis on the responses
may also be applied in sheltered water.

The 1% response may be determined at the boundary of any one of the zones shown in Figure
D.4.2-3. For example, a 1% annual chance combination of waves and water levels might be
statistically determined in the offshore zone by examining the joint occurrence of waves and
water levels. This condition could be transformed onshore, setup and runup estimated, and the
flood hazard zone mapped. However, it is unlikely that this single combination of waves and
water levels with a 1% annual chance in the offshore zone corresponds to the 1% annual chance
flood hazard in the backshore zone. Other combinations of waves and water levels that have a
lower probability of occurrence may result in higher levels of the flood hazard due to differing
responses in the form of runup, setup, erosion, or coastal structure interaction in the backshore
zone. These responses are dependent on variables such as wave period and event duration. The
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1% annual chance flood is defined as the basis for hazard zone mapping by FEMA, thus, the
response at the backshore is the condition of interest. Again, the mapping of the hazard is not
restricted to the backshore, and under some circumstances may also occur in the surf zone or
other zones.

Although the response-based approach is reasonable theoretically, it may not be practical to
include all coastal processes in the computations before statistical analysis in the backshore. This
would require a very large set of computations with potentially significant spatial variation in
controlling conditions and results. However, the further the response-based approach can
practically be carried onshore, the better the estimate of the 1% annual chance flood hazard in
the backshore zone. As a standard methodology, it is recommended that the 1% annual chance
determination be made on total water level (TWL) elevations. If overtopping occurs, then the
determination of the overtopping rate and overtopping volume should be made using the 1%
runup and the associated storm. These are the most significant hydrodynamic parameters
influencing flood hazards. This standard methodology may require modification where processes
in the backshore (ponding, riverine flows, etc.) influence the flood hazards.

Figure D.4.2-5 shows a cross-shore diagram of the transition from multiple storms to a single
condition for the case of a dune-backed sand beach. Waves and simultaneous water levels are
determined for multiple storms each year. Each of these storms is then transformed to the
nearshore. Then, setup, runup, and dune recession are determined for each of the storms. The
largest TWL elevation is selected from each year, and then an extreme value statistical analysis
is conducted on the annual maxima from all years of the record to determine the 1% annual
chance runup event. This single event is then used to determine the corresponding 1%
overtopping rate and volume. These terms are then used to determine hazards. Hazard indicators
include the water depth, velocity, and product of depth times velocity squared.

Multiple Storms Waves and Water Levels
Multiple Storms Wave Transformations

y
Multiple Storms Setup, Runup, Dune Recession

Determine 1% TWL
and associated
recession

. . Overtopping Rate and
Single Condition Overtopping Volume
: 2
Single Condition Depth, Velocity , /v
Single Response Hazard Mapping

Figure D.4.2-5. Transition from Multiple to Single Events
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D.4.2.5 Selection of Events
D.4.25.1 Open Coast

Offshore wave conditions, as either measured data or hindcasts, are available for most of the
open coast shorelines of the Pacific. It is recommended that these data be used for offshore wave
conditions. Each storm year, the largest 10 to 20 storms from these data are selected for analysis.
The water levels occurring at the time of each of the storms are determined from measurements
or calculations. By examining the 10 to 20 largest storms each year, it is very probable that one
of these, along with the associated water levels, captures the largest actual response for the year.
The largest storms should be based on largest wave height and the largest resulting runup. The
largest response for each year of the simulations (annual maximum) is used in an extreme value
statistical analysis to determine the 1% annual chance flood response. Concerns about capturing
the relevant storm each year may be addressed by analyzing more storms each year.

D.4.2.5.2 Sheltered Waters

For open coasts, wave conditions can be determined from existing data, either wave
measurements or wave hindcasts. In sheltered waters, if these data are available, then analysis
methods similar to open water coastlines are recommended. If these data are not available, wave
information must be estimated through hindcasts. These hindcasts should be based on two-
dimensional (2-D) numerical models or using the parametric methods prescribed in the Coastal
Engineering Manual (CEM) (USACE, 2003). Winds used in the hindcast model should
correspond to the largest storms each year. The resulting waves are combined with water levels
occurring at the same time to estimate the responses. The largest response for each year is
selected and analyzed to determine the 1% annual chance flood response similar to the methods
used in open waters.

Conducting this type of analysis for a number of storms each year for a number of years requires
substantial amounts of data and a significant computational effort to combine actual water levels
with hindcast waves. It may not be practical or possible to conduct this number of computations.
For these cases, joint probability methods may be used. In this approach, a limited set of wave
and water-level conditions are used to estimate joint probabilities. A number of responses are
then calculated based on the data from these distributions. The results are then analyzed to
determine the 1% annual chance flood response.

Sheltered waters are the only exposure setting in which joint probability methods are applicable.
They are only to be used where data are not available or sufficient hindcasts cannot be conducted
to capture the annual maximum response.

D.4.2.5.3 1% Annual Chance Conditions

The determination of the 1% annual chance flood hazards based on a 1% annual chance response
at the shoreline (as opposed to estimation of 1% annual chance storm conditions offshore)
provides a more direct connection between the actual causal events and the flooding response.
However, as soon as the 1% annual chance response is statistically estimated through extemal
analysis, the resulting flood parameters (e.g., elevation, velocity, depth, volume) are no longer
coupled to the forcing physics.
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The still water level (SWL) is the elevation of the free surface in the absence of waves and wave
effects. The primary components are the astronomical tide, El Nifio, and surge. The TWL is the
SWL plus the wave effects. The primary wave effects are static setup, dynamic setup, and runup.
The TWL is an important parameter for identifying coastal flood hazards because it is the
primary term that identifies if overtopping will occur. Therefore, the TWL is the variable upon
which the selection of the 1% conditions is based. However, the TWL is not the only important
variable for determining flood hazards. Other variables include the profile change, the
overtopping rate (q), and the overtopping volume (V). The determination of the 1% q and V
somewhat complicates the analysis.

The 1% TWL does not correspond to any single physical event. Rather, it is an extrapolation of
the TWL conditions from the largest events because of the limited duration of the available data.
If the TWL exceeds the backshore elevation, the overtopping rate and overtopping volume are
also calculated. The TWL primarily depends on the water level, wave conditions, and the beach
face or structure slope. The overtopping rate depends on these variables and the height of the
dune or structure. The overtopping volume depends upon these variables and the duration of the
overtopping event. In the 1% annual chance determinations, the 1% overtopping rate and
overtopping volume are all assumed to be associated with the 1% TWL events. This may not
always be the case. Mapping Partners may propose an alternative statistical approach for
defining the 1% annual chance flood if this assumption is not appropriate for specific conditions.

A similar concern may exist if multiple transects are considered for a ponding calculation. The
1% annual chance overtopping volume would correctly be addressed by considering all transects
that contribute to the ponding simultaneously in the overtopping analysis. However, this may be
computationally intensive and not justified by the accuracy of other steps in the analysis. Unless
there are unique site-specific reasons to do otherwise, it is recommended that the 1% values of
TWL, overtopping rate, and overtopping volume calculated for each transect be used.

The following discussion outlines the procedure for determining the 1% overtopping rate and
volume using the TWL as the basis for selecting the most significant conditions. For this
discussion, it is assumed that the wave data have 20 storms per year for each year of 30 years of
wave data. For each storm, the following terms are computed: the maximum TWL,; the
maximum wave height (H) and the associated wave period (T); peak enhancement factor of the
spectrum (7); the storm duration (D); the storm duration recession reduction factor (a); the
maximum overtopping (q) (if overtopping occurs); and overtopping volume (V) (integral g dt). H
corresponds to the appropriate wave height for the analysis. For a beach, it is the offshore wave
height, but for a structure, it is the wave height at the toe of the structure.

The values for the computed terms that correspond to the largest TWL each year are saved for
the extreme value analysis. Again, the TWL is the indicator for selecting the most significant
conditions. In addition, the largest storm in the wave data is noted and the time series of both the
waves and the water levels are recorded.

For all storms, the TWL is computed and therefore it is straightforward to make a 1% estimate of
TWL based on the annual maxima. The determination of the 1% overtopping rate and volume
are more complicated and fall into three categories.
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Case 1: If the 30 years of wave data do not result in overtopping and the extrapolation to
the 1% conditions does not result in overtopping, then it is not necessary to consider
overtopping. The results correspond to the adjusted profile and the 1% TWL conditions.

Case 2: If at least one storm in each year of the 30 years of waves results in overtopping,
then an extreme value analysis may be directly conducted using the TWL, overtopping
rate, and overtopping volume. The profile corresponds to the adjusted profile with
overtopping.

Case 3: If there is not an overtopping event for each year of data, it is more difficult to
determine the 1% overtopping rate and volume. For this case, the 1% q is calculated from
the appropriate overtopping equation using the 1% estimates for H and T (and other
variables if required). The profile corresponds to the adjusted profile with overtopping.
The 1% V is more difficult to estimate because it depends on the variation of wave
conditions and water levels during a storm. A 1% storm is approximated by linearly
scaling up the largest storm time series in the record by the 1% H, T, and D. Overtopping
is then computed using the 1% storm, the water-level changes associated with the 1%
storm, and the data for SWL. The overtopping is integrated over the storm duration to
yield the 1% V. Note that this 1% storm is only used in Case 3 and only then for
estimating V. It is not a 1% design storm condition as is commonly used on the Atlantic
and Gulf coasts.

To summarize the three cases:

Case 1: There is no overtopping.

Case 2: The annual maxima provide sufficient data to make a direct statistical
determination of the 1% Q and V.

Case 3: The annual data are not sufficient to make a direct statistical determination, so
the variables needed to compute g and V are determined (by scaling) at the 1% level and
then these are used to calculate the 1% g and V.

In general, the application of these procedures to shoreline settings that may experience profile
changes (berms/dunes, erodible bluffs, and structures) are more difficult than settings that do not
have profile changes (cobble beaches, non-erodible bluffs/cliffs, and tidal flats/wetlands). Figure
D.4.2-6 shows a general flow diagram for all shoreline settings. For settings that do not have
profile changes, the profile change boxes do not apply. For cases with changes, then the
appropriate type of profile change for the setting shall be used.
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Figure D.4.2-6. Determination of 1% Conditions
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Example: Sandy Beach Backed by Berm or Dune (Setting No. 1)

For each of the 20 annual storms:

1. Determine static setup and/or TWL as required by geometric recession model to calculate
the potential recession for the storm, R..storm.

2. Determine storm duration recession reduction factor for the storm, .
3. Determine duration limited recession for storm, Rsiorm, and if the berm/dune is breached.
4. If runup is different on modified profile, re-compute runup.

5. If runup results in overtopping, then compute overtopping. Save the maximum
overtopping value. Compute the overtopping volume as V = integral g dt over duration of
storm.

6. For each year, save conditions corresponding to the largest annual TWL conditions:
TWL,q,V, o H, T, D, ¥ etc.

Determine 1% conditions:

If every year of the 30 years has overtopping (Case 2):
e The profile corresponds to the adjusted profile.

e Directly compute 1% estimates of TWL, g, and V (Generalized Extreme Value [GEV]
and maximum likelihood).

If there are any years with no overtopping:
e Determine the 1% setup and/or TWL ¢, and Rstorm.

If there is no overtopping at the 1% level (Case 1):
— If runup is different on modified profile, re-compute TWL.

If there is overtopping at the 1% level (Case 3):
— The profile corresponds to the adjusted profile.

— Compute the 1% H, T, D, etc.
— Calculate the 1% q from overtopping equations.

— Select the largest storm, and scale it up by the 1% H, T, and D to define 1% storm
to obtain g and V.

— Using the 1% storm, water-level changes due to the 1% storm, and the measured
SWL, determine the 1% V by integrating g over the duration of the storm.
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Example: Beach Backed by Structure (Setting No. 2)
For each of the 20 annual storms:
1. Determine the TWL and wave height at structure,
2. Compute scour and adjust profile as required.
3. Determine structure stability. If structure fails, completely or partially remove structure.

4. If runup is different on modified profile, re-compute runup. (Note: Runup requires wave
height at the toe of the structure.)

5. If runup results in overtopping, then compute overtopping. Save the maximum
overtopping value. Compute the overtopping volume as V = integral q dt over duration of
storm.

6. For each year, save conditions corresponding to the largest annual TWL conditions:
TWL,q,V, o, H, T, D, ¥ etc.

Determine 1% conditions:

If every year of the 30 years has overtopping (Case 2):
e The profile corresponds to the adjusted profile (structure removed or partially failed).
e Directly compute 1% estimates of TWL, g, and V (GEV and maximum likelihood).

If there are any years with no overtopping:
e Determine the 1% TWL and local H.

If there is no overtopping at the 1% level (Case 1):
— If runup is different on modified profile, re-compute TWL.

If there is overtopping at the 1% level (Case 3):
— The profile corresponds to the adjusted profile.

— Compute the 1% H, T, D, etc.
— Calculate the 1% q from overtopping equations.
— Select the largest storm, and scale it up by the 1% H, T, D.

— Using the 1% storm, water-level changes because of the 1% storm, and the
measured SWL, determine the 1% V by integrating g over the duration of the
storm.

The methodology for determining the 1% overtopping rate and volume is similar for the other
settings, cobble beach, erodible bluff, non-erodible bluff or cliff, and tidal flats/wetlands.
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D.4.2.5.4 0.2% Annual Chance Conditions

The 0.2% annual chance conditions (500-year conditions) are used to map the X zones. The
determination of the 0.2% conditions and the associated flood hazards is completely analogous to
the methods used to determine the 1% conditions. The 0.2% conditions are determined using the
same GEV results as the 1% conditions (but evaluating at the 0.2% level) and all of the same
physical processes are addressed in a similar way.

D.4.2.6 Summary of Methods

Table D.4.2-1 is a summary of methods presented in Section D.4. This table provides an
overview of available methods and reference to the appropriate section of the document.

Table D.4.2-1. Summary of Methods Presented in Section D.4

Zone/Process Method Comments
All Zones Statistics (D.4.3) Annual maxima are used to
1% condition - GEV and maximum determine the 1% condition.
likelihood fit JPM, Monte Carlo, or EST are only
Peak over threshold with Pareto used in sheltered waters
distribution

Joint Probability Methods (JPM), Monte
Carlo, Empirical Simulation Technique

(EST)
Offshore Zone Waves (D.4.4) The use of significant wave
Measured conditions (height, period, direction,
NDBC. CDIP storm duration) or directional spectra
Hindcast depends upon the choice of the

methods selected for determining

GROW, WIS, WAVEWATCH I setup, runup, and overtopping.

Wave Generation
2-D models
CEM parametric model

The wave record must be long
enough (30 years or longer) to
reasonably estimate the 1% annual
chance condition.

Wave generation methods are only
applicable in sheltered waters or a
regional-scale offshore model.

Offshore Zone Water Level (D.4.4) In most cases, the measured TWL,
Measured Water Level corrected to local conditions, is used
astronomical tide, surge, El Nifio in the analyses.
Sheltered Waters A number of other factors can
Seich, tidal amplification, rivers influence the water level in sheltered
waters.
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Table D.4.2-1. Summary of Methods Presented in Section D.4

(cont.)
Zone/Process Method Comments
Shoaling Zone Wave Transformations (D.4.4) Numerical models are typically only
Straight and parallel contours required for complex bathymetry

shoaling and Snell’s Law
Spectral methods

transformation coefficients, CDIP
Nearshore transformations

2-D spectral and time domain

models

Sheltered waters

seiching, inlets

Surf Zone Wave Setup and Runup (D.4.5) Methods combine setup and runup.
Beaches _ Parametric method only requires
DIM parametric significant wave height.

DIM numerical
. Advanced models are only necessary
Advanced Models - Boussinesq for complex conditions

Structures
van der Meer, CEM

Surf Zone and Erosion (D.4.6) Process-based models are not
Backshore Zone Beaches recommended for the Pacific Coast
Geometric Models at this time.
Process-Based Models The Atlantic and Gulf Coast “540
Shore Protection Structures Rule” is not recommended for the

CEM scour equations Pacific Coast.

Cobble Beaches
Observed storm profiles
Erodible Bluffs
Nobel bluff erosion model
Non-Erodible Bluffs and Cliffs
No erosion
Tidal Flats and Wetlands
No erosion

Backshore Zone Overtopping (D.4.5)
Beaches

CEM
Structures

CEM, Besley

Backshore Zone Overland Flow (D.4.5)
Cox and Machemehl, WHAFIS
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Table D.4.2-1. Summary of Methods Presented in Section D.4

(cont.)
Zone/Process Method Comments
Backshore Hazard Indicators (D.4.8)
Runup depth
Overtopping splash distance
Depth times velocity squared
Wave height
Primary frontal dune
D.4.2.7 Examples

There are many methods and data sources presented in this appendix. The development of the
details for a specific study methodology depends on the coastal setting, available data, and
project resources. However, the overall methodology for most studies is likely to be similar.
Consider the three cases shown in Figure D.4.2-7.

GROW Waves and
Measured Water Levels

Hindcast Waves and
Measured Water Levels

GROW Waves and
Measured Water Levels

A

A

A

Wave Transformations

Wave Transformations

Wave Transformations

A

A

A

Setup and Runup

Setup and Runup

Setup and Runup

A

A

Eroded Beach Profile,
Dune Recession

Eroded Beach Profile,
Dune Recession

Scour and/or Structural
Stability

A

A

A

Overtopping

Overtopping

Overtopping

A

A

A

Depth, Velocity, hv?

Depth, Velocity, hv?

Depth, Velocity, hv?

A

A

A

Hazard Mapping

Hazard Mapping

Hazard Mapping

a) Open coast,

sandy beach backed by

dunes

b) Sheltered water,
sandy beach backed by
dunes

c) Open coast,
sandy beach backed by
shore protection structure

Figure D.4.2-7. Methodology Examples
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Case (a) is for an open coast exposure, with a sand beach backed by dunes. The principal steps
are:

1. In the offshore zone, determine the wave and water-level conditions.
2. In the shoaling zone, transform the waves to the nearshore.

3. Inthe surf zone, determine the setup, runup, dune recession, eroded beach profile, and
overtopping.

4. In the backshore zone, determine the hazard indicators: depth, velocity, depth times
velocity squared (hv?), overtopping, etc.

5. Map the hazards.

Now consider the setting for Case (b). The only difference between Cases (a) and (b) is that the
setting for Case (b) is in sheltered water. The most significant difference in the methodologies is
that in sheltered water, wave information is generally not available and must be hindcast or
statistically estimated. The waves and water levels are then combined and transformed onshore
to the study area. There are differences in the magnitude of specific components in wave
transformations between open coasts and shelter waters (i.e., dissipation over shoals), but the
overall processes are similar. The same comment is also true for the surf zone and backshore
processes.

Case (c) is similar to Case (a), except that rather than a dune, there is a coastal shore protection
structure. The only significant difference in the analysis is the method to estimate dune recession
is replaced by a method to estimate structure responses. All of the other principal steps in the two
methodologies are similar.

The principal steps in the methodology are similar for most study cases. However, there are
differences in the specific methods that may be employed at a given step. The following
examples demonstrate the selection of specific methods. These examples are for demonstration
purposes and may not correspond to an actual study site.

D.4.2-19 Section D.4.2

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

D.4.27.1 Open Coast, Dune Backed Beach Scenario Using Parametric DIM Model for
Setup/Runup

Setting: Open coast, bottom contours that are nearly straight and parallel, and a sand beach
backed by dunes.

Data: Offshore GROW hindcast data and measured water levels. Winter season beach and dune
profiles. Sand grain size.

For this example, the parametric DIM model is selected to estimate setup and runup, and
overtopping is estimated with empirical equations.

The hazards are determined primarily from the 1% annual chance TWL. The 1% TWL is
determined at the corresponding eroded beach profile location. This final TWL may be based on
the results from the DIM parametric runup model or re-evaluated on the eroded profile using the
more complex DIM numerical runup model. If there is overtopping, this may cause additional
erosion of the dune. This is addressed in a very simplistic manner. For the modified Komar and
Allan method, the MLWP slope is extended until it daylights out the back side of the dune. For
the Kriebel and Dean method, the profile is recessed until it daylights out the back of the dune.
For this breached condition, the 1% overtopping rate and volume are determined using the wave
and water-level conditions corresponding to the 1% TWL.

The DIM model (both the parametric and numerical versions) provides estimates of the total
runup. The total runup is the sum of the static setup plus the dynamic setup plus the wave runup.
For random waves, the runup corresponds to the value exceeded by 2% of the runup events. This
is a short-term statistic associated with a group of waves or associated with a particular storm. It
is a standard definition of runup and is commonly denoted as Ryy. This 2% is different from the
1% annual condition that is associated with long-term extreme value statistics. The 1% condition
has an annual probability of occurrence of 1%, which approximately corresponds to the 100-year
condition, while the runup corresponds to the 2% exceedance in several hours of waves. To
avoid confusion, the 2% runup is referred to as the total runup or just the runup and is denoted as
R. Unless otherwise indicated, the runup in all sections of D.4 is defined as the 2% runup.

The GROW waves are analyzed for each storm year to determine the 10 storms that have the
largest wave height and the 10 storms that have the largest runup, yielding up to 20 storms per
year. The parametric DIM model is used to estimate the setup/runup that depends upon the
product of the wave height and wave length. Therefore, the 10 storms that have the largest wave
height-length product are selected. Many of the storms selected by the height and by the height-
length criteria may be the same. The parametric DIM model is based on the unrefracted deep
water significant wave height. The dune recession model is based on the peak runup that occurs
during the storm and the duration of the storm. Therefore, the required wave conditions for each
storm are the peak unrefracted deep water wave height, the wave period, and the storm duration.
No computations regarding the spectral or time series details of the waves are required, nor are
details of the waves in the surf zone.
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The dune recession model requires the determination of the MLWP. This is the expected
condition of the beach profile during the winter season when a large storm might occur. The
MLWP may be determined from winter beach profile data, average winter wave conditions, or
historical information. For this example, winter profile data are available.

Next, each storm in each storm year is examined with the dune recession model. The model can
start each storm from the MLWP or sum the recession from multiple storms over a season.
Unless there are data or other information available to suggest that multiple storms be
considered, a single storm-by-storm analysis is used. For the present example, this would yield
10 to 20 TWL estimates per year. The conditions corresponding to the largest TWL each year are
saved. These annual maxima for each storm year of wave data are then analyzed using a GEV
and maximum likelihood. The methods discussed in Subsection D.4.2.5.3 are used to determined
the 1% overtopping rate and volume. Using these values and an overland flow model, the depth,
depth times velocity squared, and wave height are estimated in the backshore. The hazards are
identified based on these results.

Specific methods for each of these steps are identified in Table D.4.2-2. In Table D.4.2-2, Hq is
the significant wave height, T, is the peak wave period, D is the storm duration, Hs max is the
maximum significant wave height during the storm, L, is the deep water wave length, h is the
water depth, q is the overtopping rate, and v is the water velocity.

If the 0.2% annual chance flood conditions are to be determined, the steps starting from the
statistical analysis are repeated at the 0.2% level. It is not necessary to repeat any of the analyses
before this step. The results from the GEV are used to determine the 0.2% values. These are then
used in the remaining steps following the same procedures as for the 1% conditions.
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D.4.2.7.2 Open Coast, Dune Backed Beach Scenario Using Numerical DIM Model for
Setup/Runup

Setting: Open coast, bottom contours that are nearly straight and parallel, and a sand beach
backed by dunes.

Data: Offshore GROW hindcast data and measured water levels. Winter season beach and dune
profiles. Sand grain size.

For this example, the DIM numerical model is selected to estimate setup. Runup is determined
by the methods described in Subsection D.4.5.1. All other conditions and methods are the same
as in the preceding example. This example shows that the data requirements are dependent upon
the choice of analysis methods. An advantage of the DIM numerical model over the parametric
version is that the effects of surf zone bathymetry and detailed spectral wave statistics may be
included. The DIM model integrates a 1-D wave spectrum across a transect to yield the setup.
The dynamic wave setup and the incident wave runup are combined statistically.

A wave time series is developed assuming a JONSWAP spectrum. The magnitude of the
dynamic setup is sensitive to the bandwidth of the spectrum that is characterized by the
JONSWAP peak enhancement factor, » GROW wave data sets provide information to estimate
y. Time series are developed assuming random phases. The DIM model uses the unrefracted
deep water wave conditions. The shoaling/refraction may be estimated for the spectrum using the
spectral wave transformation methods. Waves on the Pacific Coast, and especially in Southern
California, tend to have three energy components; southern swells, northern storms, and local
seas. The DIM model can treat each of these as a JONSWAP spectrum and develop a combined
time series. Unless there are unusual conditions, this computational effort is not warranted and a
single JONSWAP spectrum may be used. The DIM numerical model is 1-D in the cross-shore
direction, and a directional spectrum is not required. However, the influence of wave direction
on the energy must be considered in the wave transformations.

The DIM numerical model integrates the momentum equations across the surf zone and requires
the beach profile as input data. Steps in implementing the numerical DIM model are summarized
in Table D.4.2-3. The spectral wave information, wave transformations, and estimates for
runup/setup differ from the preceding example. All other steps are similar.
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D.4.2.7.3 Sheltered Water, Seawall Backed Beach Scenario Using Parametric DIM for
Setup/Runup

Setting: Sheltered water, bottom contours that are nearly straight and parallel, and a sand beach
backed by seawall.

Data: Historical meteorological information and measured water levels. Winter season beach
profile. Structure configuration. Sand grain size.

In this example, wave data are not available and must be estimated. There are two methods for
estimating waves: 1) 2-D wave generation models and 2) parametric models. The 2-D models are
generally superior, but are data-, labor-, and computationally intensive. For this example, the
CEM parametric approach is used. The objective is to determine the largest TWL that occurs
each year, which is then used in the GEV to determine the 1% conditions. The computational
effort may be significantly reduced by carefully selecting which storms to analyze. The wind
speed, duration, and fetch length (wave direction) determine the magnitude of the waves. The
waves, along with water level (which may include the effects of both tidal and riverine
processes), determine the TWL. Different transects in a sheltered water area will have different
storms for the 1% TWL because of the wind direction. For many sheltered water areas, the
waves will be fetch limited.

Once the waves have been hindcast, they are transformed to the site. The beach profile fronting
the structure should be determined from data corresponding to winter conditions. For these
conditions, local scour at the structure is determined using the methods from the CEM. Next, the
stability of the structure is examined. If the structure fails, or is not a FEMA-recognized
structure, it should be fully or partially removed. Details of this procedure are given in Section
D.4.8.

Determination of runup on structures differs from beaches in that the wave conditions are
evaluated at the toe of the structure rather than in deep water. Simple estimates of the wave
height at the toe may be made assuming a breaker index times the total static water depth (SWL
plus the static wave setup). Other alternatives are to use the DIM numerical model or Boussinesq
models. The specific wave runup equation depends on the structure configuration.

Once the largest TWL for each year has been determined, the rest of the analysis is similar to the
previous two examples. Table D.4.2-4 summarizes considerations for a structure in sheltered
water.

D.4.2-27 Section D.4.2
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D.4.3 Flood Frequency Analysis Methods

This section outlines general features of statistical methods used in a flood insurance study,
including providing basic statistical tools that are frequently needed. It is recommended that
extremal analysis of annual maxima be performed using the Generalized Extreme Value (GEV)
Distribution with parameters estimated by the Method of Maximum Likelihood. The discussion
in this section is illustrative only; guidelines for application of these tools in specific instances
are provided in other sections of this appendix.

D.4.3.1 The 1% Annual Chance Flood

The primary goal of a coastal Flood Insurance Study (FIS) is to determine the flood levels
throughout the study area that have a 1% chance of being exceeded in any given year. The level
that is exceeded at this rate at a given point is called the 1% annual chance flood level at that
point, and has a probability of 0.01 to be equaled or exceeded in any year; on the average, this
level is exceeded once in 100 years and is commonly called the 100-year flood.

The 1% annual chance flood might result from a single flood process or from a combination of
processes. For example, astronomic tide and storm waves combine to produce the total high
water runup level. There is no one-to-one correspondence between the 1% annual chance flood
elevation and any particular storm or other flood-producing mechanism. The level may be
produced by any number of mechanisms, or by the same mechanism in different instances. For
example, an incoming wave with a particular height and period may produce the 1% annual
chance runup, as might a quite different wave with a different combination of height and period.

Furthermore, the flood hazard maps produced as part of an FIS do not necessarily display, even
locally, the spatial variation of any realistic physical hydrologic event. For example, the 1%
annual chance levels just outside and just inside an inlet will not generally show the same
relation to one another as they would during the course of any real physical event because the
inner waterway may respond most critically to storms of an entirely different character from
those that affect the outer coast. Where a flood hazard arises from more than one source, the
mapped level is not the direct result of any single process, but is a construct derived from the
statistics of all sources. Note then that the 1% annual chance flood level is an abstract concept
based as much on the statistics of floods as on the physics of floods.

Because the 1% annual chance flood level cannot be rigorously associated with any particular
storm, it is a mistake to think of some observed event as having been the 1% annual chance
event. A more intense storm located at a greater distance might produce the same flood level, or
the same flood level might be produced by an entirely different mechanism, such as by a tsunami
from a distant landslide or earthquake. Furthermore, if a particular storm were, in fact, the so-
called 100-year event, it could not be so everywhere, but only in its effect at a particular point.

The 1% annual chance flood level is a consequence solely of the areawide flooding mechanisms
recognized for a particular location. That is, there may be mechanisms that are not taken into
account, but that could also produce water levels comparable to the 1% level or that could
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contribute to the 1% level. For example, tsunamis occur in all oceans, so even the Atlantic Coast
is vulnerable to tsunami attack at some frequency. The Great Lisbon earthquake of 1755 (with
magnitude approaching 9) produced a large Atlantic tsunami that was felt in the New World,;
however, tsunamis are not recognized as areawide flood sources for the Atlantic Coast.
Similarly, advances in science may from time to time reveal new flood mechanisms that had not
previously been recognized; for example, only in recent years has the physics of El Nifios been
clarified and their contribution to coastal flood levels recognized.

D.4.3.2 Event vs. Response Statistics

The flood level experienced at any coastal site is the complicated result of a large number of
interrelated and interdependent factors. For example, coastal flooding by wave runup depends
upon both the local waves and the level of the underlying still water upon which they ride. That
still water level (SWL), in turn, depends upon the varying astronomic tide and the possible
contribution of a transient storm surge. The wave characteristics that control runup include
amplitude, period, and direction, all of which depend upon the meteorological characteristics of
the generating storm including its location and its time-varying wind and pressure fields.
Furthermore, the resulting wave characteristics are affected by variations of water depth over
their entire propagation path, and thus depend also on the varying local tide and surge. Still
further, the beach profile, changing in response to wave-induced erosion, is variable, causing
variation in the wave transformation and runup behavior. All of these interrelated factors may be
significant in determining the coastal flood level with a 1% annual chance of occurrence.

Whatever methods are used, simplifying assumptions are inevitable, even in the most ambitious
response-based study, which attempts to simulate the full range of important processes over time.
Some of these assumptions may be obvious and would introduce little error. For example, a
major tsunami could occur during a major storm, and it might alter the storm waves and runup
behavior and dominate the total runup. However, the likelihood of this occurrence is so small
that the error incurred by ignoring the combined occurrence would be negligible. On the other
hand, the conclusion might not be so clear if the confounding event were to be storm surge rather
than a tsunami because extreme waves and surge are expected to be correlated, with high waves
being probable during a period of high surge.

These guidelines offer insight and methods to address the complexity of the coastal flood process
in a reasonable way. However, the inevitable limitations of the guidance must be kept in mind.
No fixed set of rules or cookbook procedures can be appropriate in all cases, and the Mapping
Partner must be alert to special circumstances that violate the assumptions of the methodology.

D.4.3.2.1 Event-Selection Method

A great simplification is made if one can identify a single event (or a small number of events)
that produces a flood thought to approximate the 1% flood. This might be possible if, for
example, a single event parameter (such as deep-water wave height) is believed to dominate the
final runup, so the 1% value of that particular item might suffice to determine the 1% flood. In its
simplest form, one might identify a significant wave height thought to be exceeded with only 1%
chance, and then to follow this single wave as it would be transformed in propagation and as it
would run up the beach. This is the event-selection method. Used with caution, this method may
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allow reasonable estimates to be made with minimal cost. It is akin to the concept of a design
storm, or to constructs such as the standard project or probable maximum storms.

The inevitable difficulty with the event-selection method is that multiple parameters are always
important, and it may not be possible to assign a frequency to the result with any confidence
because other unconsidered factors always introduce uncertainty. Smaller waves with longer
periods, for example, might produce greater runup than the largest waves selected for study. A
slight generalization of the event-selection method, often used in practice, is to consider a small
number of parameters — say wave height, period, and direction — and attempt to establish a set of
alternative, “100-year” combinations of these parameters. Alternatives might be, say, pairs of
height and period from each of three directions, with each pair thought to represent the 1%
annual chance threat from that direction, and with each direction thought to be associated with
independent storm events. Each such combination would then be simulated as a selected “event”,
with the largest flood determined at a particular site being chosen as the 100-year flood. The
probable result of this procedure would be to seriously underestimate the true 1% annual chance
level by an unknown amount. This can be seen easily in the hypothetical case that all three
directional wave height and period pairs resulted in about the same flood level. Rather than
providing reassurance that the computed level were a good approximation of the 100-year level,
such a result would show the opposite — the computed flood would not be at the 100-year level,
but would instead approximate the 33-year level, having been found to result once in 100 years
from each of three independent sources, for a total of three times in 100 years. It is not possible
to salvage this general scheme in any rigorous way — say by choosing three, 300-year height and
period combinations, or any other finite set based on the relative magnitudes of their associated
floods — because there always remain other combinations of the multiple parameters that will
contribute to the total rate of occurrence of a given flood level at a given point, by an unknown
amount.

D.4.3.2.2 Response-based Approach

With the advent of powerful and economical computers, a preferred approach that considers all
(or most) of the contributing processes has become practical; this is the response-based
approach. In the response-based approach, one attempts to simulate the full complexity of the
physical processes controlling flooding, and to derive flood statistics from the results (the local
response) of that complex simulation. For example, given a time history of offshore waves in
terms of height, period, and direction, one might compute the runup response of the entire time
series, using all of the data and not pre-judging which waves in the record might be most
important. With knowledge of the astronomic tide, this entire process could be repeated with
different assumptions regarding tidal amplitude and phase. Further, with knowledge of the
erosion process, storm-by-storm erosion of the beach profile might also be considered, so its
feedback effect on wave behavior could be taken into account.

At the end of this process, one would have a long-term simulated record of runup at the site,
which could then be analyzed to determine the 1% level. Clearly, successful application of such
a response-based approach requires a tremendous effort to characterize the individual component
processes and their interrelationships, and a great deal of computational power to carry out the
intensive calculations.
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The response-based approach is preferred for all Pacific Coast FISs.
D.4.3.2.3 Hybrid Method

Circumstances may arise for which the Mapping Partner can adopt a hybrid method between the
event-selection and response-based extremes; this hybrid method may substantially reduce the
time required for repeated calculations. The Mapping Partner must use careful judgment in
applying this method to accurately estimate the flood response (e.g., runup); detailed guidance
and examples of the method can be found in PWA (2004).

The hybrid method uses the results of a response-based analysis to guide the selection of a
limited number of forcing parameters (e.g., water level and wave parameter combinations) likely
to approximate the 1% annual chance flood response (e.g., runup). A set of baseline response-
based analyses are performed for transects that are representative of typical geometries found at
the study site (e.g., beach transects with similar slopes; coastal structures with similar toe and
crest elevations, structure slopes, and foreshore slopes). The results obtained for these
representative transects are then used to guide selection of parameters for other similar transects
within the near vicinity. The Mapping Partner may need to consider a range of forcing
parameters to account for variations in the response caused by differences in transect geometry; a
greater range of forcing parameters will need to be considered for greater differences between
transect geometries.

The hybrid method simply postulates that if a set of wave properties can be found that
reproduces the 1% annual chance flood established by a response-based analysis at a certain
transect, then the same set of parameters should give a reasonable estimate at other transects that
are both similar and nearby.

D.4.3.3 General Statistical Methods
D.4.3.3.1 Overview

This section summarizes the statistical methods that will be most commonly needed in the course
of an FIS to establish the 1% annual chance flood elevation. Two general approaches can be
taken depending upon the availability of observed flood data for the site. The first, preferred,
approach is used when a reasonably long observational record is available, say 30 years or more
of flood or other data. In this extreme value analysis approach, the data are used to establish a
probability distribution that is assumed to describe the flooding process, and that can be
evaluated using the data to determine the flood elevation at any frequency. This approach can be
used for the analysis of wind and tide gage data, for example, or for a sufficiently long record of
a computed parameter such as wave runup.

The second approach is used when an adequate observational record of flood levels does not
exist. In this case, it may be possible to simulate the flood process using hydrodynamic models
driven by meteorological or other processes for which adequate data exist. That is, the
hydrodynamic model (perhaps describing waves, tsunamis, or surge) provides the link between
the known statistics of the generating forces, and the desired statistics of flood levels. These
simulation methods are relatively complex and will be used only when no acceptable, more
economical alternative exists. Only a general description of these methods is provided here; full
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documentation of the methods can be found in the user’s manuals provided with the individual
simulation models. The manner in which the 1% annual chance level is derived from a
simulation will depend upon the manner in which the input forcing disturbance is defined. If the
input is a long time series, then the 1% level might be obtained using an extreme value analysis
of the simulated process. If the input is a set of empirical storm parameter distributions, then the
1% level might be obtained by a method such as joint probability or Monte Carlo, as discussed
later in this section.

The present discussion begins with basic ideas of probability theory and introduces the concept
of a continuous probability distribution. Distributions important in practice are summarized,
including, especially, the extreme value family. Methods to fit a distribution to an observed data
sample are discussed, with specific recommendations for FIS applications. A list of suggested
additional information resources is included at the end of the section.

D.4.3.3.2 Elementary Probability Theory

Probability theory deals with the characterization of random events and, in particular, with the
likelihood of occurrence of particular outcomes. The word “probability”” has many meanings,
and there are conceptual difficulties with all of them in practical applications such as flood
studies. The common frequency notion is assumed here: the probability of an event is equal to
the fraction of times it would occur during the repetition of a large number of identical trials. For
example, if one considers an annual storm season to represent a trial, and if the event under
consideration is occurrence of a flood’s exceeding a given elevation, then the annual probability
of that event is the fraction of years in which it occurs, in the limit of an infinite period of
observation. Clearly, this notion is entirely conceptual, and cannot truly be the source of a
probability estimate.

An alternate measure of the likelihood of an event is its expected rate of occurrence, which
differs from its probability in an important way. Whereas probability is a pure number and must
lie between zero and one, rate of occurrence is a measure with physical dimensions (reciprocal of
time) that can take on any value, including values greater than one. In many cases, when one
speaks of the probability of a particular flood level, one actually means its rate of occurrence;
thinking in terms of physical rate can help clarify an analysis.

To begin, a number of elementary probability rules are recalled. If an event occurs with
probability P in some trial, then it fails to occur with probability Q = 1 — P. This is a
consequence of the fact that the sum of the probabilities of all possible results must equal unity,
by the definition of total probability:

> P(A)=1
i (D.4.3-1)
in which the summation is over all possible outcomes of the trial.
If A and B are two events, the probability that either A or B occurs is given by:
P(AorB)=P(A)+P(B)-P(Aand B) (D.4.3-2)
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If A and B are mutually exclusive, then the third term on the right-hand side is zero and the
probability of obtaining either outcome is the sum of the two individual probabilities.

If the probability of A is contingent on the prior occurrence of B, then the conditional probability
of A given the occurrence of B is defined to be:

P(AB)

P(AIB) =27
(B) (D.4.3-3)

in which P(AB) denotes the probability of both A and B occurring.

If A and B are stochastically independent, P(A|B) must equal P(A), then the definition of
conditional probability just stated gives the probability of occurrence of both A and B as:

This expression generalizes for the joint probability of any number of independent events, as:

P(ABC...) = P(A)P(B)P(C)... (D.4.3-5)

As a simple application of this rule, consider the chance of experiencing at least one 1% annual
chance flood (P = 0.01) in 100 years. This is 1 minus the chance of experiencing no such flood in
100 years. The chance of experiencing no such flood in 1 year is 0.99, and if it is granted that
floods from different years are independent, then the chance of not experiencing such a flood in
100 years is 0.99' according Equation D.4.3-5 or 0.366. Consequently, the chance of
experiencing at least one 100-year flood in 100 years is 1 — 0.366 = 0.634, or only about 63%.

D.4.3.3.3 Distributions of Continuous Random Variables

A continuous random variable can take on any value from a continuous range, not just a discrete
set of values. The instantaneous ocean surface elevation at a point is an example of a continuous
random variable; so, too, is the annual maximum water level at a point. If such a variable is
observed a number of times, a set of differing values distributed in some manner over a range is
found; this fact suggests the idea of a probability distribution. The observed values are a data
sample.

We define the probability density function, PDF, of x to be f(x), such that the probability of
observing the continuous random variable x to fall between x and x + dx is f(x) dx. Then, in
accordance with the definition of total probability stated above:

[ 100 dx=1 (D.4.3-6)

If we take the upper limit of integration to be the level L, then we have the definition of the
cumulative distribution function, CDF, denoted by F(x), which specifies the probability of
obtaining a value of L or less:
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F(x<L)= .[Lw f(x) dx (D.4.3-7)

It is assumed that the observed set of values, the sample, is derived by random sampling from a
parent distribution. That is, there exists some unknown function, f(x), from which the observed
sample is obtained by random selection. No two samples taken from the same distribution will be
exactly the same. Furthermore, random variables of interest in engineering cannot assume values
over an unbounded range as suggested by the integration limits in the expressions shown above.
In particular, the lower bound for flood elevation at a point can be no less than ground level,
wind speed cannot be less than zero, and so forth. Upper bounds also exist, but cannot be
precisely specified; whatever occurs can be exceeded, if only slightly. Consequently, the usual
approximation is that the upper bound of a distribution is taken to be infinity, while a lower
bound might be specified.

If the nature of the parent distribution can be inferred from the properties of a sample, then the
distribution provides the complete statistics of the variable. If, for example, one has 30 years of
annual peak flood data, and if these data can be used to specify the underlying distribution, then
one could easily obtain the 10-, 50-, 100-, and 500-year flood levels by computing x such that F
15 0.90, 0.98, 0.99, and 0.998, respectively.

The entirety of the information contained in the PDF can be represented by its moments. The
mean, y, specifies the location of the distribution, and is the first moment about the origin:

U= LO x f(x) dx (D.4.3-8)

Two other common measures of the location of the distribution are the mode, which is the value
of x for which f is maximum, and the median, which is the value of x for which F is 0.5.

The spread of the distribution is measured by its variance, %, which is the second moment about
the mean:

o =" (x=u)* £ (x) dx (D.4.3-9)

The standard deviation, o, is the square root of the variance.

The third and fourth moments are called the skew and the kurtosis, respectively; still higher
moments fill in more details of the distribution shape, but are seldom encountered in practice. If
the variable is measured about the mean and is normalized by the standard deviation, then the
coefficient of skewness, measuring the asymmetry of the distribution about the mean, is:

=" C=H) (x) dx
> o (D.4.3-10)

and the coefficient of kurtosis, measuring the peakedness of the distribution, is:
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0 X — lll
n=[ (=) F(x) dx
o (D.4.3-11)
These four parameters are properties of the unknown distribution, not of the data sample.

However, the sample has its own set of corresponding parameters. For example, the sample
mean is:

)
x_nzi:xi

(D.4.3-12)
which is the average of the sample values. The sample variance is:
2 1 o\ 2
s? = n—Z(xi ~X) (D.4.3-13)
while the sample skew and kurtosis are:
Cs = ! 3 Z(Xi - 7)3
(n-1(n-2)s" 5 (D.4.3-14)
n(n+1) N4
= (Xi - X)
“ (n-D(-2)(n-3)s* Z (D.4.3-15)

Note that in some literature the kurtosis is reduced by 3, so the kurtosis of the normal distribution
becomes zero; it is then called the excess kurtosis.

D.4.3.3.4 Stationarity

Roughly speaking, a random process is said to be stationary if it is not changing over time, or if
its statistical measures remain constant. Many statistical tests can be performed to help determine
whether a record displays a significant trend that might indicate non-stationarity. A simple test
that is very easily performed is the Spearman Rank Order Test. This is a non-parametric test
operating on the ranks of the individual values sorted in both magnitude and time. The Spearman
R statistic is defined as:

634

R=1-—\—
n(n°-1)

(D.4.3-16)

in which d is the difference between the magnitude rank and the sequence rank of a given value.
The statistical significance of R computed from Equation D.4.3-16 can be found in published
tables of Spearman’s R for n — 2 degrees of freedom.
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D.4.3.3.5 Correlation Between Series

Two random variables may be statistically independent of one another, or some degree of
interdependence may exist. Dependence means that knowing the value of one of the variables
permits a degree of inference regarding the value of the other. Whether paired data (x,y), such as
simultaneous measurements of wave height and period, are interdependent or correlated is
usually measured by their linear correlation coefficient:

Z(Xi - 7)(yi - 7)

o Jiz(lxi = [T

(D.4.3-17)

This correlation coefficient indicates the strength of the correlation. An r value of +1 or -1
indicates perfect correlation, so a cross-plot of y versus x would lie on a straight line with
positive or negative slope, respectively. If the correlation coefficient is near zero, then such a plot
would show random scatter with no apparent trend.

D.4.3.3.6 Convolution of Two Distributions

If a random variable, z, is the simple direct sum of the two random variables x and y, then the
distribution of z is given by the convolution integral:

o0

f,(2)= [ f,(T)f,(z-T) dT
= (D.4.3-18)

in which subscripts specify the appropriate distribution function. This equation can be used, for
example, to determine the distribution of the sum of wind surge and tide under the assumptions
that surge and tide are independent and they add linearly without any nonlinear hydrodynamic
interaction.

D.4.3.3.7 Important Distributions

Many statistical distributions are used in engineering practice. Perhaps the most familiar is the
normal or Gaussian distribution. We discuss only a small number of distributions, selected
according to probable utility in an FIS. Although the normal distribution is the most familiar, the
most fundamental is the uniform distribution.

D.4.3.3.7.1 Uniform Distribution

The uniform distribution is defined as constant over a range, and zero outside that range. If the
range is from a to b, then the PDF is:

f(x)= L, a<x<b, O0otherwise
b—a (D.4.3-19)

which, within its range, is a constant independent of x; this is also called a top-hat distribution.
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The uniform distribution is especially important because it is used in drawing random samples
from all other distributions. A random sample drawn from a given distribution can be obtained
by first drawing a random sample from the uniform distribution defined over the range from 0 to
1. Set F(x) equal to this value, where F is the cumulative distribution to be sampled. The desired
value of x is then obtained by inverting the expression for F.

Sampling from the uniform distribution is generally done with a random number generator
returning values on the interval from 0 to 1. Most programming languages have such a function
built in, as do many calculators. However, not all such standard routines are satisfactory. While
adequate for drawing a small number of samples, many widely used standard routines fail
statistical tests of uniformity. If an application requires a large number of samples, as might be
the case when performing a large Monte Carlo simulation (see Subsection D.4.3.6.3), these
simple standard routines may be inadequate. A good discussion of this matter, including lists of
high-quality routines, can be found in the book Numerical Recipes, included in Subsection
D.4.3.7, Additional Resources.

D.4.3.3.7.2 Normal or Gaussian Distribution

The normal or Gaussian distribution, sometimes called the bell-curve, has a special place among
probability distributions. Consider a large number of large samples drawn from some unknown
distribution. For each large sample, compute the sample mean. Then, the distribution of those
means tends to follow the normal distribution, a consequence of the central limit theorem.
Despite this, the normal distribution does not play a central role in hydrologic frequency
analysis. The standard form of the normal distribution is:

1 _(X—/J)Z

f(X)=—————e 2
( ) 6(272')1/2

F(x):£+ 1erf(

f a
(D.4.3-20)

D.4.3.3.7.3 Rayleigh Distribution

The Rayleigh distribution is important in the theory of random wind waves. Unlike many
distributions, it has some basis in theory; Longuet-Higgins (1952) showed that with reasonable
assumptions for a narrow banded wave spectrum, the distribution of wave height will be
Rayleigh. The standard form of the distribution is:

X2

f(x)= e 2
F(x)=1-e ® (D.4.3-21)
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The range of x is positive, and the scale parameter b > 0. In water wave applications, 2b® equals
the mean square wave height. The mean and variance of the distribution are given by:

T
u=>0b.|—
UZ

2 _p2io_ "
o (2-2)

(D.4.3-22)

The skew and kurtosis of the Rayleigh distribution are constants (approximately 0.63 and 3.25,
respectively) but are of little interest in applications here.

D.4.3.3.7.4 Extreme Value Distributions

Many distributions are in common use in engineering applications. For example, the log-Pearson
Type 11 distribution is widely used in hydrology to describe the statistics of precipitation and
stream flow. For many such distributions, there is no underlying justification for use other than
flexibility in mimicking the shapes of empirical distributions. However, there is a particular
family of distributions that are recognized as most appropriate for extreme value analyses, and
that have some theoretical justification. These are the so-called extreme value distributions.

Among the well-known extreme value distributions are the Gumbel distribution and the Weibull
distribution. Both of these are candidates for FIS applications, and have been widely used with
success in similar applications. Significantly, these distributions are subsumed under a more
general distribution, the GEV distribution, given by:

1y
= Lo 28] gt
b b

for —oo<xsa—E with ¢ <0 and a—9§x<oowith c>0
c C

f(x)= 1 gevom g peann for -0 < X <0 with ¢=0
b (D.4.3-23)

The cumulative distribution is given by the expressions:

F(X) _ e—(1+c(x—a)/b))’“°

for —oo<XSa—9 with ¢ <0 and a—9£x<oowith c>0
c c

_e—(xfa)/b

F(X):e -0 X< with ¢=0 (D43-24)

In these expressions, a, b, and c are the location, scale, and shape factors, respectively. This
distribution includes the Frechet (Type 2) distribution for ¢ > 0 and the Weibull (Type 3)
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distribution for ¢ < 0. If the limit of the exponent of the exponential in the first forms of these
distributions is taken as ¢ goes to 0, then the simpler second forms are obtained, corresponding to
the Gumbel (Type 1) distribution. Note that the Rayleigh distribution is a special case of the
Weibull distribution, and so is also encompassed by the GEV distribution.

The special significance of the members of the extreme value family is that they describe the
distributions of the extremes drawn from other distributions. That is, given a large number of
samples drawn from an unknown distribution, the extremes of those samples tend to follow one
of the three types of extreme value distributions, all incorporated in the GEV distribution. This is
analogous to the important property of the normal distribution that the means of samples drawn
from other distributions tend to follow the normal distribution. If a year of water levels is
considered to be a sample, then the annual maximum, as the largest value in the sample, may
tend to be distributed according to the statistics of extremes.

D.4.3.3.7.5 Pareto Distribution

If for some unknown distribution the sample extremes are distributed according to the GEV
distribution, then the set of sample values exceeding some high threshold tends to follow the
Pareto distribution. Consequently, the GEV and Pareto distributions are closely related in a dual
manner. The Pareto distribution is given by:

-1/c
F(y):l—(1+%yj for y=X-U

with  b=b+(u-a) (D.4.3-25)

where u is the selected threshold. In the limit as ¢ goes to zero, this reduces to the simple
expression:

F(y) =1- e_y”3 for y >0 (D43'26)

D.4.3.4 Data Sample and Estimation of Parameters

Knowing the distribution that describes the random process, one can directly evaluate its inverse
to give an estimate of the variable at any recurrence rate; that is, at any value of 1-F. If the
sample consists of annual maxima (see the discussion in Subsection D.4.3.5), then the 1% annual
chance value of the variable is that value for which F equals 0.99, and similarly for other
recurrence intervals. To specify the distribution, two things are needed. First, an appropriate
form of the distribution must be selected from among the large number of candidate forms found
in wide use. Second, each such distribution contains a number of free parameters (generally from
one to five, with most common distributions having two or three parameters) that must be
determined.

It is recommended that the Mapping Partner adopt the GEV distribution for FIS applications for
reasons outlined earlier: extremes drawn from other distributions (including the unknown parent
distributions of flood processes) may be best represented by one member of the extreme value
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distribution family or another. The remaining problem, then, is determination of the three free
parameters of the GEV distribution, a, b, and c.

Several methods of estimating the best values of these parameters have been widely used,
including, most frequently, the methods of plotting positions, moments, and maximum
likelihood. The methods discussed here are limited to point-site estimates. If statistically similar
data are available from other sites, then it may be possible to improve the parameter estimate
through the method of regional frequency analysis; see Hosking and Wallis (1997) for
information on this method. Note that this sense of the word regional is unrelated to what is
meant by regional studies discussed elsewhere in these guidelines.

D.4.34.1 Plotting Positions

Widely used in older hydrologic applications, the method of plotting positions is based on first
creating a visualization of the sample distribution and then performing a curve-fit between the
chosen distribution and the sample. However, the sample consists only of the process variable;
there are no associated quantiles, and so it is not clear how a plot of the sample distribution is to
be constructed. The simplest approach is to rank order the sample values from smallest to largest,
and to assume that the value of F appropriate to a value is equal to its fractional position in this
ranked list, R/N where R is the value’s rank from 1 to N. Then, the smallest observation is
assigned plotting position 1/N and the largest is assigned N/N=1. This is clearly unsatisfactory at
the upper end because instances larger than the largest observed in the sample can occur. A more
satisfactory, and widely used, plotting position expression is R/(N+1), which leaves some room
above the largest observation for still larger elevations. A number of such plotting position
formulas are encountered in practice, most involving the addition of constants to the numerator
and denominator, (R+a)/(N+b), in an effort to produce improved estimates at the tails of the
distributions.

Given a plot produced in this way, one might simply draw a smooth curve through the points,
and usually extend it to the recurrence intervals of interest. This constitutes an entirely empirical
approach and is sometimes made easier by constructing the plot using a transformed scale for the
cumulative frequency. The simplest such transformation is to plot the logarithm of the
cumulative frequency, which flattens the curve and makes extrapolation easier.

A second approach would be to choose a distribution type, and adjust its free parameters, so a
plot of the distribution matches the plot of the sample. This is commonly done by least squares
fitting. Fitting by eye is also possible if an appropriate probability paper is adopted, on which the
transformed axis is not logarithmic, but is transformed in such a way that the corresponding
distribution plots as a straight line; however, this cannot be done for all distributions.

These simple methods based on plotting positions, although widely used, are not recommended.
Two fundamental problems with the methods are seldom addressed. First, it is inherent in the
methods that each of N quantile bins of the distribution is occupied by one and only one sample
point, an extremely unlikely outcome. Second, when a least squares fit is made for an analytical
distribution form, the error being minimized is taken as the difference between the sample value
and the distribution value, whereas the true error is not in the value but in its frequency position.
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D.4.3.4.2 Method of Moments: Conventional Moments

An alternate method that does not rely upon visualization of the empirical distribution is the
method of moments, of which there are several forms. This is an extremely simple method that
generally performs well. The methodology is to equate the sample moments and the distribution
moments, and to solve the resulting equations for the distribution parameters. That is, the sample
moments are simple functions of the sample points, as defined earlier. Similarly, it may be
possible to express the corresponding moments of an analytical distribution as functions of the
several parameters of the distribution. If this can be done, then those parameters can be obtained
by equating the expressions to the sample values.

D.4.3.4.3 Method of Moments: Probability-weighted Moments and Linear Moments

Ramified versions of the method of moments overcome certain difficulties inherent in
conventional methods of moments. For example, simple moments may not exist for a given
distribution form or may not exist for all values of the parameters. Higher sample moments
cannot adopt the full range of possible values; for example, the sample kurtosis is constrained
algebraically by the sample size.

Alternate  moment-based approaches have been developed including probability-weighted
moments and the newer method of linear moments, or L-moments. L-moments consist of simple
linear combinations of the sample values that convey the same information as true moments:
location, scale, shape, and so forth. However, being linear combinations rather than powers, they
have certain desirable properties that make them preferable to normal moments. The theory of
L-moments and their application to frequency analysis has been developed by Hosking; see, for
example, Hosking and Wallis (1997).

D.4.3.4.4 Maximum Likelihood Method

A method based on an entirely different idea is the method of maximum likelihood. Consider an
observation, x, obtained from the density distribution f(x). The probability of obtaining a value
close to x, say within the small range dx around x, is f(x) dx, which is proportional to f(x). Then,
the posterior probability of having obtained the entire sample of N points is assumed to be
proportional to the product of the individual probabilities estimated in this way, in consequence
of Equation D.4.3-5. This product is called the likelihood of the sample, given the assumed
distribution:

LT f(x.)
H (D.4.3-27)

It is more common to work with the logarithm of this equation, which is the log-likelihood, LL,
given by:

LL = ilog f(x,)
1 (D.4.3-28)

D.4.3-14 Section D.4.3

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

The simple idea of the maximum likelihood method is to determine the distribution parameters
that maximize the likelihood of the given sample. Because the logarithm is a monotonic function,
this is equivalent to maximizing the log-likelihood. Note that because f(x) is always less than
one, all terms of the sum for LL are negative; consequently, larger log-likelihoods are associated
with smaller numerical values.

Because maximum likelihood estimates generally show less bias than other methods, they are
preferred. However, they usually require iterative calculations to locate the optimum parameters,
and a maximum likelihood estimate may not exist for all distributions or for all values of the
parameters. If the Mapping Partner considers alternate distributions or fitting methods, the
likelihood of each fit can still be computed using the equations given above even if the fit was
not determined using the maximum likelihood method. The distribution with the greatest
likelihood of having produced the sample should be chosen.

D.4.3.5 Extreme Value Analysis in an FIS

For FIS extreme value analysis, the Mapping Partner may adopt the annual maxima of the data
series (runup, SWL, and so forth) as the appropriate data sample, and then fit the GEV
distribution to the data sample using the method of maximum likelihood. Also acceptable is the
peak-over-threshold (POT) approach, fitting all observations that exceed an appropriately high
threshold to the generalized Pareto distribution. The POT approach is generally more complex
than the annual maxima approach, and need only be considered if the Mapping Partner believes
that the annual series does not adequately characterize the process statistics. Further discussion
of the POT approach can be found in references such as Coles (2001). The Mapping Partner can
also consider distributions other than the GEV for use with the annual series. However, the final
distribution selected to estimate the 1% annual chance flood level should be based on the total
estimated likelihood of the sample. In the event that methods involve different numbers of points
(e.g., POT vs. annual maxima), the comparison should be made on the basis of average
likelihood per sample point because larger samples will always have lower likelihood function
values.

As an example of this process, consider extraction of a surge estimate from tide data. As
discussed in Section D.4.4, the tide record includes both the astronomic component and a
number of other components such as storm surge. For this example, all available hourly tide
observations for the tide gage at La Jolla, California, were obtained from the National Oceanic
and Atmospheric Administration (NOAA) tide data website. These observations cover the years
from 1924 to the present. To work with full-year data sets, the period from 1924 to 2003 was
chosen for analysis.

The corresponding hourly tide predictions were also obtained. These predictions represent only
the astronomic component of the observations based on summation of the 37 local tidal
constituents, so departure of the observations from the predictions represents the anomaly or
residual. A simple utility program was written to determine the difference between
corresponding high waters (observed minus predicted) and to extract the maximum such
difference found in each year. Only levels at corresponding peaks should be considered in the
analysis because small-phase displacements between the predicted and observed data will cause
spurious apparent amplitude differences.

D.4.3-15 Section D.4.3

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

The resulting data array consisted of 80 annual maxima. Inspection of this file showed that the
values were generally consistent except for the 1924 entry, which had a peak anomaly of over 12
feet. Inspection of the file of observed data showed that a large portion of the file was incorrect,
with reported observations consistently above 15 feet for long periods. Although the NOAA file
structure includes flags intended to indicate data outside the expected range, these points were
not flagged. Nevertheless they were clearly incorrect, and so were eliminated from consideration.
The abridged file for 1924 was judged to be too short to be reliable, and so the entire year was
eliminated from further consideration.

Data inspection is critical for any such frequency analysis. Data are often corrupted in subtle
ways, and missing values are common. Years with missing data may be acceptable if the fraction
of missing data is not excessive, say not greater than one quarter of the record, and if there is no
reason to believe that the missing data are missing precisely because of the occurrence of an
extreme event, which is not an uncommon situation. Gages may fail during extreme conditions
and the remaining data may not be representative and so should be discarded, truncating the total
period.

The remaining 79 data points in the La Jolla sample were used to fit the parameters of a GEV
distribution using the maximum likelihood method. The results of the fit are shown in Figure
D.4.3-1 for the cumulative and the density distributions. Also shown are the empirical sample
CDF, displayed according to a plotting position formula, and the sample density histogram.
Neither of these empirical curves was used in the analysis; they are shown only to provide a
qualitative idea of the goodness-of-fit.
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Figure D.4.3-1. Cumulative and Density Distributions for the La Jolla Tide Residual

The GEV estimate of the 1% annual chance residual for this example was 1.74 feet with a log-
likelihood of -19.7. The estimate includes the contributions from all non-astronomic processes,
including wind and barometric surge, El Nifio superelevation, and wave setup to the degree that
it might be incorporated in the record at the gage location. Owing to the open ocean location of
the gage, rainfall runoff is not a contributor in this case. Note that this example is shown for
descriptive purposes only, and is not to be interpreted as a definitive estimate of the tide
residual statistics for this location for use in any application. In particular, the predictions were
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obtained from the NOAA website and so were made using the currently-adopted values of the
tidal constituents. While this may be acceptable for an open ocean site such as La Jolla where
dredging, silting, construction, and such are not likely to have caused the local tide behavior to
change significantly over time, this may not be the case for other sites; the residual data should
be estimated using the best estimates of the past astronomic components. Nevertheless, this
example illustrates the recommended general procedure for performing an extremal analysis
using annual maximum observations, the GEV distribution, and the method of maximum
likelihood.

D.4.3.6 Simulation Methods

In some cases, flood levels must be determined by numerical modeling of the physical processes,
simulating a number of storms or a long period of record, and then deriving flood statistics from
that simulation. Flood statistics have been derived using simulation methods in FIS using four
methods. Three of these methods involve storm parameterization and random selection: the Joint
Probability Method (JPM), the Empirical Simulation Technique (EST), and the Monte Carlo
method. These methods are described briefly below. In addition, a direct simulation method may
be used in some cases. This method requires the availability of a long, continuous record
describing the forcing functions needed by the model (such as wind speed and direction in the
case of surge simulation using the one-dimensional [1-D] BATHYS model). The model is used
to simulate the entire record, and flood statistics are derived in the manner described previously.

D.4.36.1 JPM

JPM has been applied to flood studies in two distinct forms. First, as discussed in a supporting
case study document (PWA, 2004), joint probability has been used in the context of an event
selection approach to flood analysis. In this form, JPM refers to the joint probability of the
parameters that define a particular event, for example, the joint probability of wave height and
water level. In this approach, one seeks to select a small number of such events thought to
produce flooding approximating the 1% annual chance level. This method usually requires a
great deal of engineering judgment, and should only be used with permission of the Federal
Emergency Management Agency (FEMA) study representative.

FEMA has adopted a second sort of JPM approach for hurricane surge modeling on the Atlantic
and Gulf coasts, which is generally acceptable for any site or process for which the forcing
function can be parameterized by a small number of variables (such as storm size, intensity, and
kinematics). If this can be done, one estimates cumulative probability distribution functions for
each of the several parameters using storm data obtained from a sample region surrounding the
study site. Each of these distributions is approximated by a small number of discrete values, and
all combinations of these discrete parameter values representing all possible storms are simulated
with the chosen model. The rate of occurrence of each storm simulated in this way is the total
rate of storm occurrence at the site, estimated from the record, multiplied by each of the discrete
parameter probabilities. If the parameters are not independent, then a suitable computational
adjustment must be made to account for this dependence.

The peak flood elevations for each storm are saved for subsequent determination of the flood
statistics. This is done by establishing a histogram for each point at which data have been saved,
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using a small bin size of, say, about 0.1 foot. The rate contribution of each storm, determined as
described above, is summed into the appropriate elevation bin at each site. When this is done for
all storms, the result is that the histograms approximate the density function of flood elevation at
that site. The cumulative distribution is obtained by summing across the histogram from top
down; the 1% elevation is found at the point where this sum equals 0.01. Full details of this
procedure are provided in the user’s manual accompanying the FEMA storm surge model
(FEMA, 1987).

D.4.3.6.2 EST

The U.S. Army Corps of Engineers has developed a newer technique, EST, that FEMA approved
for FIS; a full discussion can be found in Scheffner et al. (1999). The technique is based on
bootstrap resampling-with-replacement, random-neighbor walk, and subsequent smoothing
techniques in which a random sampling of a finite length historical-event database is used to
generate a larger long-period database. The only assumption is that future events will be
statistically similar in magnitude and frequency to past events.

The EST begins with an analysis of historical storms that have affected the study area. The
selected events are then parameterized to define relevant input parameters that are used to define
the dynamics of the storms (the components of the so-called input vectors) and factors that may
contribute to the total response of the storm such as tidal amplitude and phase. Associated with
the storms are the response vectors that define the storm-generated effects. Input vectors are sets
of selected parameters that define the total storm; response vectors are sets of values that
summarize the effects. Basic response vectors are determined numerically by simulating the
historical storms using the selected hydrodynamic model.

These sets of input and response vectors are used subsequently as the basis for the long-term
surge history estimations. These are made by repeatedly sampling the space spanned by the input
vectors in a random fashion and estimating the corresponding response vectors. By repeating this
step many thousands of times, an extremely long period of simulated record is obtained. The
final step of the procedure is to extract statistics from the simulated long record by performing an
extremal analysis on the simulated record as though it were a physical record.

D.4.3.6.3 Monte Carlo Method

As discussed above for the JPM approach, the Monte Carlo method is based on probability
distributions established for the parameters needed to characterize a storm. Unlike JPM,
however, these probability distributions are not discretized. Instead, storms are constructed by
randomly choosing a value for each parameter by generating a random value uniformly
distributed between 0 and 1, and then entering the cumulative distribution at this value and
selecting the corresponding parameter value. Each storm selected by this Monte Carlo procedure
is simulated with the hydrodynamic model, and shoreline elevations are recorded. Simulating a
large number of storms in this way is equivalent to simulating a long period of history, with the
frequency connection established through the rate of storm occurrence estimated from a local
storm sample. The Monte Carlo method has been used extensively in concert with a 1D surge
model by the State of Florida to determine coastal flood levels; see the 1D surge discussion in
Section D.4.4 for additional information. An example of a Monte Carlo approach to the statistics of
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wave runup in sheltered waters is shown in a supporting case study document (PWA, 2004). In that
example, distributions were first developed for the forcing functions (winds, waves, water levels),
and from them a long simulated time series was derived by Monte Carlo random sampling. Another
example of a Monte Carlo analysis is shown in the context of event-based erosion in Section D.4.6;
in that example, a Monte Carlo approach was used to relate bluff failure to bluff toe erosion.

D.4.3.7 Additional Resources

The foregoing discussion has been necessarily brief; however, the Mapping Partner may consult
a large amount of literature on probability, statistics, and statistical hydrology. Most elementary
hydrology textbooks provide a good introduction. For additional guidance, the following works
might also be consulted:

Probability Theory:

An Introduction to Probability Theory and Its Applications, Third Edition, William Feller, 1968
(two volumes). This is a classic reference for probability theory, with a large number of
examples drawn from science and engineering.

The Art of Probability for Scientists and Engineers, Richard Hamming, 1991. Less
comprehensive than Feller, but provides clear insight into the conceptual basis of probability
theory.

Statistical Distributions:
Statistics of Extremes, E.J. Gumbel, 1958. A cornerstone reference for the theory of extreme
value distributions.

Extreme Value Distributions, Theory and Applications, Samuel Kotz and Saralees Nadarajah,
2000. A more modern and exhaustive exposition.

Statistical Distributions, Second Edition, Merran Evans, Nicholas Hastings, and Brian Peacock,
1993. A useful compendium of distributions, but lacking discussion of applications; a formulary.

An Introduction to Statistical Modeling of Extreme Values, Stuart Coles, 2001. A practical
exposition of the art of modeling extremes, including numerous examples. Provides a good
discussion of POT methods that can be consulted to supplement the annual maxima method.

Statistical Hydrology:
Applied Hydrology, Ven Te Chow, David Maidment, and Larry Hays, 1988. One of several
standard texts with excellent chapters on hydrologic statistics and frequency analysis.

Probability and Statistics in Hydrology, Vujica Yevjevich, 1972. A specialized text with a lot of
pertinent information for hydrologic applications.

General:

Numerical Recipes, Second Edition, William Press, Saul Teukolsky, William Vetterling, and
Brian Flannery, 1992. A valuable and wide ranging survey of numerical methods and the ideas
behind them. Excellent discussions of random numbers, the statistical description of data, and
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modeling of data, among much else. Includes well-crafted program subroutines; the book is
available in separate editions presenting routines in FORTRAN and C/C++.

Software:

Several open-source and commercial software packages provide tools to assist in the sorts of
analyses discussed in this section. In particular, the S, S-PLUS, and R programming languages
(commercial and open-source versions of a high-level statistical programming language) include
comprehensive statistical tools. The R language package is available for free from the web site
http://www.r-project.org/; several books discussing the use of R and S are available. Other well-
known software packages include Mathematica, Matlab, SPSS, and SYSTAT.
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D.4.4 Waves and Water Levels

This section provides guidance for two study components: the definition of offshore waves and
their transformation to the surf zone; and the determination of water levels, including tide and
wind setup. Guidance on special considerations in sheltered waters is provided for both of these
components. This section also includes guidance on water level during El Nifios, 1% still water
levels (SWLs), combined effects of surge and riverine runoff, and consideration of non-
stationary processes.

D.4.4.1 Waves

Section D.4.2 defines the analysis steps of a typical Flood Insurance Study (FIS) in terms of
zones moving from the offshore zone to the shoaling zone to the surf zone to the backshore. The
characteristics of waves at the surf zone must be defined to estimate runup, setup, and
overtopping (see Section D.4.5), erosion (see Section D.4.6), and effects on coastal structures
(see Section D.4.7) at the shore. Wave characteristics at the surf zone are seldom available
directly from measurements. Therefore, typical steps in the wave analysis for a FIS include
defining wave characteristics in the offshore zone, transforming the waves to the surf zone, and
then creating equivalent deepwater water characteristics (back-transforming), so the transformed
characteristics can be easily used in subsequent analyses.

The primary source of offshore wave information consists of predictions from wave hindcasting
models, supported by limited measurements. The hindcast databases have been extended to cover
relatively long periods (30 years or more), while measurements are generally available for only a
few years and are sparsely spaced. Hindcasts and observations commonly represent conditions at
a point offshore, usually in deep water. Because waves in the surf zone are strongly influenced
by local bathymetry and shoreline configuration, hindcast or measured wave data must be
modified to account for wave transformations between the reference station and the study area.

The guidance provided below on wave analysis includes the following:

e Definition of wave spectra (D.4.4.1.1), which represent the distribution of wave
energy over frequencies and directions, and are used in some wave transformations,

e Discussion of deepwater wave data (D.4.4.1.2), which may be used where available
to define offshore wave characteristics;

e Discussion of hindcast offshore wave data (D.4.4.1.3), which are considered the most
likely sources of wave characteristics for FISs on the open coast;

e Description of wave transformations (D.4.4.1.4), with emphasis on spectra
transformation methods and a discussion of potential regional approaches to spectral
transformations; and

e Description of special considerations in sheltered waters (D.4.4.1.5), where wave
generation is dependent on local winds, and offshore waves are typically determined
using wave hindcasts, which are often fetch-limited.
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Because it typically occurs in the backshore zone, wave overland propagation and dissipation is
treated in Section D.4.5, Wave Setup, Runup, and Overtopping.

Several general methods of defining offshore waves and transforming them to the surf zone with
varying complexity are described here; the methods selected in a particular study area will
depend on the availability of information and the complexity of shoaling zone and surf zone
characteristics. It is difficult to define a single method for a given setting — judgment is required
by the Mapping Partner to select the type and level of analysis appropriate to the setting and
study needs. A general consideration is that the level of wave analysis should be appropriate to
support the methods to be used in subsequent analysis of wave effects at the shoreline.

D.44.1.1 Wave Spectra

The characterization of random waves by spectra is summarized here. Wave spectra represent
the distribution of wave energy over frequency and direction. Wave spectra can be either
continuous or discrete and can be expressed either one-dimensionally or two-dimensionally.

A one-dimensiona (1-D) continuous spectrum, S(f), specifies the distribution of the wave
energy over frequency, 1, as shown schematicaly in Figure D.4.4-1a.
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The energy density contained in a small frequency interval, Af, is approximately S(f)4f: the
integral over all frequenciesisthetotal energy density of the waves, E, where:

E=n?={S(f)df (D.4.4-1)

O =8
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is the mean square of the fluctuations of the water surface n about the mean level. The spectrum
can also be two-dimensional (2-D), with the wave energy distributed over both wave direction
and frequency as shown in Figure D.4.4-1b. A 2-D (or directional) wave energy spectrum is
denoted as S(f,#) in which @ is the direction from which the waves are arriving; that is,

according to the usual convention, a north wind generates north waves. In this case, the energy
density isthe double integral over both direction and frequency:

2z

E=Tjswcmdmﬁ (D.4.4-2)

such that the total energy at any frequency is the integral of the energy spectral density over
direction at that frequency.

Wave spectra can also be discrete, and analogues exist between the expressions for discrete and
continuous spectra. Figure D.4.4-2a shows an example of a 1-D discrete spectrum in which the
total energy density is now given by a summation over a set of NV discrete frequency components:

N
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Similarly, the 2-D discrete spectrum, Figure D.4.4-2Db, is denoted as S(f,,6, ), such that the total
energy density, E, is given by the double summation over N frequencies and M(n) directions:

N_M(n)

E=YY 5(/.6,,) (D.4.4-4)

n=1l m=1

As can be seen from these equations, the essential difference between continuous and discrete
spectrais that, for continuous spectra, energy is contributed by all frequencies and directions (for
2-D continuous spectra), whereas for discrete spectra, the wave energy contribution is non-zero
only at particular frequencies (and at particular directions for 2-D discrete spectra). In the
guidance below, discrete spectra are assumed to be used unless otherwise stated.

D.44.1.2 Measured Deepwater Wave Data

Ideally, long-term wave data measurement programs could replace the use of deepwater wave
hindcasts and transformation modeling to shallow water. However, wave gages are expensive to
install and maintain, and are often temporarily out of service for maintenance or repair.
Nevertheless, wave measurements are extremely important for confirmation and verification of
the results of hindcast modeling. For the Pacific Coast, the principal sources of wave
measurements are the National Data Buoy Center (NDBC) and the Coastal Data Information
Program (CDIP), which is supported by the State of California and the U.S. Army Corps of
Engineers (USACE). There are also “records of opportunity” that may be obtained from oil
company platforms, local agencies, and numerous engineering studies performed along the coast.

D.4.4.1.21 National Data Buoy Center

The NDBC (<http://www.ndbc.noaa.gov/>) is a branch of the National Oceanic and
Atmospheric  Administration (NOAA). NDBC has installed and maintained offshore
meteorological and oceanographic buoys since the late 1960s. Many of these buoys have been in
place at specific locations for a sufficiently long period such that reasonably accurate wave
height statistics can be derived. (Federa Emergency Management Agency [FEMA] studies
typically require a minimum of 30 years of data to achieve acceptable predictions.) Many other
buoy locations are available with limited record periods and are not suitable for direct statistical
prediction of extremes. However, the data from any wave sensor might still be very useful to
check wave hindcast models.

Figure D.4.4-3 shows locations of the NDBC Met-Ocean buoys in the Southern California area;
Figure D.4.4-4 shows locations in the North Pacific. Not all of the buoys that are shown on the
maps are always present, and often those shown are temporarily removed for maintenance and
may be replaced in dlightly different locations. Data inventories (locations, dates of installation,
and records) are available at the website noted above. Most wave data are in the form of 1-D
spectra with summaries of wave height and periods (spectral peak and average); very few have
wave directional information.
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Figure D.4.4-3. NDBC Buoy Locations near Southern California
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Figure D.4.4-4. NDBC Buoy Locations in the North Pacific

The NDBC buoys record wave amplitudes by sensing the vertical heave acceleration. To obtain
wave direction estimates, the sensors include two horizontal accelerometers. The moorings are
designed to minimize the restraints on the buoy motions, but it should be recognized that thisis
not a perfect decoupling; in particular, the response to longer waves (periods greater than 20
seconds) may be affected. In the most recent buoy configuration, wave data are recorded for 20
minutes each hour. For directional spectra buoys, the outputs from the horizontal accelerometer
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sensors are used to derive a mean wave direction and an angular spreading. The estimates of
angular spreading are inherently poor, as only two coefficients can be determined to represent
what should commonly be a narrow directional distributional function associated with swells.

D.4.4.1.2.2 Coastal Data Information Program

The CDIP employs a number of nearshore buoys that record directional wave spectra. They are
installed and maintained by Scripps Institution of Oceanography under the sponsorship of
USACE, Office of Naval Research, the State of California, and others. The program has been
expanded recently to include installations on the Atlantic Coast, the Great Lakes, Hawaii, and
other areas of the Pacific Ocean (<http://cdip.ucsd.edu/dbase/web stations/public_station
directory.shtml>). Some older data include measurements by pressure sensors rather than buoys.

Data from the CDIP buoys are analyzed to give wave heights and estimates of wave directions.
The basic sensors are accelerometers that sense vertical acceleration and two orthogonal
horizontal accelerations. These exhibit limitations similar to those discussed above for NDBC
directional wave buoys. The “apparent” horizontal accelerations may be contaminated by the
buoy responses in “tilting” (pitch and roll). The relative magnitudes of the two components
provide a good approximation to mean wave direction at each frequency band within the
spectrum, but directional spread estimates are inherently limited because only two components
are available to define what might be a relatively narrow directional distribution in shallow
waters.

D.4.4.1.3 Hindcast Wave Data

Hindcast wave data consist of estimates of wave parameters derived from weather data, rather
than actual wave observations, through application of wave generation models. Some earlier
flood studies used hindcast wave data developed by the Navy’'s Fleet Numerical Weather
Central, which was analyzed and published by Meteorology International Inc. (Ml1, 1977). The
Wave Information Studies (WIS) developed by the USACE Waterways Experiment Station at
Vicksburg have also been used. The WIS data include statistical summaries of wave conditions
and time series for the period from 1956 to 1975 for the Pacific Coast (WIS Report 17 by Jensen
et a., 1989), with a separate report (WIS Report 20 by Jensen et a., 1992) for Southern
California. An important limitation of these older studiesis that they did not include swells from
the Southern hemisphere or from Northeast Pacific tropical storms. The WIS period aso
corresponded to a time when satellite meteorological measurements were not available or were
very limited, and the number of data buoys was much smaller than it is now.

Significant improvements in the analysis of historical meteorology have been made in recent
years. Wind fields have been re-analyzed and have been used with so-called third- and fourth-
generation wave hindcast models to yield improvements in wave hindcasts over periods of 20-30
years. The advent of very economical high speed computing capabilities has enabled directional
wave spectral modeling to be performed on the entire Pacific Ocean, and even globally. These
newer models have been calibrated and verified by comparison with measured data at offshore
buoys and with satellite scatterometer measurements.
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Wave hindcast databases that can be considered for usein an FIS include:

e WAVEWATCH IIl by Fleet Numerica Meteorology and Oceanography Center
(FNMOC);

e WIS by the USACE; and

e Global Reanalysis of Ocean Waves (GROW) by Ocean Weather Inc.

D.4.413.1 WAVEWATCH Il

The U.S. Navy FNMOC prepares weather and wave forecasting for all oceans of the world
(<https.//www.fnmoc.navy.mil/PUBLIC/>). The basic model, known as WAVEWATCH III,
computes directional wave spectra using 25 frequency and 24 direction bins. Products include
sea wave heights, periods, and directions;, swell wave heights, periods, and directions; and
several other meteorological parameters. The emphasis of the available data is forecasting. There
isan historical database dating back to July 1997 that can be downloaded (with permission) from
the FNMOC site. This database is too short for estimating extreme waves. However, given that
the model is readily available and can be downloaded from the WAVEWATCH site, the
hindcasting model could conceivably be extended by a user as long as the analyzed wind fields
for earlier years are prepared or available. WAVEWATCH Il is a third-generation deepwater
wave prediction model (WAMDIG, 1933; Komen et al., 1994).

D.4.4.1.3.2 Wave Information System

The WIS was developed by the Waterways Experiment Station of the USACE
(<ftp://wisftp.wes.army.mil/pub/outgoing/wisftp/>). WIS reports cover both the U.S. coasts and
the Great Lakes. Wave hindcast data include separate values for sea and swell wave heights,
periods, and directions. Many stations are located close to shore and include some portion of the
shallow water transformations. For the Pacific Coast, the period of hindcasting is 1956 through
1975. Figures D.4.4-5 and D.4.4-6 illustrate examples of locations for which WIS data can be
downloaded from the referenced website.

WIS is currently being updated to add coverage for a more recent time period. It has been
suggested that WIS may overestimate wave heights along the Pacific Coast. Consequently, if
WIS data are to be used in a study, the Mapping Partner must review them to assess their
accuracy by comparison with other data available for the area.

D.4.4.1.3.3 Global Reanalysis of Ocean Waves

GROW data are available from Ocean Weather Inc. at <www.oceanweather.com/metocean/
grow/index.html>. These data include the results of a hindcast modeling system that covers the
entire Pacific Ocean. The data are continually updated after comparisons with buoy
measurements and scatterometer satellite observations. The data include atotal of 23 parameters
including heights, periods and directions for seas and swells. Also included are wind speed and
direction, directional spreading of wave energy, and spectral moments (first and second). The
hindcasts are based on directional spectral modeling using 23 frequency bands by 24 direction
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Figure D.4.4-5. WIS Stations in Central California

bands. GROW data are available at 3-hour intervals beginning January 1, 1970 through present,
on grid points at every 0.625 degrees latitude and 1.25 degrees longitude. Figure D.4.4-7 shows
some of the grid points that are available along the Pacific Coast.

The wave data files can be purchased in ASCII format. Standard output includes 23 parameters
(19 meteorological and wave parameters) every 3 hours for the period of the hindcast (1970 to
the present). The data include:

Sea heights (energy), periods, and directions

Swell heights (energy), periods, and directions
Significant wave height, dominant period, and dominant direction (from sea or swell)
Spectral moments (m1 and my)
Angular spreading parameter (related to the exponent n in cos'(0— 6;)).
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Figure D.4.4-6. WIS Stations in Southern California

From this data, directional spectral inputs for application to shallow water wave transformations
can be specified. The directiona spreading is available, but it is necessary to adopt a spectral
peakedness factor in a Joint North Sea Wave Project (JONSWAP) type spectral formulation. The
gpectral form should be taken (after Goda, 1985) as.

S(/,0)=S(f)G(6) (D.4.4-5)

S(f) = aHPT £~ exp[-125(T, )]y oo 0"127] (D.4.4-6)

0.0624
0.230+ 0.0336y — 0.185(1.9+ )

o

1

oc=0, /<],

oc=0,:f2f,

in which the directional spectrum is assumed to be separable into frequency and direction terms.
Directional information is contained in the function G; subscript p denotes peak; «, 7, and o are
parameterswith y=1for seaand 9 for swell; o, = 0.07; and o, = 0.09.
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Figure D.4.4-7. Example of GROW Station Locations Along the Pacific Coast
Directional spreading is modeled using the following cosine power function:
G(e) = G() Cosn (‘9' 0 main) (D44'7)

in which 6,,.;, 1s the main wave direction (MWD) and » is the directional spreading index. The
relationship between the angular spreading parameter in the GROW hindcast (ANGSPR) and »
isasfollows:

n 2x ANGSPR
1- ANGSPR (D.4.4-8)

and

2
G =Ly i/2+]

Vs ['(n+1) (D.4.4-9)

where I" is the gamma function. Goda suggests that G, should be treated as a function of
frequency relative to the peak frequency. This refinement may not be essential; sensitivity tests
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have shown that the practical difference in results after wave transformation routing to shallow
water is negligible.

GROW assumes deepwater (depth > 3,200 feet) at the hindcast point. The reference GROW
point should be taken offshore of this depth and clear of al headlands, islands, and shoals that
may cause wave directions to be modified. Wherever possible, wave data should be evaluated by
comparison with measurements that may be available in the study area.

D.4.4.1.3.4 Hindcast Wave Data Comparisons

In the future, aternative sources of wave data such as longer records of direct measurements
from offshore buoys, improved wave modeling from WIS or WAVEWATCH |1l may be
available and may be advantageous for use. The principal restriction of these alternative sources
at present is that the WAVEWATCH |1l data cover a limited period, and the WIS data for the
Pacific Coast are thought to give wave heights that are somewhat too large. It has also been
noted that the wave periods reported by offshore buoys may be too low. Comparisons between
data sources can be made where they overlap. Specifically, the GROW data overlap with the
WIS data between 1970 and 1975, and with buoy data where available. There are generally no
overlaps between the NOAA buoy data and the currently available WIS data ending in 1975.

Normally, GROW data are provided at 3-hour intervals, which should be adequate for any FIS.
Thisyields 2,920 records per year (2,928 in aleap year). The GROW data include 23 parameters
(19 meteorological and oceanographic parameters) at each time step, so a complete 30-year file
would contain about 90,000 data lines. This may exceed the capacity of some common software,
although many specialized packages are available for manipulation of data sets of this
magnitude. The NOAA data are stored in annual blocks on the NOAA website. The WIS data are
stored at 3-hour time steps with 15 parameters that include the separation of sea and swell. WIS
Il (Pacific Coast) provides a record from 1956 through 1975 in text format, in addition to
statistical summaries.

At the present time, the GROW hindcasts may provide the most comprehensive and current data
set for FIS use in most open coast locations.

D.4.4.1.4 Wave Transformations

D.4.4.1.4.1 Overview

The primary wave data used in a Pacific Coast FIS are obtained from offshore deepwater
hindcasts and observations as described above. However, the deepwater wave characteristics
cannot be used directly to describe flood processes onshore. During propagation from deep water
to the shallow water at the study site, the waves undergo major transformations in amplitude and
direction, which depend upon the bathymetry over which they travel. To determine the ultimate
onshore wave effects and flood levels (erosion, runup, setup, overtopping, and so forth) the
Mapping Partner must account for these changes in the wave characteristics by determining the
wave transformations, for a particular study area and coastal setting.

The major transformation processes are refraction, diffraction, and shoaling, al of which alter
the waves heights, while refraction and diffraction also affect their paths. For more information
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on these fundamental wave processes, the Mapping Partner should consult either the Shore
Protection Manual (USACE, 1984) or the Coastal Engineering Manual (CEM) (USACE, 2003).
Other processes that may be important include local wave growth because of winds, wave-wave
interactions, wave-current interactions, and reflection. The Mapping Partner shall consider and
document these processes when appropriate.

The level of complexity of the Mapping Partner’ s wave transformation effort depends upon two
major considerations. First is the complexity of the bathymetry in the site vicinity. If the site lies
in an area that can be adequately characterized by straight and parallel depth contours, relatively
simple wave transformation procedures may be entirely acceptable. If, however, the site is
fronted by rapidly varying bathymetry, such as a steep, narrow canyon, or by islands or shoals,
then the wave propagation behavior is correspondingly complex, and complex procedures are
required.

The second consideration is the manner in which the transformed wave parameters will be used
in subsequent surf zone and shoreline computations.  Section D.4.5 includes three potential
methods for wave setup computations that may be used depending on complexity of the surf
zone, setting, and overall study methodology. These are: 1) a parameterized version of the
Direct Integration Method (DIM); 2) a DIM numerical model; and 3) Boussinesg modeling. The
parameterized DIM approach requires only the deepwater equivalent significant wave height,
peak period, and peak enhancement parameter. The numerical DIM approach requires an
equivalent deepwater wave frequency spectrum, and the Boussinesq approach requires a full
directional spectrum or wave time series. The selection of transformation methods must
therefore consider the input required in this subsequent analysis step.

The complexity of the analysis depends on the complexity of the site characteristics and
dominant transformation processes that must be represented. In some study areas, both the
shoaling zone and surf zone bathymetry may be relatively simple, and the offshore waves
relatively uniform. In this case, complex transformation methods may not be required.  For the
case of simple bathymetry with straight and parallel contours, this may be accomplished with
shoaling and Snell’s Law for refraction. This approach may be applied to a single wave or to a
wave spectrum. For more complex bathymetries and to account for other transformation
processes (e.g., diffraction), transformation determinations based on 2-D hydrodynamic
modeling, such as Boussinesq models, are needed. These models may be used to develop
spectral transformations, or if the wave transformations are nonlinear, to transform the times
series of the wave surface elevations. In sheltered waters or other areas where significant wave
generation occurs in the shoaling zone, a 2-D spectral wave model that also accounts for wave
generation may be desirable. The guidance below provides background primarily on the spectral
transformation methods.

As shown in the accompanying flow chart (Figure D.4.4-8), the determination of wave
transformations for atypical Pacific Coast FIS includes four major steps:

Review site conditions and avail able wave information.
Develop atransformation approach.

Perform the transformation from deepwater to nearshore.
Convert nearshore results to equivalent deepwater conditions.

PONPRE
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If the study site lies in an area of extremely complex bathymetry, a high resolution
transformation model might be required to resolve loca refraction and diffraction behavior.
Rather than perform the entire analysis using a highly detailed model in offshore areas where
conditions do not require it, the Mapping Partner can establish the wave transformations using a
two-step process, first bringing the waves close to shore with a model of normal resolution, and
then performing a second nearshore transformation of those waves using a fine grid in the more
local area of complex bathymetry.

The spectral method of wave transformation relates shallow water spectra with offshore spectra
through multiplication by an array of wave transformation coefficients. The transformation array
is developed by application of a 2-D hydrodynamic wave transformation model applied over the
bathymetry between the site and the deepwater data source points. It is recognized that there may
be situations where alternative methods may be more appropriate. For example, wave
transformations in sheltered waters may be better determined using a spectral wave model that
also considers wind wave generation (see Subsection D.4.4.1.5).

The Mapping Partner must perform a thorough and detailed review of site conditions as part of
this wave transformation analysis. A comprehensive summary of the site should include the
following items:

e Bathymetry setsfor the offshore and nearshore regions.

e Locations for several cross-shore transects in the nearshore region that encapsulate
the local character of the coastline and the seabed stegpness.

e Locations and types of coastal structures.

e Identification of special processes (such as diffraction, reflection, or the presence of
strong currents or local winds) that might influence wave transformation.

e A specific definition of the site boundary for the analysis.
e Thelocation of the source offshore spectral wave data.

e Appropriate tide level. In most cases a single tide level on the order of mean higher
high water (MHHW) is sufficient for flood studies. However, higher water levels or a
range of levels may be considered as appropriate.

The Mapping Partner shall select nearshore points that act as output locations for the
transformation of the offshore wave spectra. It is recommended that the Mapping Partner shall
select nearshore points just outside the surf zone as defined by the large waves breaking during
extreme events. Engineering judgment shall be used to determine transect spacing. It is
recommended that transects extend far enough in the seaward direction, so the most seaward
point is outside of the surf zone. An example approach to selecting a nearshore point and a series
of cross-shore transects is shown in Figure D.4.4-9. The shore transects are located to represent
reaches of shoreline with similar wave exposure and beach characteristics including man-made
features such as coastal structures.
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Figure D.4.4-8. Flow Chart for Wave Transformation Analysis

As a necessary part of quality control, the Mapping Partner is responsible for ensuring that
numerical transformation results adequately represent site behavior. If numerical methods that
have not been validated are used, the Mapping Partner shall consider the need to obtain field data
measurements to validate the wave transformation procedures.

D.4.4.1.4.2 Spectral Transformation Methods

In the spectral method, the offshore wave spectrum is converted to a nearshore wave spectrum
using an array (or arrays) of wave transformation coefficients for discrete wave frequency and
offshore direction intervals. A conceptual diagram of the spectral method using an array of
transformation coefficients is shown in Figure D.4.4-10.
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Figure D.4.4-10. Conceptual Diagram of Spectral Transformation

This transformation process should incorporate all important transformation processes in the
study area, including shoaling, refraction, sheltering, diffraction, island blocking, and so forth. In
this process, the discrete frequencies remain the same as they were in deepwater; however, the
discrete directions change owing to wave refraction. At the nearshore location, the spectrum is
consolidated to a single direction per frequency, and stored for later use. This consolidated
spectrum is also transformed back to deepwater for a different set of applications. The back-
transformation alows the Mapping Partner to work with equivalent deepwater conditions; the
back-transformed deepwater spectrum is characterized by one direction per frequency.

Spectral transformations are often based on application of a 2-D hydrodynamic model to develop
the array of transformation coefficients, and this level of analysis will be appropriate in most
situations on the Pacific Coast.
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Transformation of the Deepwater Spectrum to a Nearshore Location

The array of transformation coefficients can take several forms depending on the methods used
to calculate them; more complex site conditions require more complex calculations to achieve
adequate accuracy. A representative conceptual form of the transformation relationship is:

S0 Ussbh) = S, O VKUK Fn) Gl 10t (0 410)

in which subscripts o and ns denote offshore and nearshore conditions, and m and » denote the
discrete direction and frequency components, respectively; the prime denotes the transformed
nearshore direction. K, is the shoaling coefficient, K, is the refraction coefficient,

andG,,( fn,HU,n’m)accounts for the change of direction between offshore and nearshore (not

modifying the energy level of the spectral element); taken together, K, and G represent the
effects of refraction.

In studies where the DIM approach will be used for setup and runup, calculation of the full
nearshore directional spectrum is unnecessary because the subsequent setup and runup
calculations require only the frequency spectrum (no direction information is required after the
wave transformation calculations). Then the spectral transformation becomes:

M (n)
S, (f)=KX(f) D KX(f,.0,,,)5.(f,.6,...)
el (D.4.4-11)

where M(n) is the number of direction components for the n” frequency component.

If the nearshore directional spectrum is desired, the direction transformations must be
determined. For straight and parallel depth contours, Snell’s Law gives a simple relationship
based on offshore angle of wave approach, nearshore depth, and wave frequency. Otherwise, the
directional transformation can be complex owing to converging and diverging zones of wave
energy; the Mapping Partner shal develop the directional transformation with care. One
approach is to develop smoothed directional distributions at the shallow water location for each
frequency. This approach lends itself to the application of discrete back-refraction models and is
used by CDIP. An adternative method is to establish an array of mean wave directions at the
shallow water location based on transformation of directional distributions from each offshore
direction and selected frequency; this approach lends itself to application of contemporary 2-D
spectral wave transformation models.

In areas where the bottom contours are reasonably straight and parallel, the Mapping Partner
may choose instead to carry out the transformation using simplified methods for straight and
parallel contours. In this case, the necessary linear wave transformation coefficients are given by:

K ? = cosf, | cosé (D.4.4-12)
K*=CglCq (D.4.4-13)
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where Cs is the group velocity and the subscript o denotes the deepwater location; the
unsubscripted variables are at the nearshore site. The refracted wave directions are given by

sing = Cgsin 0, (D.4.4-14)
and
c =Cl1, _2h (D.4.4-15)
2 sinh 2kh

The wave celerity, or phase velocity, is given by C=L/T where T is the wave period and L is
the wave length, related by the implicit dispersion equation:

2
Ll tanh(zzh j (D.4.4-16)
T

The water depth is denoted by / and the gravitational acceleration by g.

Consolidation of the Nearshore Spectrum

After the nearshore spectrum S, (f,,6,,) is established, it is consolidated into a discrete

spectrum with a single direction for each frequency. The requirements for the consolidated
nearshore spectrum are: (1) that total energy be preserved, and (2) that the longshore component
of momentum be preserved.

Thetotal energy of the nearshore spectrum for each frequency, f,.:

S (£) =28, (£.16,.)

(D.4.4-17)
The effective direction, 9;;7',,, , for each frequency is determined from
M
6, =<snt| ——3°s, (£..6,) ¢ sin2g
eff \n 2 S (f ) - ns n?!m C m
ns \JnJ m=1 (D44'18)

in which Cg and C are the group and phase velocities, respectively.
Transformation of the Consolidated Nearshore Spectrum to Deepwater Equivalent

After the equivalent nearshore spectrum has been determined, it can be back-transformed to
deepwater by applying the shoaling or refraction coefficients previously found. The equivalent
deepwater spectrum is the nearshore spectrum de-shoaled to deepwater, but retaining the
influence of refraction. Therefore, the equivalent deepwater spectrum is the spectral version of

the equivalent deepwater wave height, H, ; traditionally used for coastal analyses. The
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equivalent deepwater spectrum, S (f,); can be calculated from either the nearshore spectrum or

the incident deepwater spectrum. In the first case, the nearshore spectral elements are divided by
the appropriate shoaling coefficients:

KX(f,) (D.4.4-19)

In the second case, the deepwater equivalent spectrum is calculated directly from the incident
deepwater spectrum by incorporating the effect of refraction:

S.(£)=" K2(£,.0,,0)8.(£,.0,..)
m-1 (D.4.4-20)

Spectral Transformation Output

Output from the spectral transformation approach should consist of the following items:

A wave frequency spectrum outside the breaker line at one or more nearshore point(s);
An equivalent deepwater wave spectrum,

An equivalent deepwater significant wave and a peak period;

Three spectral moments (mo, m1, and my) for the equivalent deepwater wave spectrum;
and

e Directional information, if required, for the equivalent offshore spectrum.

Wave spectra for each transect in the nearshore are converted to deepwater conditions and
equivalent deepwater wave parameters are calculated from the spectra. The necessary spectral
moments can be calculated from the following equation:

m= Y f'S(f,) (D.4.4-21)

asf,<b

where m; is the i spectra moment and (a,b) are suitable cutoff frequencies. The spectral
moments are used to calculate the spectral width (or narrowness of the peak of the frequency
spectrum), which isimportant for the setup calculations discussed in Section D.4.5. The spectral
moments should be calculated by summing the spectral terms from the low frequency cutoff, a,
to the high frequency cutoff, 5. The low frequency cutoff istypically assumed to be 0.0 Hz, but it
is often as high as 0.03 Hz, depending on the analysis methods employed to generate the offshore
spectrum. For the purposes of calculating the spectra width only, the high frequency cutoff
should be limited to about 1.8 f,, where f, is the peak frequency (Goda, 1983). This cutoff is
recommended so that the higher frequency wind waves do not dilute the calculated “ peakedness’
of the spectrum.

4.4.1.4.3 Regional Transformation and CDIP

Accurate prediction of waves in the nearshore region requires modeling the evolution of the
deepwater wave spectrum across the continental shelf. In some regions such as Southern
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Cdlifornia, offshore isands must also be taken into account. As a result, predicting waves at a
single nearshore location generally requires setting up a relative large bathymetry grid, or a
series of nested grids, to adequately address the sheltering and shallow water transformation of
the incident waves.

Given the relatively large time and computational investment required to set up such a model for
a single coastal site or short reach of coast, government agencies (NOAA, USACE, U.S.
Geological Survey [USGS], U.S. Navy) are frequently adopting a broad regional wave modeling
approach. There are several commercial and public domain spectral wave models that can be
used for regional shallow water wave problems, and relatively large-scale regional wave
modeling has become computationally and economically tractable with present computer
technology. Wave model domains are prepared to provide predictions for relatively long sections
of coastline (e.g., the entire Southern California Bight), and sheltering and shallow water effects
are pre-computed to the extent permitted by the model resolution. Where such data are already
available, Mapping Partners should adopt them if possible, and focus study resources more
efficiently on specific localized environment factors (e.g., an ebb shoa at an inlet, or nearby
reflective coastal structures) that may influence flood levels. As noted before, a second high-
resol ution nearshore transformation step may be needed.

Should a Mapping Partner be required to undertake development of a regional numerical
transformation model, significant considerations include not only which of the available spectral
wave models should be used, but especialy the choice and implementation of the model’s
various tools and variables (such as grid characteristics, boundary conditions, and parameterized
wave physics) to achieve sufficiently accurate results. Perhaps the most important of these model
factors is whether any nonlinear aspects of the wave spectrum evolution from the shelf break to a
location outside the surf zone need to be included. In most cases, these nonlinear effects can be
neglected, and the Mapping Partner can use a fully linear approach in which the regional
modeling only has to be performed once. Linear wave transformation coefficients are produced
by the model in this instance, and can be used repeatedly to transform any deepwater wave
spectrum to the coastline.

An independent regional transformation modeling effort is only undertaken by the Mapping
Partner with concurrence of the FEMA study representative. In many instances, the Mapping
Partner will adopt transformation data devel oped by others, such as the CDIP program described
in the subsections below.

CDIP Coastal Wave Transformation Database

The CDIP at Scripps Ingtitution of Oceanography has implemented a spectra refraction
modeling method to derive regional coastline wave predictions just seaward of the surfzone
(O'Reilly and Guza, 1991). The model accounts for island blocking, wave refraction, and wave
shoaling. Spectral refraction back-refracts wave rays from the site of interest to unsheltered
deepwater over the entire range of possible wave frequencies and wave directions. The retained
starting and ending ray angles are then used to map a deepwater directional spectrum to a
sheltered or shallow water spectrum at the back-refraction site. The resulting solutions are more
realistic than those obtained using an assumption of unidirectional monochromatic deepwater

D.4.4-19 Section D.4.4

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

waves. The Mapping Partner should consult technical documents from CDIP (2004a and 2004b)
for a compl ete description of model validation and user’ s documentation.

When available, the Mapping Partner shall adopt CDIP transformation data to carry out the
deepwater to nearshore wave transformation. An overview of the general steps to be followed by
the Mapping Partner in cooperation and coordination with CDIP for the development of
nearshore wave information is shown in Figure D.4.4-11. The primary steps to be taken include:

1. Ensure that local bathymetry data are accurate and up-to-date; if needed, update the
bathymetric grid and the CDIP transformation coefficient database for the study area.

2. Vadidate coefficients with local wave data if available, and assess the need for additional
validation measurements.

3. Transform selected deepwater (unsheltered) wave hindcast spectra to the nearshore model
sites using the reviewed transformation coefficients.

These steps are discussed below.
Local Bathymetry Assessment

CDIP maintains regional wave model bathymetric grids, and software to create and modify them,
for the coast of California. The water depths in the grids extend from approximately 15-foot
depth out to the continental shelf break. The grids are derived primarily from digital
hydrographic survey data collected by the National Ocean Survey (NOS) and distributed by the
National Geophysical Data Center (NGDC). The coastal coverage of the NOS is particularly
dense in Southern California and generally adequate for the remaining portions of the West
Coast with either sizable population or frequently navigated coastal waters.

Each regional grid is produced from a very large number of NOS survey points. The data are
screened for outliers and the resulting grids are plotted and visually inspected for errors.

Nevertheless, the local bathymetry at a study area remains a potential source of modeling error.
Bathymetric errors may be the result of old or sparse surveys that fail to resolve a shallow water
feature, or from changes in the local bathymetry owing to nearshore processes or dredging. As an
initial task in the wave hindcast process, the Mapping Partner shall obtain and review local
bathymetric information. This may include review of available survey maps for the area, a
datasearch for bathymetric surveys performed by agencies other than NOS, and discussions with
local authorities and local mariners. The Mapping Partner should then meet with CDIP and
FEMA representatives to review this information and assess whether changes to the existing
regional model grid and the model transformation coefficient database are needed. In addition,
the need for new field measurements for model validation should be determined at this time.

Transformation Coefficient Validation

CDIP has validated the spectral refraction wave model predictions at humerous locations
throughout Southern California over the past 15 years. This has provided some assurance that
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Figure D.4.4-11. Flow Chart of Tasks to Derive Nearshore Wave Hindcast
Information for a FEMA Study Area

refraction and shoaling are the dominant transformation processes on narrow continental shelves
such as those found on the West Coast. The various validation studies have also shown that
significant model prediction errors can occur owing to model boundary condition errors (errors
in the deepwater directional wave spectra and/or local bathymetry) or a neglected physical
process such as wave reflection from a cliff-lined coastline.

Therefore, the second task in developing wave hindcasts for a FEMA study area is to assess the
need for additional wave model validation. Mapping Partners will meet with FEMA and CDIP
representatives to discuss the local geographic setting and determine if there are specific
bathymetric or topographic features that might require modeling of additional physical processes.
CDIP can also provide information on existing wave measurements in or near the study region
that could be used for validation purposes.

The collection of wave measurements for model validation is an expensive and time-consuming
task because both deepwater directional data and nearshore wave data are required, and data
must be collected for a long enough period of time to observe a variety of wave events. The
decision on whether to attempt additional model validation should be based in part on overall
FEMA regional wave model information needs, and must be approved by the FEMA study
representative.

The final task is to transform deepwater wave hindcast spectra to the nearshore using the
reviewed, and possibly updated, spectral transformation coefficients from the CDIP database.
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D.4.4.1.4.4 Local Seas

Local winds can affect waves during propagation; the regional transformation method described
above does not include consideration of the effects of local winds. If local seas are considered
important to the events being modeled, it is recommended that they be superimposed as a
separate wave train, and integrated into the nearshore spectra. This can be accomplished by
taking the estimated directional sea state, in spectral form, and applying the transformation
coefficient array, as if it were generated offshore at the same or similar directions. If islands or
shoals offshore of the wind field affect the transformation coefficients such that the site is
artificially sheltered, an additional transformation is needed to refract the seas to the site.

D.4.4.1.45 High-resolution Nearshore Transformation

Once the primary transformation of waves to the nearshore point(s) is complete, it may be
necessary to perform a secondary transformation to account for the effects of local complex
bathymetry. For this, the Mapping Partner may use a spectra wave model with the ability to
propagate the wave components from the nearshore point(s) to the local transects.

A number of such models are in wide use; the Mapping Partner should review FEMA’s list of
approved models for candidates. Should a model that is not on the approved list be deemed
advantageous for the study, the Mapping Partner should coordinate with the FEMA study
representative.

Specific model user’s manuals and documentation must be relied upon for guidance in modeling
considerations. In any case, model grids should be constructed with appropriate resolution to
simulate irregular bottom contours and any special bathymetric features. The grids should also be
constructed, so the transect locations are not close to the grid boundaries. The Mapping Partner
shall locate output points on the model grids corresponding to the locations of the local transects.
A sufficient number of modeling runs shall be performed so that a 2-dimensional (frequency and
direction) energy transfer coefficient array can be constructed for each local transect. These
coefficients are similar to those developed for the primary deepwater to nearshore
transformation. Once the transfer coefficients have been determined, the Mapping Partner shall
convert the wave spectra at the nearshore point(s) to wave spectra at the location of each transect
using methods discussed earlier.

D.4.4.15 Waves in Sheltered Waters

D.4.4.15.1 Storm Wind Fields

The ocean wave data discussed above may not be available for sheltered waters. In this case,
local wave generation modeling may need to be undertaken. A first step in this effort is the
acquisition of necessary wind data. In sheltered waters, transitions between land topography and
open water areas affect the characteristics of the wind field. The wind fetch is the open water
area over which wind waves are generated, and storm seas in sheltered waters are limited by the
size and shape of the water body (“fetch-limited” seas). Wind speed, wind duration, fetch length,
and water depth are the main parameters that determine the heights and periods of locally
generated wind waves. (See USACE, 2003 and 1984 for details.)
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Time series of 2-D (surface) wind fields are the most realistic representations of storm
conditions. Several numerical wave models have the capability to incorporate 2-D time-varying
wind fields, but adequate wind field data are not typically available. Instead, point wind data are
most commonly measured by anemometers or wind gages operated by government agencies or
airports. To use such point data, the Mapping Partner may follow a procedure in which:

e Extreme wind speeds are estimated from wind gage measurements at a point (extremal
analysisisdiscussed in Section D.4.3);

e Thewind speed duration is adjusted to optimize for the fetch-limited wave condition; and

e Thefetch-limited wind condition is applied as a steady-state boundary forcing function in
a 2-D numerical model.

A wind gage might not be located at the study site, but several gages may be located within the
vicinity of the site. The selection of wind data from a particular gage should be based on data
availability, proximity of the gage to the site, the length of the data record, and the type of data
recorded. The goal is to obtain the longest record of quality data that is representative of wind
conditions at the study site.

Anemometer measurements of wind data are recorded in various ways. Average wind speed and
direction over a given interval (i.e., 2 minutes or 1 second) are typically recorded at regular
intervals (i.e., every hour). Peak gust wind speed and direction of the “fastest mile” wind speed
may also be reported. Wind roses that show the percent occurrence of wind speeds for compass
directions may also be available, and are useful for understanding wind conditions but may not
be suitable for estimating extreme wind conditions associated with the 1% annual chance flood.

Various adjustments to wind data recorded by wind gages may be necessary. The USACE CEM
(2003) and SPM (1984) contain detailed procedures for adjusting wind data. It may be necessary
to adjust wind data for the following:

e Level, if the wind speed is observed at alevel other than the standard anemometer height
of 10 meters;

e Duration, t0o obtain the appropriate fetch-limited wind speed for wave hindcasts
corresponding to the averaging interval;

e  Overwater, if winds measured over land are used to hindcast waves over water; and
e Stability of the aimospheric boundary layer for fetches longer than 16 km.

See the CEM (USACE, 2003) or the SPM (USACE, 1984) for a detailed discussion of these
adjustments.

The statistical methods described in Section D.4.3 should be used to estimate extreme wind
speeds associated with the 1% annual chance flood. The Mapping Partner shall consider wind
direction when estimating extreme wind speeds to include only winds that generate waves
affecting the site. That is, the wind data should first be segregated into directional sectors
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corresponding to distinct meteorological events (i.e., storms occurring during different seasons
that arrive from different directions).

Storm duration is also an important parameter for the characterization of the 1% annual chance
flood and for use in estimating event-based-erosion (Subsection D.4.6.1). As discussed in
Subsection D.4.2.4, the preferred approach is to consider storm episodes as they have occurred in
nature, so duration is effectively bundled with intensity and direction information. If this cannot
be done owing to lack of data, duration may be estimated by analyzing the persistence of high
winds above a threshold.

D.4.4.15.2 Wave Generation Modeling in Sheltered Waters

Two-Dimensional Models

Subject to FEMA approval, spectral wave models can be used to calculate 2-D wind-wave
generation. Such models are based on an energy balance equation that accounts for wave
propagation processes and processes that add or remove energy from individual frequency and
direction bands. The wind input to the models can be steady and uniform, spatialy variable, or
non-steady. The model depth grid shall encompass the entire fetch area of interest. Wind setup
(surge) within the basin can be calculated by linking the models to 1- or 2-D surge models; the
depth change caused by wind setup can significantly affect wind-wave generation in shallow
waters.

Two-dimensional wind-wave generation models can be found on the FEMA-approved models
list. A Mapping Partner shall review 2-D models available at the time of the study. Although
steady-state modeling (time-constant wind, wave, and water level conditions) with a uniform
wind field is common and is adequate for most flood studies, 2-D models may allow
consideration of a spatially variable wind speed, possibly resulting in more accurate results.
Similarly, a time-dependent approach can be considered if the time-variation of the winds is
known, or if tidal excursions are important to either the wind-wave generation process itself, or
to depth dependent wave transformations occurring in the generation area. Application of models
in a time-dependant mode entails additional effort to determine appropriate parameters and to
document the more complex calculations, but may provide more accurate results. Specific
guidance for use of any model shall be obtained from the corresponding user’s manual; model
results shall be verified against observed data, whenever possible, to confirm validity of the
model implementation.

Two-dimensional wave model output shall include nearshore frequency and direction spectra at
specific locations, as well as wave height, period, and depth for model grid points. Wave spectral
output shall be determined at a nearshore point and/or severa transect points; the output
directional and frequency spectra for most spectra models can be selected for specific grid
points. Some models provide parameterized spectra rather than 2-D spectra. In such a case, the
parameterized spectra can be converted to complete spectra by fitting a JONSWAP spectrum to
the parameters as explained in the CEM (2003).

D.4.4-24 Section D.4.4

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

Parametric Methods

In some situations, such as when studying a small embayment, ssimplified parametric methods
are appropriate. When using parametric methods, the Mapping Partner shall consult the latest
version of the CEM (2003) for specific guidance. Depending on the site conditions and other
study factors, straight-line, composite, or representative fetch methods may be used (CEM, 2003;
PWA, 2004).

Selection of Wind Input

In sheltered waters, the small area of the water body often results in the hindcast waves being
fetch limited. For these conditions, the averaging time used for the wind speed determination
may have to be adjusted to correspond to the fetch-limited duration. For example, if the
minimum wind duration corresponding to the fetch conditions is 30 minutes and the wind speed
data are given as 10-minute averages, then the 10-minute averaged wind speed should be
adjusted to a 30-minute averaged wind speed for use in the wave generation model; this
adjustment may be done using methods described in the CEM. The computation is iterative
because the minimum duration depends on the wind speed.

Such an adjustment is recommended when waves are determined by parametric methods. If 2-D
numerical methods are used, then the appropriate user’s manual for the numerical model should
be consulted for specific guidance; an adjustment may not be needed in all cases.

D.4.4.1.6 Data Requirements

The Mapping Partner shall carefully choose the source and the location of the reference
hindcast/observation point for the basic input wave data. This must be near the study site but far
enough removed, so there is no interference from offshore islands and shoals. It is recommended
that GROW data be given primary consideration, but alternative sources such as WIS data and
measurements should always be considered and compared. Additional sources of offshore wave
hindcast data continue to become available. The Mapping Partner should attempt to identify such
newer data, which, if available, shall be approved by the FEMA study representative before use
in astudy.

D.4.4.1.7 Documentation

Documentation shall include details of the sources of wave and wind data. It should also include
comparisons between alternate sources (where several may be available) and with any local
measurements. Documentation of the incident deepwater waves used for routing to shallow
water should include periods, directions, and directional spreading. The selection of coefficients
for angular spreading and spectral peakedness parameters shall be clearly stated and justified.

Methods of extrapolation of hindcast and/or measured data to 1% annual chance values should
be documented, including comparisons between alternate procedures if appropriate.

The Mapping Partner shall document all wave generation assumptions used in modeling and
parametric approaches, including the nature of data used to define winds (speeds, directions,
duration) and bathymetry (including the 100-year water-level determination). The documentation
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shall include any approximations or assumptions used in the analysis. When observational data,
such as wave buoy data, are available, the wave height, period, and spectral parameters should be
compared to the model output.

The Mapping Partner shall document the assumptions, methods, and results of al analyses of
wave transformation conducted for the FIS. This documentation should include selection of
offshore and nearshore points, source of transformation coefficients, any special assumptions
regarding local transformation processes such as sheltering and reflection, and so forth. If a
spectral wave model is applied for nearshore transformation determination, all modeling factors
should be sufficiently documented, so the modeling effort could be reproduced if necessary. If a
field effort is undertaken to validate transformation models, the field work shall be summarized
in detail, including times and locations of all observations, general conditions at the time of the
work, a full description of all equipment and procedures, and a summary of all data in archival
form. All study output should be documented and summarized in a format suitable for
subsequent flooding analyses including setup, runup, overtopping, and erosion.

D.4.4.2 Water Levels
D.4.4.2.1 Overview

The two fundamental components of the Base Flood Elevation (BFE) are water levels, discussed
in this subsection, and waves, discussed in the previous subsection. The still water level (SWL)
is the base elevation upon which the waves ride. It consists of severa parts including mean sea
level (MSL), the astronomic tide that fluctuates around MSL, the El Nifio fluctuation, and storm
surge. All storm wave contributions are excluded; static wave setup (Section D.4.5) contributes
to the mean water level (MWL), somewhat higher than the SWL.

The following subsections discuss each of the still water components in turn, including an
outline of methods to determine water-level statistics. Also included is a discussion of non-
stationarity in the processes that control water levels.

D.4.4.2.2 Astronomic Tide

D.4.4.2.2.1 Tides and Tidal Datums

The astronomic tide is the regular rise and fall of the ocean surface in response to the
gravitational influence of the moon, the sun, and the Earth. Because the astronomic processes are
entirely regular, the tides, too, behave in an entirely regular, though complex, manner. A useful
overview of tidal physics is presented in a small booklet published by NOAA’s NOS, Our
Restless Tides, now out of print, but available in electronic form from the NOAA website
(<http://www.co-ops.nos.noaa.gov/pub.html>) where many other documents of related interest
can be found.

The tides along the Pacific Coast are mixed and semi-diurnal, meaning that there are two highs
and two lows each day; conventionaly, mixed tides are semi-diurnal tides for which the
magnitudes of successive highs or successive lows have large variation. The average of al the
highs is denoted as mean high water, MHW, while the average of all the lows is mean low water
(MLW). Averages are taken over the entire tidal datum epoch, which is a particular 19-year
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period explicitly specified for the definition of the datums; a full astronomic tidal cycle covers a
period of 18.6 years. The average of all hourly tides over the epoch isthe MSL.

The daily highs are generally unequal, as are the lows, so one speaks of the higher-high water,
lower-high, higher-low, and lower-low. At a given coastal location, each of these has a mean
value denoted by mean higher high water (MHHW), mean lower high water (MLHW), mean
higher low water (MHLW), and mean lower low water (MLLW) respectively, with an obvious
convention. In addition to these, one speaks of the mean tide level, MTL, which is the average of
MHW and MLW, and is also called the half-tide level.

These several levels are important because they constitute the datums to which tide data have
traditionally been referred. Local charts and recorded tide gage data are generally referenced to
local MLLW. This introduces some ambiguity because MLLW varies from place to place and
from epoch to epoch. For use in FISs, then, these tidal datums are insufficient in themselves, and
must be related to a standard vertical datum, North American Vertica Datum (NAVD) or
National Geodetic Vertical Datum (NGVD); it is not aways straightforward to make this
connection. However, NOAA maintains tidal benchmarks for many stations that are now tied to
a standard vertical datum. Benchmark sheets are available at NOAA's site, <http://co-
ops.nos.noaa.gov/bench.ntml>. The following example is extracted directly from the Los
Angeles benchmark sheet:

Tidal datums at LOS ANGELES, OUTER HARBOR based on:

LENGTH OF SERIES: 19 Years
TIME PERIOD: January 1983 - December 2001
TIDAL EPOCH: 1983-2001

CONTROL TIDE STATION:

Elevations of tidal datums referred to Mean Lower Low Water (MLLW), in
METERS:

HIGHEST OBSERVED WATER LEVEL (01/27/1983) = 2.384
MEAN HIGHER HIGH WATER (MHHW) = 1.674
MEAN HIGH WATER (MHW) = 1.449
MEAN TIDE LEVEL (MTL) = 0.868
MEAN SEA LEVEL (MSL) = 0.861
MEAN LOW WATER (MLW) = 0.287
NORTH AMERICAN VERTICAL DATUM-1988 (NAVD) = 0.062
MEAN LOWER LOW WATER (MLLW) = 0.000
LOWEST OBSERVED WATER LEVEL (12/17/1933) = -0.832
Bench Mark Elevation Information In METERS above:
Stamping or Designation MLLW MHW
8-14 FT ABOVE MLLW 4.194 2.746
WILMINGTON D9A 1954 2.967 1.518
WILMINGTON D10B 1954 2.832 1.383
11 1935 RESET 1967 4.711 3.263
NO 13 1971 4.147 2.698
A 1296 1977 3.167 1.718
0660 N 1977 3.553 2.104
10 1930 RESET 1985 3.101 1.653
NO 14 1971 4.068 2.619
0660 P 2000 4._.252 2.803
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In this example, NAVD is shown to be at 0.062 meters above MLLW for the specified 1983-
2001 epoch, fixing the tidal datums. Not all benchmark sheets include NAVD (or NGVD) asthis
example does, but most include surveyor’s benchmark information as shown above, through
which the tidal datums can usually be tied to a standard vertica datum as needed in FISs; these
benchmark sheets include full descriptions of the benchmarks and exact locations.

D.4.4.2.2.2 Tide Observations

The tide is recorded at a large number of gages maintained by NOAA, with records dating back
over 100 years in some cases. Much of these data are available at NOAA’s website,
<http://www.co-0ps.nos.noaa.gov/data_res.html>, as either six-minute or hourly time series over
the particular site’s entire period of record. Additional data may be available from NOAA,
USACE, or others.

The tide observations record the total water level at the gage, suitably filtered to suppress high
frequency wave components, leaving the long period components associated not only with
astronomic tide, but also with sea-level fluctuations caused by atmospheric pressure fluctuations
(sealevel can change by about 1 foot for each 1 inch of change in barometric pressure), El Nifio
variations, wind setup (storm surge), riverine rainfall runoff into a relatively confined tide gage
site, low frequency tsunami elevation, and wave setup to the degree that it exists at the gage site.
In genera, little wave setup is reflected in tide gage data because gages may be located in
protected areas not subject to much setup, or in open areas outside the surf zone, and so seaward
of the largest setup values (see Subsection D.4.5.1 for discussion of the physics of setup).

The fact that the tide gage record includes all of these non-astronomic low freguency
components makes it possible to extract total still water statistics from gage data, subject to the
setup proviso noted. A general method to extract still water statistics from gage datais discussed
below.

D.4.4.2.2.3 Tide Predictions

The astronomic component of the observed tide gage record is considered to be well-known in
principle, consisting of the summation of 37 tidal constituents that are simply sinusoidal
components with established periods, and with site-dependent amplitudes and phases. These
constituents are available for most gage locations from the NOAA site, <http://www.co-
ops.nos.noaa.gov/data_res.html>.

The NOAA website also provides tide predictions for any date in the past or future, limited
however to one year of predictions at atime. Note that these predictions are computed using the
currently adopted values of the 37 tidal congtituents for the site.

The Mapping Partner should obtain NOAA's tide prediction computer program, NTP4, and
generate tide predictions as needed. The advantages include not only convenience, but more
importantly, the ability to use other constituent values than those currently adopted. This is
important because the local tide depends not only on the astronomic forcing, but aso on the
response of the local basins. The response can, and does, change with time owing to siltation and
dredging, construction of coastal structures such as breakwaters, changes in inlet geometry, and
so forth. Conseguently, the astronomic tide observed at a fixed location may not be stationary,
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but may have changed over the period of record. NOAA can provide previous estimates of the
tidal constituents for a site, and these should be used with the NOAA computer program to
produce more realistic predictions than would be achieved using only the current data for a prior
period.

NOAA's tide prediction program, NTP4, is not available online, but can be purchased from
NOAA at nominal cost, including both source code, an executable file (a DOS console program),
and two manuals that thoroughly document the theory and practice of tide prediction: U.S.
Department of Commerce Special Publication 98, Manual of Harmonic Analysis and Prediction
of Tides (1940, 1958), and a 1982 supplement updating certain numerical factors to 21st century
values.

Finally, there may be some ambiguity or uncertainty in tide prediction associated with El Nifio
fluctuations. As discussed elsewhere, the El Nifio effect causes periodic rise and fall of coastal
sea levels, and these are inevitably incorporated in the data from which the tidal constituents are
determined. The same is true for sea-level fluctuations associated with barometric fluctuations,
although El Nifio effects are more persistent. It is expected, then, that to some degree the
determination of tidal constituents has been confounded by El Nifios. The affected constituents
would be those with periods comparable to characteristic El Nifio fluctuation periods. The
phasing of the El Nifio fluctuation and the selected tidal epoch would influence the manner and
extent to which these processes would then appear intermingled; estimates of tidal constituents
obtained from short duration observations might be especially vulnerable in this regard because a
long period of observation may effectively smooth the ElI Nifio contribution toward a null
average. Nevertheless, for FIS applications, the Mapping Partner shall assume that the tidal
constituents do not include non-astronomic components.

D.4.4.2.2.4 Extraction of Non-astronomic Still Water from Gage Records

As discussed above, both observed data and a method to predict the purely astronomic
component of those observations are available. By subtracting the predictions from the
observations, one arrives at atime series of the non-astronomic contribution to the measured still
water, including surge and meteorological effects, El Nifio levels, rainfall runoff, and tsunamis —
in fact, all non-astronomic components termed still water. As a practical matter, the static setup
will not usually be present in the record to a significant degree, for reasons aready mentioned.
Figure D.4.4-12 shows measured and predicted tides at Crescent City for a five-day period in
1983. As shown, superimposed on the fluctuating astronomic tide is a slowly varying residual
component approximately 2 feet in amplitude.

The recommended procedure to extract still water statistics from the difference between the
observed and predicted datais extremely simple in concept, assuming that the period of record is
significant (30 years or more) and that the older predictions were made using the appropriate set
of tidal constituents, not necessarily those in current use. One first determines the differences
between the observed and predicted elevations of the highs and lows, and then scans these to
locate the annual peaks. These annual peaks are used to fit an extreme value distribution, from
which the 1% annual chance elevation can be found.
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Figure D.4.4-12. Predicted and Observed Tides at Crescent City, California

As discussed in Subsection D.4.3.3, an acceptable approach is to adopt the Generalized Extreme
Vaue (GEV) Digtribution, and to determine the distribution parameters by the method of
maximum likelihood. An exampleis shown in Section D.4.3. The Mapping Partner may consider
other distributions and other fitting techniques although the particular result with the greatest
likelihood value among all of the considered distribution types should be adopted, unless
otherwise approved by the FEMA study representative.

This recommended procedure is based upon the annual maxima of the residual rather than the
annual maxima of the raw data because the underlying astronomic tide is not a random variable,
but is deterministic and is limited to a known maximum (less than or equal to the sum of the 37
tidal constituent amplitudes). For these reasons, it is not appropriate to extrapolate the bounded
and deterministic portion of the record out to the upper tail of an unbounded distribution.
Subsequent consideration of the combined effects of the separated tide and the residual still
water can be made as discussed elsewhere.

Finally, it is emphasized that although this procedure is straightforward in concept, it can be
complicated in practice. One complicating factor — changes in the tidal constituents over time —
has already been mentioned. Another is the fact that tidal predictions are made with respect to
tidal datums, and these may have changed over time, even when referenced to a fixed standard
such as NAVD. Changes in the constituents are one source of datum shift, while changes in
relative sealevel (including sea-level rise and land subsidence) are another. The Mapping Partner
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should carefully review the history of the tide gage, the history of the tidal datums, the history of
the published constituents, and the local history of relative sea level to ensure that at each step,
theresidual is properly defined.

D.4.4.2.3 Surge

D.4.4.2.3.1 General Considerations

Storm surge is the rise of the ocean surface that occurs in response to barometric pressure
variations (the inverse barometer effect) and to the stress of the wind acting over the water
surface (the wind setup component). Wave setup is excluded by this definition. Setup is not
incorporated in the established procedures for storm surge modeling, nor is it present to a
significant degree in tide gage data owing to the typical configuration of gages with respect to
the zone of large setup; consequently, it must be taken into account separately as discussed in
Subsection D.4.5.1.

Storm simulation models must be capable of adequately prescribing and implementing wind,
pressure, and tidal boundary conditions into the physics of the model if the model-generated
gpatial and temporal distribution of surge and circulation are to be physically realistic. Models of
differing complexity are in wide use, including 1-D and 2-D models. The Mapping Partner
should consult FEMA’s list of approved models to select an appropriate model for a given study.
Should a model that is not on the list appear advantageous, the Mapping Partner shall discuss the
possibility of its use with the FEMA study representative.

Guidance for complex 2-D modeling is best obtained from the user’s manua for a particular
model. However, to aid the Mapping Partner in model selection, a supporting document (Surge
Modeling Overview) has been prepared as a supplement to these guidelines. It briefly addresses
storm surge modeling from a numerical hydrodynamic perspective, so a Mapping Partner can
evaluate the adequacy of candidate storm surge models. The discussion can help the Mapping
Partner assess strengths and weaknesses of programs and assist in the selection of an appropriate
model by identifying important model features and capabilities.

It is recognized, however, that surge on the Pacific Coast is relatively small compared to wave
effects and to surge on the Atlantic and Gulf coasts. Consequently, a complex and expensive 2-D
modeling effort should seldom be necessary, and should be considered only after discussion with
the FEMA study representative. The simpler 1-D surge modeling method discussed in the
following section is usually adequate for the Pacific Coast.

D.4.4.2.3.2 Simplified 1-D Surge Modeling

The generally narrow continental shelf and the lower winds that prevail on the Pacific Coast
result in a lesser wind-induced surge than on the Atlantic and Gulf of Mexico coastlines, which
are attacked by hurricanes. Consequently, satisfactory estimates of open coast surge on the
Pacific can usually be obtained using methods far ssmpler than the full 2-D approach. There are
several reasons a Mapping Partner might wish to make such estimates: the Mapping Partner may
wish to determine SWL in regions where an absence of tide gage data makes it impractical to
extract still water data from the tide residua; the Mapping Partner might wish to compare the
surge level from awind of a certain magnitude with the 1% annual chance wave event; or the 1%
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annua chance wave event might be accompanied by strong onshore winds and the Mapping
Partner might wish to include this contribution or to evaluate the significance of neglecting it.

For such purposes, a computer program (BATHYS) has been developed based on the so-called
Bathystrophic Storm Tide (BST) theory formulated originaly by Freeman, Baer, and Jung
(1954). The BST theory accounts for the onshore component of wind stress and the Coriolis
force associated with the Earth’s rotation. The assumptions of the model are that the onshore
forces are in static balance; however, the longshore component includes inertia and requires
some time to achieve a balance. A user’s manual describing the program and its use in much
greater detail is available separately.

The System of Interest and Governing Equations

The system of interest is shown in Figure D.4.4-13. A wind with speed ¥ is directed at an angle,
@, to the x-axis that is parallel to the shoreline. The surge distribution is 77 (v) , where y is the

cross-shore direction. The wind obliquity induces a mean current, U(y,?), which varies with time,
‘.
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Figure D.4.4-13. Definition Sketch for the BST Formulation
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In these equations, n (~1.05to 1.1) is afactor that augments the onshore component of the wind
stress, r,, to account for the bottom frictional effect because of return flow; z, is the longshore

component of wind stress; pis the mass density of water (~1.99 slugs/ft’); and f. is the

Coriolis coefficient (= 2Q2 sing) where Q and ¢ are the rotational speed of the Earth in radians
per second and latitude, respectively. The quantity fis the Weisbach Darcy friction factor

(~0.0810 0.16).

The longshore and onshore components of the wind stress are specified in terms of awind stress
coefficient, £, and the wind direction, &, relative to a shore normal

T, cosd
{ }:{ _ }k|W|W (D.4.4-24)

where the wind stress coefficient, k, isthat developed by Van Dorn (1953):
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Program Input and Output

The input quantities to the program are the bathymetry along the shore normal transect, 4(y), and
the wind speed and direction , #(¢) and & (¢), which can be specified so as to vary linearly with
time between specified pairs of wind speeds and directions at selected times. The output of the
program is the wind surge at the shore, 7, , as a function of time. To incorporate the effects of

astronomic tide, the program permits specification of a time-dependent condition at the seaward
boundary of the transect.

Because the longshore current varies as a function of time, the surge, 7, , aso varies with time.

This reflects the contribution of the Coriolis force; for fixed wind conditions, the surge
approaches a constant value as the longshore current approaches its constant equilibrium value
for agiven wind speed and direction.

The program is extremely efficient and easy to use, with minimal input requirements. The
necessary bathymetric data can be obtained from available charts, and wind data can usually be
extracted from the GROW database, which includes wind speed and direction over a GROW cell
at 3-hour intervals for the duration of the record. The wind values are representative of the entire
cell; if finer resolution is thought to be needed (for example, to account for sheltering), then the
Mapping Partner should attempt to obtain supplementary wind data from the National Weather
Service (NWS), local airports and agencies, and so forth. Tide boundary condition data can be
obtained from tide tables, from the NOAA website, or using the NOAA prediction program,
NTPA4.
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A second simplified tool, the DIM program discussed in Section D.4.5, is adso available. It was
developed especially for the computation of setup over a shore normal transect similar to that
used here by BATHY S. DIM requires additional input, however, because its primary purpose is
wave setup simulation. The user’s manuals for these programs should be consulted for additional
details and examples of use.

D.4.4.2.3.3 Surge Estimation from Tide Data

A procedure was outlined in Subsection D.4.4.2.2.4, to extract the total still water, exclusive of
astronomic tide, from a tide gage record. It is in general difficult or impossible to distinguish
among the several components of the residual, including surge, and there is usually no need to do
so. Consequently, the tide residual methodology can be considered equivalent to the estimation
of surge from tide data, for all practical purposes. What one generally wants is the 1% annual
chance level of thetotal flood, irrespective of mechanism.

D.4.4.2.4 Water Levels in Sheltered Waters

D.4.4.2.4.1 Overview

Water levels and wave propagation in sheltered waters may be influenced by a variety of factors
that can alter coastal flood characteristics. Incoming storm surge and the resulting extreme till
water elevations along the shorelines of sheltered waters may achieve higher elevations than at
adjacent open coast locations owing to channelization and tidal amplification controlled by the
orientation, geometry, and bathymetry of the basin; lower elevations may occur if restrictive tidal
inlets impede the incoming tide. Small basins may also experience higher water levels from the
contributions of direct precipitation and runoff, or from resonant basin oscillations called seiche.

Recorded tide elevations may require transposition from the tide gage to a flood study site within
sheltered waters, to better represent the local still water elevation during the 1% annual chance
flood event. Guidance for evaluating and applying tide gage data to ungaged locations is
provided in this subsection.

As waves propagate into sheltered water from the open coast, additional wave transformations
may occur. Tidal inlets are a significant feature that controls the entry and propagation of waves
into inland waters; guidance is provided on inlet characteristics and effects. Other characteristics
of sheltered waters that may lead to additional wave transformations include, but are not limited
to, the presence of tidal and fluvia currents, channel shoaling, navigation structures, and
vegetation.

In general, detailed numerical modeling may be the most appropriate method for estimating
water levels and wave transformations in these complex coastal settings. However, simpler
techniques may be used if small-scale localized effects do not lend themselves to large-scale
modeling, or if the Mapping Partner wishes to make preliminary estimates of the relative
importance of processes before proceeding to more detailed evaluations.

D.4.4-34 Section D.4.4
All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [November 2004]

D.4.4.2.4.2 Variability of Tide and Surge in Sheltered Waters

As avery long wave such as surge or tide propagates though a varying geometry, its amplitude
changes in response to reflection, frictional damping, variations in depth causing shoaling, and
variations in channel width causing convergence or divergence of the wave energy. In generdl,
these changes are best investigated through application of 2-D long wave models. However, it
may be possible to adopt simpler procedures that can provide sufficient accuracy for much less
time and cost.

In some cases, tide data may be have to be transposed from a gaged site to an ungaged site. If a
sheltered water study site islocated in the immediate vicinity of atide gage, the Mapping Partner
can use data from the gage without adjustments, but if the study site is distant from the tide gage,
the tide data may need to be adjusted so as to reasonably represent the site. It is emphasized that
“Considerable care must be exercised in transposing the adjusted observed [tide] datato a nearby
site since large discrepancies may result” (USACE, 1986). Although transposition of historic tide
data from a nearshore tide gage out to an open coast location is much simpler and so preferable
to its transposition farther inland, there remains a need for reasonable methods to estimate the
variation of inland tidal elevationsin ungaged regions of sheltered waters.

Some simple empirical evidence may permit an approximate evaluation of these variations:

o Established tidal datums from multiple gages in the sheltered area reflect the natural
variation of tide elevations; interpolation between gages gives a first-order estimate of
gpatial variation.

e Thenormal vegetation line may provide additional information between gages, insofar as
it mirrors the general variation of the normal tidal elevation.

o Similarly, observed debris lines and highwater marks from historical storms may
illustrate the variation of storm surge within the sheltered geometry, outside the surge
generation zone.

Tides and storm surges propagating into sheltered water areas undergo changes controlled by
frictional effects and basin geometry. The Mapping Partner must evaluate the differences
between the physical settings of the nearest tide gage(s) and the study site, and the distance and
hydraulic characteristics of the intervening waterways between these locations to establish a
gualitative understanding of the potentia differences in tidal elevations between the gaged and
ungaged locations. If flood high water marks are available in the vicinity of the ungaged
sheltered water study site, these elevations shall be compared to recorded tide elevations to
correlate surge components of the tidal still water between locations. In general, surge data are of
more limited availability than tide data. It may sometimes be reasonable to assume similarity
between surge and tide, and so infer surge variation from known tide variation. The validity of
such inference is limited, however, by differences in amplitude and duration of high water from
the two processes, and by the fact that tide is cyclic and so may not vary in the same manner as a
single surge wave.

Both empirical egquations and numerical models can be used to describe the variation of tides and
surges propagating into sheltered water areas. The Mapping Partner shall select the most
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appropriate approach for the study, with consideration for the location of the study site within the
sheltered water body, the complexity of the physical processes, and the cost of a particular
approach. Appropriate numerical models can range from ssimple 1-D models to complex 2-D
models. The Mapping Partner shall thoroughly evaluate the limitations and capabilities of
appropriate models in view of the site-specific issues that need to be resolved to obtain reliable
estimates of tidal flood elevations.

For simple tidal inlet settings, or as a first approximation before detailed numerical modeling,
Mapping Partners may use analytical methods provided in the CEM (Chapter 11-6-2(b)) to
estimate bay tide amplitudes. Guidance for estimating the associated inlet parameters is also
provided in the CEM. Examples provided in the CEM are limited to estimating the predicted
astronomical tide amplitude in a small bay based on an adjacent open coast tide range obtained
from tide tables. These CEM methods may also be applied in a two-step process to transpose
recorded tide gage data (still water elevations) from one bay to another nearby ungaged sheltered
water body as follows:

1. Apply the CEM methods and nomograms in reverse to estimate the adjacent open coast
annual maximum still water elevations (astronomical tide elevation plus storm surge
height) based on recorded still water elevations from a primary tide gage in the sheltered
water body closest to the flood study site. The physical setting of a primary tide gage may
be such that recorded tide elevations are representative of open coast tide elevations,
however, this condition should not be assumed.

2. Using the estimated open coast tide elevation, reapply the CEM methods and nomograms
(in forward mode) to estimate the associated annual maximum still water elevations in
the ungaged sheltered water body where the study site is located. Use of the same open
coast still water elevation between the gaged and ungaged sheltered water areas is
acceptable if it can be assumed that the annua extreme still water elevations are
generated from regional storm systems large enough in spatial extent to encompass the
two locations.

When tidal elevations are to be established in an ungaged sheltered water body, it is
recommended that a limited tidal monitoring program be undertaken to estimate tidal datums
near the study site. NOAA (2003) provides guidance on methods and computational techniques
for establishing tidal datums from a short series of record. The accuracy of the resulting datums
on the West Coast can range from 0.13 foot for a one-month series of data to 0.06 foot for a 12-
month series (NOAA, 2003); a short-term effort will usually be entirely adequate for use in a
FEMA FIS.

The complex shorelines and bathymetry of sheltered waters may lead to significant changes in
tide characteristics. The objective of short-term monitoring should be to provide observed data
from which tidal datums may be estimated to check the accuracy of subsequent higher elevation
estimates of extremal still water elevations in ungaged sheltered water areas and, in turn, to
increase the level of confidence in the resulting flood hazard elevations.

Irrespective of the approach taken, the Mapping Partner shall evaluate the physical setting of the
tide gage(s) from which data are used. Observation of the gage setting may provide insight to the
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relative degree of sheltering or other characteristics of a given tide gage. Information on NOAA
tide gages can be obtained from the Internet at <http://www.co-ops.nos.noaa.gov/usmap.html>.
Mapping Partners shall also determine if a tidal benchmark has been established near the flood
study site (<http://www.co-ops.nos.noaa.gov/bench.html>). Tidal benchmarks are elevation
reference points near a tide gage to which tidal datums are referenced. Some tidal benchmarks
are now tied to the NAVDS8S8, or to the earlier NGVD29, providing an appropriate vertical
elevation reference. Benchmark elevations may become invalid over time if changes occur in
local tide conditions because of dredging, erosion, or other factors (NOAA, 2000a); the Mapping
Partner shall review the publication date of the data together with information concerning any
recent changes in the vicinity of the tide gage setting to ensure the data are accurate.

If the physical setting and tidal processes of a coastal flood study site are particularly complex
and the application of the simple methods described in the CEM are questionable, the Mapping
Partner is encouraged to consult with the NOAA NOS <http://co-ops.nos.noaa.gov/index.html>
for further guidance on estimating tidal and surge elevations at ungaged sites (USACE, 1986).

Tidal Inlets

Tidal inlets control the movement of water between the open coast and adjacent sheltered waters.
Inlets may be broadly classified as unimproved (natural) or improved (maintained). The physical
opening of atidal inlet, whether natural or maintained, has a direct and often significant effect on
the propagation of tides, surge, and waves into sheltered waters and on subsequent coastal flood
conditions. The Mapping Partner shall review the CEM Section 11-6-2 on inlet hydrodynamics
for comprehensive guidance on data, methods, and example problems related to the behavior of
tidal inlets.

Seiching

Seiche is a standing wave oscillation occurring in enclosed or semi-enclosed basins, which may
be generated by low frequency incident waves or atmospheric pressure fluctuations; seiching
may aso be called harbor oscillation, harbor resonance, surging, sloshing, and resonant
oscillation. It is usually characterized by wave periods ranging from 30 seconds to 10 minutes,
determined by the characteristic dimensions and depth of the basin (CEM, 2003).

The amplitude of seiche is usually small; the primary concern is often with the associated
currents that can cause large excursions and damage to moored vessels if resonance occurs.
However, surface elevations and boundary flooding in an enclosed basin may become
pronounced if the incoming wave excitation contains significant energy at the basin’s natural
seiche periods. The Mapping Partner shall investigate the likelihood of seiche under extreme
water-level and wave conditions. Bathymetry, basin dimensions, and incoming wave
characteristics should be reviewed to determine the potential for seiching; the CEM (Section I1-
5-6) provides background and guidance for estimating the natural periods of open and closed
basins. Numerical models are most appropriate for evaluating the effects of long waves in
enclosed basins and shall be considered for use in a sheltered water study if seiching is believed
to have the potential to contribute significantly to boundary flooding during the 1% annual
chance flood condition.
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D.4.4.2.4.3 Documentation

The Mapping Partner shall document the characteristics of all gages located within or near the
study area. Methods adopted to infer the variation of tidal datums between gages shall be
documented, as shall procedures used to transpose data from one site to another. If a brief field
effort is undertaken to determine the variation of tidal datums within ungaged regions, the
Mapping Partner shall fully document that effort, including: locations of observations,
observation methods and instrumentation; dates and times of all observations; meteorological
and oceanographic conditions during and preceding the period of observation; and other factors
that may have had an influence on water levels, or may affect interpretation of the results. If
surge variation is inferred from tide variation, the Mapping Partner shall document the basis for
similarity assumptions, and the manner in which the inferences were made. Inlet analyses should
be documented including all procedures, methodological assumptions, field surveys (dates,
times, procedures, instrumentation, and findings), and all inlet data adopted from other sources.

D.4.4.25 Water Levels During El Nifios

The EI Nifio/La Nifia process produces substantial variation in SWLs along the Pacific Coast,
with anomalies persisting for long periods. These variations are the result of large-scale
oceanographic changes associated with changes in the equatorial trade wind patterns. The result
of interest here is the creation of very large-scale non-tidal sea-level fluctuations extending over
oceanic distances.

As summarized in a supporting document for these guidelines prepared by Komar and Allen
(2004), El Nifio conditions begin with the periodic cessation of the Pacific trade winds, allowing
the sea surface slope to change, and producing an eastward flow of warm water along the
equator. Upon reaching the South American coast, this flow splits into components traveling
both north and south, affecting the entire Pacific Coast as far north as Alaska. Eventualy,
tradewind conditions reestablish in the Pacific and conditions reverse, initiating the La Nifia
phase.

The time scale of these processes is indicated in Figure D.4.4-14 in which the Multivariate
ENSO Index (MEI) is aderived unit incorporating multiple meteorological parameters related to
El Nifio variation; the shaded band represents the threshold for event identification.

The significant El Nifios of 1982 and 1997 are evident; these events raised water levels along the
Pacific Coast by 1 to 2 feet in some areas, persisted for long periods, and contributed to extreme
erosion at many sites (see Komar and Allen, 2004, for a survey of those effects).

The contribution of the El Nifio process to the statistics of still water is thought to be fully
reflected in tide gage data, and so forms a portion of the tide residual discussed earlier. Still
water estimates derived from tide gage data can be assumed to properly reflect this process,
although it has been pointed out that tide predictions may contain a portion of El Nifio effect
because the tidal constituents are determined empirically. Nevertheless, the Mapping Partner
shall consider how specific El Nifio/La Nifia episodes might affect interpretation of the historical
record, and how particular data observed during the El Nifio/La Nifia extremes should be
interpreted.
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Figure D.4.4-14. El Nifio Fluctuations since 1970 (Komar and Allen, 2004)

D.4.4.2.6 1% Annual Chance Still Water Levels

The 1% annual chance flood on the Pacific Coast is seldom the result of still water alone; other
processes such as wave runup or tsunamis ride atop the still water, which serves as a base. The
exception might be well-sheltered areas, protected from waves and affected only by the high
SWLs associated with tide, surge, and El Nifio fluctuations; even in such areas, however, the
total 1% flood level may include a physically independent contribution from rainfall runoff.

Consequently, there are two aspects of still water statistics for a Mapping Partner to consider:
What is the 1% annual chance SWL at a site? How does still water contribute to the total 1%
level? Even if it is known that the BFE at the study site is determined by wave runup, for
example, the former question may not be irrelevant, and the Mapping Partner may need to
estimate the 1% SWL separately from the higher BFE.

Three distinct still water components can be identified: astronomic tide, El Nifio fluctuations,
and storm surge (wind and pressure setup). A fourth still water component is important, but is
not the result of coastal processes as are the others. This is the superelevation of tidal waters
associated with rainfall runoff. The riverine 1% flood profile along atidal river typically begins
near MHW or MHHW at the mouth, and rises as one proceeds upstream. Although the riverine
flood level aong the lower reaches of the tidal river is considered to be physically unrelated to
coastal flood processes, the final flood mapping must represent the contributions of both

mechanisms. Consequently, the rainfall runoff excess elevation may be considered a fourth type
of coastal still water elevation.

The following subsections address methods by which the statistics of each still water type may

be determined, and also give an overview of the ways in which the statistics of combined
processes can be addressed.
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D.4.4.2.6.1 Tide Statistics

The astronomic tide is a deterministic process. Consequently, tide statistics can be generated
directly from the local tidal constituents. One simple way to do this is to sample the predicted
tide at random times throughout the tidal epoch. Alternatively, predictions can be used to obtain
highs and lows, from which corresponding statistics can be derived. It is noted that the maximum
possible tide is given simply by the sum of the amplitudes of the 37 tidal constituents.

D.4.4.2.6.2 Surge Statistics

The development of surge statistics can be approached in two general ways. First, if sufficient
data are available from tide gage records, then an extremal analysis of the residual after
subtraction of the astronomic tide can be performed. As noted above, this requires determination
of the annual peak residuals for the period of record, and a fit to a GEV distribution using the
method of maximum likelihood (or an aternate method if appropriate). The Mapping Partner
should keep in mind that the 1% level determined in this way will include the contributions of all
mean water components affecting the gage, including the El Nifio fluctuation, static wave setup
to the degree it exists at the gage site, and riverine rainfall runoff.

The second way in which surge 1% levels are determined is through numerical modeling of
surge elevation using 1-D or 2-D models, as discussed above, combined with a statistical model
relating the surge simulations to storm frequency and storm parameter distributions. Three ways
of doing this have been used: the Joint Probability Method (JPM), which has been used in many
FISs on the Atlantic and Gulf coasts in combination with the FEMA Storm Surge Model; the
more recent Empirical Simulation Technique (EST), which has been used in combination with
the ADCIRC model for recent studies, and a Monte Carlo approach, which has been used for
coastal setback determinations in the State of Florida, and which is particularly suited for use
with the 1-D surge model, BATHYS, described previously. Because the surge levels on the
Pacific Coast are generally small compared to the Atlantic and Gulf coasts, it is not expected that
JPM and EST studies with large 2-D surge models are often necessary. The 1-D BATHY S model
with Monte Carlo simulation, or — more directly — with direct simulation of the wind record
using, say, GROW data, should be adequate in most cases. Brief descriptions of the JPM, EST,
and Monte Carlo methods are given in Section D.4.3.

For Pacific Coast applications, an aternate method of 1% surge estimation may be considered; it
is the most straightforward and simplest method of all. Thisis to perform a direct simulation of
the local wind record using available wind data, such as the GROW data, for example, which
specifies wind speed and direction at 3-hour intervals over the entire record of more than 30
years. This is a feasible task owing to the efficiency of the 1-D BATHYS model (or the
alternative DIM model discussed in Section D.4.5).

Tide can be very ssimply accounted for by adopting the predicted tide as the offshore boundary
condition. For each year of simulation, the peak surge should be stored; an extremal analysis
using these annual peaks then gives the required surge statistics.

Use of this approach should be first approved by the FEMA study representative. Some small
revision of the 1-D model could be made to read both wind and tide (for arbitrarily long
durations) from separate input data files, and to automatically store annual peaks for the
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frequency analysis. As with the storm-by-storm simulation, the Mapping Partner shall make a
critical assessment of the wind data before considering this approach. GROW data are
representative of a relatively large cell and may not reflect important local factors such as
sheltering by islands; other, more local, data may be required.

D.4.4.2.6.3 El Nifio Statistics

No separate account of El Nifio statistics is suggested. The pertinent El Nifio effects are
embedded in available data, such as tide gage still water data (incorporating the effect of El
Nifios on ocean level) and GROW wave data (incorporating the meteorological effects) , and so
will be automatically taken into account for in any analyses made using those data resources. For
most purposes, the El Nifio contribution may be assumed to be part of the surge estimate
obtained from the tide gage residuals.

D.4.4.26.4 Combined Effects: Surge Plus Tide

The simulation of storm surge is usualy performed over water depths representing mean
conditions, or some other fixed level. The 1-D Monte Carlo approach in which tide is
incorporated as a time-dependent boundary condition is an exception.

Because tide is ubiquitous, the flood level associated with storm surge must be based on the
combined surge-plus-tide levels. Four approaches of differing complexity are mentioned here.

First, if the surge and tide can be assumed to combine linearly (that is, neither is physically
altered by the presence of the other), then the ssimplest method is to simply add them in some
manner. If a surge episode is relatively long compared with a tidal cycle, then high tide will be
certain to occur at some time for which the surge is near its peak, and a simple sum of amplitudes
may be sufficiently accurate.

However, if the surge duration is short, this approximation is inadequate. The next simplest
assumption, still assuming linear superposition, is based on the fact that the probability density
function for asinusoid is largest at its extrema — tide is generally near aloca high water, or near
alocal low water, and spends more time near those values than in between. It may be reasonable,
then, to assume that the peak surge occurs with equal probability near a high tide or near a low
tide, taking mean high and mean low as representative values. Each of the corresponding
elevation sums would be assigned 50% of the rate associated with the particular storm (asif each
storm were to occur twice, once at high tide and once at low tide), and the frequency anaysis
would proceed with these divided rates.

A third, slightly more accurate approach but still assuming physical independence, is based on
the convolution method mentioned in Section D.4.3. In this method, the probability density
functions for both tide and surge without tide are used. Previous discussion has shown how both
of these may be established. If the probability density of the tide level Z is denoted by p7(Z) and
the probability density of the surge level is ps(Z), then the probability density of the sum of the
two is given by:
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p(Z)= [ pr(T)ps(Z=T) dT = [ p,(Z~S)ps(S) dS (D.4.4-26)

where the indicated integrations are over all tide and surge levels.

In some cases, however, the essential assumption that the tide and surge can be linearly added is
not satisfied. In shallow water areas extending a large distance inland, the enhanced depth
associated with tide (or surge) affects the propagation and transformation of the surge (or tide).
That is, there is a nonlinear hydrodynamic interaction between the two. In such a case, more
complex methods are required because the nonlinear interaction can only be taken into account
by hydrodynamic considerations, not by any amount of purely statistical effort. Two approaches
to this issue have been adopted in study methods already identified. The FEMA storm surge
methodology adopts a procedure in which a small number of storms are simulated around a set of
tide assumptions with differing amplitudes and phases. These additional ssimulations are used to
provide guidance for simple adjustments that are made to the large set of computations
performed on MSL. The EST approach treats astronomic tide (amplitude and phase) as
additional input vector components, which are incorporated into the hydrodynamic model as part
of the boundary conditions. The 1-D Monte Carlo approach includes tide as part of the surge
simulation and so does not require a separate step to combine the two.

Should the Mapping Partner be required to perform 2-D surge modeling (for example, in
sheltered waters), it will be necessary to consult the user’s manuals or other documentation of the
adopted models to obtain additional guidance on this topic.

D.4.4.2.6.5 Combined Effects: Surge Plus Riverine Runoff

The final instance of combined still water frequency to be described concerns the determination
of the 1% SWL in atidal location subject to flooding by both coastal and riverine mechanisms.
Thisisthe casein the lower reaches of all tidal rivers.

The simplest assumption is that the extreme levels from coastal and riverine processes are
independent, or at least widely separated in time. This assumption is generally acceptable
because the storms that produce extreme rainfall and runoff may not be from the same set as the
storms that produce the greatest storm surge. Furthermore, if a single storm produces both large
surge and large runoff, the runoff may be significantly delayed by the time required by overland
flow, causing the runoff elevation to peak after the storm surge. Clearly, there may be particular
storms and locations for which these assumptions are not true, but even so they are not expected
to be so common as to strongly influence the final statistics. If, for a steep terrain area of the
Pacific Coadt, it is thought that peak runoff and peak surge may commonly coincide owing to
local conditions, then the Mapping Partner must consider the likely correlation between the two,
and discuss with the FEMA study representative whether a departure from the method given here
should be used.

The procedure is straightforward, beginning with development of curves or tables for rate of
occurrence vs. flood level for each flood source (riverine and coastal). Rate of occurrence can be
assumed equal to the reciprocal of the recurrence interval, so the 100-year flood has a rate of
occurrence of 0.01 times per year. This is numerically equal to what is more loosely called the
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flood elevation probability. Then one proceeds as follows at each point of interest, P, within the
mixed surge/runoff tidal reach.

1. Select aflood level Z within the elevation range of interest at point P.

2. Determine the rates of occurrence Rpr (Z) and Rp s (Z) of rainfall runoff and storm surge
exceeding Z at site P (number of events per year).

3. Find the total rate Rpr (Z) = R pr (Z) + Rps (Z) a which Z is exceeded at point P,
irrespective of flood source.

4. Repeat steps (1) through (3) for the necessary range of flood elevations.
5. Plot the combined rates Rp 7 (Z) vs Z and find Zp ;99 by interpolation at Rp 7 = 0.01.
6. Repeat steps (1) through (5) for arange of sites covering the mixed tidal reach.

7. Construct the 100 year composite profile passing through the several combined 100-year
elevation points, and blending smoothly into the pure-riverine and pure-surge 100-year
profiles at the ends of the mixed reach.

The procedure is shown schematically in Figure D.4.4-15, in which the combined curve has been
constructed by addition of the rates at elevations of 6, 8, 10, and 12 feet. The entire procedure
can be implemented in a ssimple calculator program, with the input at point P being the 10-, 50-,
100-, and 500-year levels for both runoff and surge, as obtained from standard FIS tables.
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Figure D.4.4-15. Schematic lllustration of Riverine and Surge Rate Combination
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D.4.4.2.7 Non-Stationary Processes

Conceptually, a stationary process may be thought of as one that does not change in its essential
characteristics over time; its descriptors are fixed or stationary. For example, a stationary random
process would be one for which its mean, standard deviation, and other moments are unchanging
over time. A non-stationary process is one for which these measures do change. Whether a
fluctuating process is thought to be, or appears to be, non-stationary can depend upon the time
window through which it is viewed. Processes that appear to display definite non-stationary
trends when viewed at a short scale, may be seen to fluctuate around an unchanging mean when
viewed from a more distant perspective. For example, the tide appears non-stationary when
viewed over a period of one hour, but appears entirely stationary when viewed over an entire
tidal epoch.

The appropriate time window for FISs is established by the period of record covered by the
available hydrologic data on the one hand, and the probable lifetime of a particular study, on the
other. Consider El Nifios, discussed above. Viewed for a period of a small number of months or
years, the El Nifio phenomenon appears to be a decidedly unsteady process during which ocean
levels rise, and other environmental changes occur. However, when seen at a scale of about 15
years or more, the El Nifio variations appear to be more or less steady fluctuations, mirrored by
the opposite La Nifia phases, and showing no evident non-stationary trends. Examining
observations over a short interval, say 5 years or less, may require recognition of a temporary
lack of stationarity, whereas a record covering multiple cycles of El Nifio, such as long-term tide
gage data and the GROW wave data, may properly reflect the effects of the fluctuation, without
requiring any special consideration of non-stationarity. This is characteristic of time series:. it is
difficult or impossible to discern whether an observed change is the result of atrend or is merely
atemporary fluctuation.

For practical FIS considerations, two sorts of non-stationarity seem significant. The first is the
apparent change of sea level, which has been observed on all coasts. Because it is sea level
relative to land that is most significant, an apparent change of sea level can be the result of either
sea-level rise, or land subsidence.

The second type of non-stationarity that is important for coastal studies is the long-term change
in tidal datums, which may occur as basins evolve through silting, dredging, migration and
evolution of inlets, human construction including harbor improvements and breakwaters, and so
forth. Both types are discussed below.

D.4.4.2.7.1 Relative Sea Level — Sea-level Rise

Sea level rise appears to be areal, long-term effect observed all aong the U.S. coastline. For the
majority of the Pacific Coast, the rate of rise is between 0 and 3 millimeters per year, or up to
about 1 feet per century; see, for example, data available from NOAA at its website
<http://tidesandcurrents.noaa.gov/dlitrends/ditrends.shtml>. The Philadelphia District of the
USACE maintains a useful collection of sealevel rise links a their website
<http://www.nap.usace.army.mil/cenap-en/dr_links.htm>. There is also a very large set of sea
level trend data for individual stations along the Pacific Coast, which can be obtained from the
referenced NOAA site.
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The significance of such data is two-fold. First, the Mapping Partner must be aware of these
changes to properly interpret historical data upon which new studies might be partly based. This
has been discussed, for example, in a prior section on tides. Second, the likely continuation of
these trends into the future will have some impact, although usually small, on the interpretation
of today’s Flood Insurance Rate Maps (FIRMs) at a future date. In particular, the Mapping
Partner should consider the likely impact of sea-level rise on flood delineation, and document
any unusual changes that might be anticipated.

D.4.4.2.7.2 Relative Sea Level — Land Subsidence

Land subsidence produces the same sort of effect as sea-level change — arise in the apparent sea
level — but subsidence might be much the more significant factor in a local area. For example,
portions of the Sacramento-San Joaquin Delta have subsided by more than 15 feet since
reclamation for agriculture began in the 19th century. Many areas in Southern California have
subsided by several feet asaresult of gas, oil, or water extraction over the past few decades.

Such large displacements make it imperative that historical data be interpreted with caution. The
Mapping Partner must ensure that gage datums have been properly adjusted over time so that
water-level records, benchmarks, observed highwater marks, and all similar data are properly
interpreted.

The USGS is a primary repository of land subsidence data for the United States, and should be
consulted to obtain local site information covering the entire period of study data that might be
compromised by unrecognized subsidence. The USGS web pages may be searched for local
subsidence information at <http://search.usgs.gov/>.

Other data sources may be more helpful in some cases. The Mapping Partner should consult with
local city and county engineering departments, and with the local professional surveying
community, which may be aware of isolated subsidence issues not reflected in national
programs.

D.4.4.2.7.3 Astronomic Tide Variation

Tide datums and tidal constituents may change over time owing to changes in the geometry of a
tidal basin, so tide may also constitute a non-stationary process. This makes it imperative that
tide predictions for prior years be made using tidal constituents appropriate to that time, and that
tidal data be adjusted as necessary for shiftsin tidal datums with respect to afixed datum such as
NAVD or NGVD. The NOAA website can provide predictions for past times, but all such
predictions are made using the current default set of constituents, and so may inaccurately
portray past tide levels and datums. Archived copies of tidal constituents can be obtained from
NOAA by special request. Flexibility in applications such as these makes it wise to use a tide
prediction program such as NOAA'’s own program, NTPA4.
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D.4.5 Wave Setup, Runup, and Overtopping

This section provides methodology for establishing the static and fluctuating water-level
characteristics in the nearshore including wave setup, runup, and overtopping of sandy beaches
and natural or constructed barriers. Additionally, procedures for calculating attenuation of waves
propagating over flooded areas, including dissipative bottoms and through vegetation, are
presented.

D.45.1 Wave Setup and Runup
D.45.1.1 Introduction

The wave, meteorological, and bathymetric characteristics for the Pacific Coast are quite
different from those on the Atlantic and Gulf coasts for which methodology to quantify the 1%
chance water levels has been developed previously. The wave differences are due to the longer
period waves and generally distant generation locations for the Pacific Coast whereas the
meteorological differences are fewer hurricanes and thus lower winds. The major bathymetric
differences are due to the relatively narrow Pacific Coast continental shelf widths. There are two
major consequences of these differences for the 1% annual chance Pacific Coast hazards: (1) the
wind surge component is relatively small due to the lower wind velocities coupled with the
narrow shelf widths, and (2) the narrow spectra result in a substantial oscillating component of
the wave setup with periods of tens to hundreds of seconds. Thus, the oscillating wave setup is a
significant component of the total wave runup and a major contributor to coastal hazards on the
Pacific Coast.

Wave setup and runup recommendations presented are based on a literature review, new
developments, and comparison of available methods for quantifying these processes. Where
possible, the most physics-based approaches have been identified and recommended.

D.45.1.2 Background, Definitions, and Approaches

Wave setup and runup contribute significantly to the damage potential of severe waves along the
Pacific Coast. The total runup, R, includes three components: (1) static wave setup, 77, (2)

dynamic wave setup, 7A7, and (3) incident wave runup, R. , i.e., conceptually:

inc ?

R=n+n+R (D.4.5-1)
in which 1_7 and 7A7 are the magnitudes of the mean and oscillating wave setup components and
Rie the runup component due to the incident waves. In application, the two oscillating

components (77 and R;,.) are combined statistically to determine exceedance levels. Unless stated

differently in this document, R refers to 2% runup conditions. The oscillating component of wave
setup is a type of infragravity wave and is referred to here as dynamic wave setup. Each of the
three components of total runup is defined and discussed below.
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Wave setup is the additional elevation of the water level due to the effects of transferring wave-
related momentum to the surf zone. Momentum is transferred from winds to waves in the wave-
generating area (usually in deep water for the Pacific Coast) and then is conveyed to shore by the
waves similar to the manner that waves transport energy from the generating area to shore; see
Figure D.4.5-1. A main difference between energy and momentum is that energy is dissipated in
the surf zone whereas momentum is transferred to the water column. This transfer is equivalent
to a shoreward-directed “push” on the water column that causes a #ilt of the water surface; see
Figure D.4.5-2. The wave setup is small and negative seaward of the surf zone (setdown) and
begins to rise in the surf zone due to the transfer of momentum; see Figure D.4.5-3. If only one
wave of a constant height and period were present, the wave setup would be steady.

Bottom Contours e
Wave Crests

2

—— e

Wave
Generating
Area

Surf Zone, Intense Wave Energy Dissipation
and Transfer of Momentum

Figure D.4.5-1. Schematic of Energy and Momentum Transfer from Winds to Waves
within the Wave-generating Area, and to the Surf Zone and Related Processes
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Figure D.4.5-2. Wave Setup Due to Transfer of Momentum
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Figure D.4.5-3. Static Wave Setup Definitions at Still Water Level, 50,

and Maximum Setup, ﬁmax

For a single wave component, the static setup, E(h), at any water depth, 4, can be expressed as:

LS 4. LS €1 )1

— 27 D.4.5-2
16 1+3/8)x* " 1+(3/8)k” ( )

where x is the ratio (assumed a constant) of the breaking wave height to water depth within the
surf zone and h is the still water depth, i.e., the depth in the absence of waves or wave effects.

The wave setup at the still water line, 7, , and the maximum wave setup, 77, can be expressed
from Equation D.4.5-2 in terms of the breaking wave height, H,:
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— L3 (3/8)x

=16 1+(3/8)x M, (D.4.5-3)

The equivalent expression for the maximum wave setup, 77, is:

x  (3/8)«

- (_E+1+(3/8)K2)

N, = 2 \ (D.4.5-4)
(- (3/8)k )
1+ (3/8)k*
For the usual value of k¥ = 0.78, the following relations result:

n(h)=0.189H, —0.186h (D45-5)
7, =0.1894, (D.4.5-6)
N, =0232H, (D.4.5-7)

More realistic wave-breaking models that account for the actual profile will usually reduce the
wave setup for the relatively mild profile slopes of the Pacific Coast. For a wave system
consisting of more than one wave component (i.e., a wave spectrum), the breaking wave height

in the above expressions is replaced by the root mean square breaking wave height, (H b) .Of

significance on the Pacific Coast is that for wave systems consisting of more than one wave
component, the setup is oscillating consisting of a steady and a so-called dynamic component;
see Figure D.4.5-4. The dynamic wave setup component is larger for narrower wave spectra and
is substantial on the Pacific Coast during extreme storms and thus will require quantification for
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Figure D.4.5-4. Definitions of Static and Dynamic Wave Setup
and Incident Wave Runup
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flood mapping purposes. In addition to contributing to the total wave runup and thus the
shoreward reach of the waves, dynamic wave setup can carry floating debris such as logs at high
velocities and thus increase the hazards and damage potential in coastal areas. Figure D.4.5-4
illustrates the three components that define the upper limit of wave effects.

Incident wave runup on natural beaches or barriers is usually expressed in a form originally due
to Hunt (1959) in terms of the so-called Iribarren number, &, as follows:

m

TVt

in which m is a representative profile slope and is defined, depending on the application, as the
beach slope or the slope of a barrier that could be either a dune or constructed element such as a
breakwater or revetment. H and L are wave height and length, respectively. The wave
characteristics in the Iribarren number can be expressed in terms of breaking or deep water
characteristics. For purposes here, two wave characteristics in the Iribarren number are used
including that based on the significant deep water wave height, H_, and peak or other wave

(D.4.5-8)

period, 7, of the deep water spectrum, and that based on the significant wave height at the toe of
a barrier. The first definition for a sandy beach is as follows:

é: _ m
H,/L, (D.4.5-9)
where L, is the deep water wave length:
L =571
27 (D.4.5-10)

and g is the gravitational constant. The beach profile slope is the average slope out to the
breaking depth associated with the significant wave height. Other definitions of the Iribarren
number are defined later in this section as needed.

The 2% incident wave runup on natural beaches, R,

inc ?

is expressed in terms of the Iribarren

number as:

=0.6—H (D.4.5-11)

Several definitions are relevant to the determination of runup and overtopping considered later in
this section. The term still water level (SWL) has an accepted definition in coastal engineering as
the water level in the absence of wind waves and their effects and thus would include the
astronomical tide, El Nifo, and surge due to wind effects, but would not include either of the
wave setup components. However, the wave setup components are included in the base water
level for calculating wave runup and overtopping. Thus, the term static water level (STWL) is
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defined here as the sum of the SWL and the static wave setup, 5 Terminology is also useful to

describe the sum of the static water level and a X% dynamic wave setup component. For
purposes here, this will be defined as the dynamic water level X% (DWLX%). For example, the
elevation corresponding to a 2% Dynamic Water Level would be the sum of the SWL (including
astronomical tide, El Nifio, and wind surge if present), the static wave setup, and the 2% dynamic
wave setup. The term reference water level (RWL) is used as general terminology to refer to the
water level that is appropriate for the particular application being discussed. As defined in
Section D.4.2, the total water level (TWL) is the sum of the SWL, the wave setup, and wave
runup.

D.4.5.1.3 General Input Requirements

The wave transformation element of the Guidelines and Specifications (Section D.4.4) produces
a nearshore shallow water wave spectrum outside the breaking zone and an equivalent deep
water wave spectrum. The approaches detailed in the following subsections base the total wave
runup on the equivalent deep water wave spectrum for the case of natural beaches or for the case
of runup on a barrier, the significant wave height at the toe of the barrier. To apply some of these
methods, a parameterized (Joint North Sea Wave Project [JONSWAP]) spectrum is developed.
The following wave characteristics are quantified: (1) equivalent deep water significant wave
height, (2) peak wave period, and (3) spectral width (here spelled out as Gamma to avoid
confusion with the Greek letter » used to denote other parameters in this subsection). Large

values of Gamma are associated with narrow spectra. Additionally, in some of the methods, an
approximate uniform nearshore slope of the profile, m, must be established.

The deep water significant wave height and the peak period can be determined using the
information provided from the wave transformation output. The recommended basis for
determination of the spectral peakedness parameter (Gamma) is described below.

A parameter defined by Longuet-Higgins to quantify the spectrum narrowness (or peakedness) is
based on the moments of the frequency spectrum, m;, defined previously as Equation D.4.4-21 in
Section D.4.4 and refined below as Equation D.4.5-12:

m, = ﬁ‘,f,fS(f,,) (D.4.5-12)

where S(f,) is the wave energy at the discrete frequency, f, . The Longuet-Higgins definition of
the spectral narrowness, v, is expressed in terms of the spectral moments:

1/2
. {momz B 1:|
- 2
" (D.4.5-13)

such that for an infinitely narrow spectrum, v = 0. For purposes here, the two spectral
peakedness parameters, v and Gamma, have been plotted for JONSWAP spectra and the results
are presented in Figure D.4.5-5. The spectral moments, my, m;, and m,, for the actual equivalent
deep water spectrum are provided from the wave transformation analysis effort (Section D.4.4),
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and v is determined from Equation D.4.5-13 and then Gamma determined from Figure D.4.5-5
as input into the total wave runup methodology for the case of natural beaches.

Spectral Width Parameter
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Figure D.4.5-5. Spectral Width Parameter Versus Gamma for JONSWAP Spectra
D.4514 Setup and Runup on Beaches: Descriptions and Recommendations

A basic difficulty exists in applying the usual total runup equations to Pacific Coast conditions.
The total runup shall include wave setup; however, when these equations are applied to
approximate 1% annual chance Pacific Coast wave conditions, the total wave runup can be less
than predicted for static and dynamic wave setup alone. This apparent paradox stems from the
fact that most laboratory experiments on which these equations are based were conducted under
conditions much different than those of concern on the Pacific Coast and the equations governing
wave setup and incident wave runup have different dependencies on the variables (beach slope
and wave characteristics) and thus the methods based on available experimental data cannot be
extended outside the range of variables for which the experiments were conducted. Thus, it is
necessary to account for this limitation of the usual equations for total wave runup in developing
recommendations for the Pacific Coast.

The Direct Integration Method (DIM) was developed for calculating static and dynamic
(infragravity) components of wave setup accounting for as much of the physics as possible. This
one-dimensional method accounts for the spectral shape, the detailed bathymetry, and is based
on integration of the governing equations from deep to shallow water. DIM can be applied by a
simple set of empirical equations and by full implementation of the numerical model.

Three general approaches to address the wave setup components of the total wave runup on
natural beaches are available: (1) empirical methods, (2) DIM developed in conjunction with this
effort, and (3) advanced wave models, primarily the Boussinesq type. Because the dynamic wave
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setup is considered to be very significant on Pacific Coast shorelines and depends on the spectral
width and DIM is the only method (other than the Boussinesq models) that can account for
variable spectral width, DIM is the preferred method for application.

D.45.141 Direct Integration Method

Because the DIM approach does not include the effects of incident wave runup, it is
recommended that the 2% incident runup be incorporated and added statistically as discussed in
more detail later. The recommended formulation is:

R, =F,EH, (D.4.5-14)

The coefficient F;, in the above equation will differ for sandy beaches and barriers as discussed

in the following subsections. The DIM approach allows the wave and bathymetric characteristics
to be taken into consideration. Specifically, the spectral shape and actual bathymetry can be
represented. A detailed discussion of the DIM program is presented in a User’s Manual in the
supporting documentation to these Guidelines and Specifications. Two applications of DIM are
available to the Mapping Partner: the computer program and a set of equations. The equations
available are based on parameterized spectra (the JONSWAP spectrum that allows various
spectral widths to be considered) and uniform profile slopes. The program DIM calculates the

total wave setup and provides as output the static (average) wave setup, 77, and the root mean
square (rms), 7, , of the fluctuating wave setup around the average. Static and dynamic wave
setup increase with wave period and the rms of the fluctuating setup component has been found
to increase with the narrower spectra. The static setup component, 5, and rms of the dynamic
setup component, 77, , can be determined using the DIM program or the following equations:

n= 4-0FHFTFGammaFSlope (D45-15)

and

M. =2.7G,G, G, G

Stope (D.4.5-16)

Gamma

where the units of 5 and 77, are in feet and the factors are for wave height (Fy and G), wave

period , (Frand Gr), JONSWAP spectrum narrowness factor (Fgamma and GGamma), and nearshore
slope (Fsiope and Gsiope). These factors are defined in Table D.4.5-1. With the exception of the
spectral narrowness factors, the F and G factors are the same. The nearshore slope is the average
slope between the runup limit and twice the break point of the significant wave height with the
depth, 4, at this point defined as h, = H, / x . For purposes here, x can be taken as 0.78.

Because the wave setup components vary with the 0.2 power of this effective slope, these values
are not overly sensitive to the value of effective slope.
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Table D.4.5-1. Summary of Factors to Be Applied with DIM

Factor for
Spectral Nearshore Profile
Variable Wave Height Wave Period
n (H,/262)" (7/20.0)™ 1.0 (m/0.01)"
- (H,/26.2)" (7/20.0)" (Gamma)”"* (m/0.01)"

In applying the DIM method (whether from the program DIM or from the equations and Table
D.4.5-1), it is necessary to develop the statistics of the oscillating wave setup and incident wave
runup. This combination is based on the rms values (or standard deviations, o) of each
component. The standard deviation of setup fluctuations, o,(=7,,), is determined from the

program or from the guidance provided in Table D.4.5-1. The recommended standard deviation
for the incident wave oscillations, o, , on natural beaches is given by:

o,=03EH, (D.4.5-17)

and the standard deviation associated with the relatively steep barriers is addressed later. With
the two standard deviations (o, and o,) available, the total oscillating contribution to the 2%

total wave runup, 7A7T , 1s determined as the combination of the two standard deviations of the

fluctuating components, o, and o, :

n, =2.0.)c" + 07 (D.4.5-18)

The results of the computations using DIM suggest that the fluctuating component of the wave
setup is normally distributed and that the maxima of the fluctuating component of wave setup are
Rayleigh-distributed, similar to the general behavior found by Hedges and Mase (2004) in
laboratory experiments of wave setup and wave runup.

D.45.142 Advanced Wave Models

Wave models are becoming more sophisticated and able to account for the complexities of water
waves. A rapidly developing class of these is the so-called Boussinesq models, which are both
commercially and publicly available with the commercial models generally being the more user
friendly. In addition to wave setup, Boussinesq models can calculate wave runup. In conjunction
with the development of these Guidelines and Specifications, one-dimensional Boussinesq
models have been applied to calculate total wave runup and the average and oscillating
components were calculated separately. The comments below are based on an assessment of
these Boussinesq results.

Based on comparison with other methods, Boussinesq models yield generally realistic results.
The main concern with Boussinesq modeling is the “learning curve” required to carry out these
types of computations with confidence. Additionally, it was difficult to carry out calculations for
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deep water waves with a small directional dependency. The reason for this difficulty lies in the
associated substantial longshore wave lengths and the need for them to be represented by a two-
dimensional model. One possible Federal Emergency Management Agency (FEMA) application
that would avoid the repeated learning curve requirement would be to carry out computations on
a regional basis using Boussinesq models. The rate of improvement/development of Boussinesq
models is moderate at present; however, it is likely that this type of model will be much more
capable in 10 to 20 years than at present. Thus, at this stage, a Mapping Partner may elect to
apply Boussinesq models; however, for application on a regional basis, it is preferable to wait for
further developments and improvements. If a Boussinesq model is applied, the Mapping Partner
shall obtain FEMA approval and it is suggested that calculations also be carried out using the
DIM methodology for comparison of results.

D.45.15 Runup on Barriers

D.45.151 Special Considerations Dueto Dynamic Wave Setup

Previous discussions have emphasized that a large wave runup event on the Pacific Coast is
anticipated to have a more substantial dynamic wave setup than is present in the database on
which available runup methods are based. Thus, special consideration is required in the
calculation of wave runup and wave overtopping, which is the subject of a later subsection. The
issues are to include the dynamic wave setup appropriately without double inclusion of the static
and dynamic wave setup components that are inherent in the empirical database from which the
runup and overtopping methodology were based. Table D.4.5-2 describes the recommended
methodology for both open coast and sheltered water settings. This methodology is illustrated
through example calculations and separate supporting documentation.

Table D.4.5-2. Recommended Procedure to Avoid
Double Inclusion of Wave Setup Components

Case Procedure
Open Coast, Sandy Beach Apply DIM for wave setup with statistically combined incident
runup, Equations D.4.5-17 and D.4.5-18
Open Coast, Coastal Barrier Present | Apply DIM for wave setup and reduce dynamic wave setup by
amount considered to be most likely present in laboratory tests
on which runup equations are based

Sheltered Waters, Sandy Beach Same as open coast, sandy beach
Sheltered Waters, Coastal Barrier Same as open coast, coastal barrier present
Present

D.45.152 Methodology for Calculating Wave Runup on Barriers

In this subsection, barriers include steep dune features and coastal armoring structures such as
revetments. Runup elevations on barriers depend not only on the height and steepness of the
incident wave (and its interaction with the preceding wave), but also on the geometry (and
construction) of the structure. Runup on structures can also be affected by antecedent conditions
resulting from the previous waves and structure composition. Due to these complexities, runup
on structures is best calculated using equations developed with tests on similar structures with
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similar wave characteristics. Runup equations generally take the form of Equation D.4.5-14, with
coefficients developed from laboratory or field experiments. Following Equation D.4.5-1, the

incident wave runup (R;,.) for structures is added to the wave setup values (Eand 7A7) statistically

based on application of DIM. Also, DIM is applied to estimate the setup water surface at the toe
of the structure, as appropriate, in most cases where the structure toe will be within the surf zone.

The recommended approach to calculating wave runup on structures is based on the Iribarren
number (&) and reduction factors developed by Battjes (1974), van der Meer (1988), de Waal &
van der Meer (1992), and described in the Coastal Engineering Manual (CEM) (USACE, 2003).
The approach is referred to as the 7AW (Technical Advisory Committee for Water Retaining
Structures) method and is clearly articulated in van der Meer (2002) and includes reduction
factors for surface roughness, the influence of a berm, structure porosity, and oblique wave
incidence. The TAW method is useful as it covers a wide range of wave conditions for
calculating wave runup on both smooth and rough slopes. In addition to being well documented,
the TAW method agrees well with both small- and large-scale experiments.

It is important to note that other runup methods and equations for structures of similar form may
provide more accurate results for a particular structure. The Mapping Partner shall carefully
evaluate the applicability of any runup method to verify its appropriateness. Figure D.4.5-6
shows a general cross-section of a coastal structure, a conceptual diagram of wave runup on a
structure, and definitions of parameters.

83

Total Water Level

SWL + 7+7

=DWL2% Total Runup

\— Armor Layer

Still Water Level (SWL)

Figure D.4.5-6. Runup on Coastal Structures, Definition Sketch

Most of the wave runup research and literature shows a clear relationship between the vertical
runup elevation and the Iribarren number. Figure D.4.5-7 shows the relative runup (R/H,)
plotted against the Iribarren number for two different methods: (1) van der Meer (2002), and (2)
Hedges & Mase (2004). In Figure D.4.5-7, both runup equations are derived from laboratory
experimental data and are plotted within their respective domains of applicability for the
Iribarren number. Each equation shows a consistent linear relationship between the relative
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runup and &,, for values of &,,, below approximately 2. For values of &,, above approximately 2,
only the van der Meer method is applicable. Moreover, due to its long period of availability and
wide international acceptance, the van der Meer relationship (also referred to as the TAW runup
methodology) is recommended here. The Mapping Partner shall characterize the wave conditions
in terms of &,,, and be aware of the runup predictions provided by the various methods available
in the general literature.

NonDimensional Total Runup, R/H,,

0 1 2 3 4
Iribarren Number, &,

Figure D.4.5-7. Non-dimensional Total Runup vs. Iribarren Number

The general form of the wave runup equation recommended for use is (modified from van der
Meer, 2002):

1'77]/1*7/b}/ﬂ}/P§0m 05 S 7b§om < 18
R=H 1.6 (D.4.5-19)
V.YV 5¥p| 43 —T 1.8<7,4,,

where:

R is the 2% runup =2 o,

H = spectral significant wave height at the structure toe
7, = reduction factor for influence of surface roughness
7, = reduction factor for influence of berm

75 = reduction factor for influence of angled wave attack
yp=reduction factor for influence of structure permeability
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Equations for quantifying the y parameters are presented in Table D.4.5-3. The reference water
level at the toe of the barrier for runup calculations is DWL2%. Additionally, because some
wave setup influence is present in the laboratory tests that led to Equation D.4.5-19, the
following adjustments are made to the calculation procedure for cases of runup on barriers.

Table D.4.5-3. Summary of y Runup Reduction Factors

Runup Reduction

Characteristic/Condition

Value of y for Runup

Roughness
Reduction Factor,

Y,

Smooth Concrete, Asphalt
and Smooth Block
Revetment

y, =10

1 Layer of Rock With
Diameter, D.

H /D =1to3.

7, =0.55t0 0.60
(D.4.5-20)

2 or More Layers of Rock.
H /D =15to6.

7, =0.51t00.55

Quadratic Blocks

7, =0.70 to 0.95. See Table V-5-3
in CEM for greater detail

Berm Section in

B4 cos zd, ,0.6<y,<1.0
2L/;erm X

Breakwater, Berm Present in Structure | 7, =1—
7,» B =Berm Cross-section. See Figure
, D.4.5-8 for Definitions of .. —R d,
J Width, B, Lyerm, and Other R H S <0
(” b j in radians Parameters X= " c;w (D.4.5-21)
X 2H if 0<—t-<2
Hmo
Minimum and maximum values of
7, = 0.6 and 1.0, respectively
Wave Direction 1.0,0< |,6’| <10°
Factor, V5 10°).10 63
- = -10° ’<|pB|<63° (D.4.5-22
Bis in degrees and Long-Crested Waves Vs COS(| ﬂ| ), | ﬂ| ( )
= 0° for normally 0.63, ﬁ| > 63°
incident waves 1—0-0022|ﬁ ’ ,3| < 80°
Short-Crested Waves (D.4.5-23)
1-0.0022(80), | 5| > 80°

Porosity Factor, 7,

Permeable Structure Core

_ 2.0
1.17(£,)™*

and porosity = 0.5. for smaller porosities,
proportion }, according to porosity .

See Figure D.4.5-9 for definition of porosity
(D.4.5-24)

Ve = 1.0, é:om< 33, Yp é:om> 33
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Figure D.4.5-8. Berm Parameters for Wave Runup Calculations
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Figure D.4.5-9. Structure Porosity Definition

The steps below are based on the consideration of laboratory tests conducted with a JONSWAP
Gamma equal to 3.3, which is the average of the spectra entering into the development of the
JONSWAP spectrum. Also, see Table D.4.5-2.

1. Calculate, using DIM methodology, 7A7,,ms (= o) for: (1) Gamma equal to 3.3, and (2) the
Gamma value of interest for the 1% percent chance conditions.

2. Reduce the dynamic wave setup at the toe of the structure by the difference between the
2% dynamic wave setup values associated with the Gamma of interest and Gamma = 3.3,
1.e., 0,(Gamma > 3.3) = o,(Gamma of interest) - o, (Gamma = 3.3). For cases in which

the Gamma of interest is less than 3.3, set the value of o, = 0 (Equations D.4.5-17 and
D.4.5-18).
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For a smooth impermeable structure of uniform slope with normally incident waves, each of the
y runup reduction factors is 1.0.

In calculating the Iribarren number to apply in Equation D.4.5-19, the Mapping Partner shall use
Equation D.4.5-9 and replace H, with H,, and replace T with T,,; ¢ (the spectral wave period) in
Equation D.4.5-10. H,,, and T}, ¢ are calculated as:

H, =40m, (D.4.5-25)
T
To =15 (D.4.5-26)

where H,, is the spectral significant wave height at the toe of the structure and 7, is the peak
wave period. In deep water, H,, is approximately the same as H;, but in shallow water, H,, is
10-15% smaller than the H; obtained by zero up crossings (van der Meer, 2002). In many cases,
waves are depth-limited at the toe of the structure and H, can be substituted for H,,, with H,
calculated using a breaker index of 0.78 unless the Mapping Partner can justify a different value.
The breaker index can be calculated based on the bottom slope and wave steepness by several
methods, as discussed in the CEM (USACE, 2003). As noted, the water depth at the toe of the
structure shall include the static wave setup and the 2% dynamic wave setup, calculated with
DIM. In terms of the Iribarren number, the TAW method is valid in the range of 0.5 < &,,, < 8-
10, and in terms of structure slope, the TAW method is valid between values of 1:8 to 1:1. The
Iribarren number as described above is denoted & as indicated in Equation D.4.5-19.

Runup on structures is very dependent on the characteristics of the nearshore and structure
geometries. Hence, better runup estimates may be possible with other runup equations for
particular conditions. The Mapping Partner may use other runup methods based on an
assessment that the selected equations are derived from data that better represent the actual
profile geometry or wave conditions. See CEM (USACE, 2003) for a list of presently available
methods and their ranges of applicability.

D.45.153 Special Cases—Runup from Smaller Waves

In some special cases, neither of the previously described methods (Subsection D.4.5.1.4, Setup
and Runup Beaches: Description and Recommendations, or Subsection D.4.5.1.5 Runup on
Barriers) is applicable. These special cases include steep slopes in the nearshore with large
Iribarren numbers or conditions otherwise outside the range of data used to develop the total
runup for natural beach methods. Also, use of the TAW method is questionable where the toe of
a structure, or naturally steep profile such as a rocky bluff, is high relative to the water levels,
limiting the local wave height and calculated runups to small values. In these cases, it is
necessary to calculate runup with equations of the form of Equation D.4.5.1-19 and to avoid
double inclusion of the setup as discussed in Subsections D.4.5.1.5.1 and D.4.5.1.5.2 and Table
D.4.5-2 and to carry out the calculations at several locations across the surf zone using the
average slope in the Iribarren number. With this approach, it is possible that calculations with the
largest waves in a given sea condition may not produce the highest runup, but that the highest
runup will be the result of waves breaking at an intermediate location within the breaking zone.
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The recommended procedure is to consider a range of (smaller) wave heights inside the surf zone
in runup calculations. For this approach, for all depths considered, the dynamic setup is reduced
if the Gamma of interest exceeds 3.3 as described in Subsections D.4.5.1.5.1 and D.4.5.1.5.2 and
Table D.4.5-2. For each depth considered, the static setup is calculated with Equation D.4.5-5
with the water level including the 2% dynamic wave setup replacing the depth, 4, in that
equation. With the 2% dynamic water level available, methods of calculating wave runup on
barriers is applied and are described in greater detail below.

The concept of a range of calculated runup values is depicted schematically in Figure D.4.5-10
where an example transect and setup water surface profile are shown. Figure D.4.5-10 also
shows the corresponding range of depth-limited breaking wave heights calculated based on a
breaker index and plotted by breaker location on the shore transect. The Iribarren number was
also calculated and plotted by breaker location in Figure D.4.5-10. The calculation of £ at each
location uses the deshoaled deepwater wave height corresponding to the breaker height, the
deepwater wave length and the average slope calculated from the breaker point to the
approximate runup limit. Note that this average slope (also called composite slope, as defined in
the CEM [USACE, 2003] and SPM [USACE, 1984] increases with smaller waves because the
breaker location approaches the steeper part of the transect near the shoreline. This increases the
numerator in the £ equation. Also, the wave height decreases with shallower depths, reducing the
wave steepness in the denominator of the & equation. Hence, as plotted in Figure D.4.5-10, &
increases as smaller waves closer to shore are examined, increasing the relative runup (R/H).
However, because the wave height decreases, the runup value, R, reaches a maximum and then
decreases.

The following specific steps are used to determine the highest wave runup caused by a range of
wave heights in the surf zone:

1. Calculate, using DIM, the reduced 2% dynamic wave setup based on the Gamma of
interest and Subsections D.4.5.1.5.1 and D.4.5.1.5.2 and Table D.4.5-2. Calculate the
static wave setup based on Equation D.4.5-5 for the cross-shore location considered.
Replace 4 in that equation with the sum of the still water depth at the location and the 2%
dynamic wave setup.

2. Calculate the runup using the methods described earlier for runup on a barrier. This
requires iteration for this location to determine the average slope based on the differences
between the runup elevation and the profile elevation at the location and the associated
cross-shore locations. Iterate until the runup converges for this location.

3. Repeat the runup calculations at different cross-shore locations until a maximum runup is
determined.

D.4.5-16 Section D.4.5
All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [January 2005]

4 Wave Runup at Shoreline Resulting From
Breaking at Cross-shore Location, y
S
*g s Depth Limited Wave Height
2/
S 3| -¥-----
@
82
88
8 2
> 0

Cross-shore Distance, y

Breaker Location Causing -
Maximum Runup ‘

2% Setup Level

Total Maximum
Potential Runup

Figure D.4.5-10. Example Plot Showing the Variation of Surf Zone Parameters
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D.4.5.1.6 Example Computations of Total Runup

Four examples corresponding to the four settings in Table D.4.5-2 are examined and total runup
values presented. The conditions for the four examples are presented in Table D.4.5-4. These
examples have been selected to illustrate application of the methodology for several settings. The
supporting documents provide a detailed step-by-step presentation of the calculations associated
with these four examples and seven additional examples..

Table D.4.5-4. Example Characteristics

Water Level and Profile . o
Example Wave Conditions Conditions Barrier Characteristics
1. Open Coast, Astronomical tide = 3 feet Slope = 1:60 | No barrier
Sandy Beach above NAVD" and wind
surge =2 feet. H, =262
feet; T = 20 sec; Gamma =
30 in JONSWAP spectrum
2. Open Coast With Same as Example 1 Slope =1:60 | Slope =1:1.5, 1 layer rock of
Structure Present 3 feet diameter, toe depth = 2
feet below NAVD. porosity
considered to be 0.2
3. Sheltered Water, Astronomical tide = 3 feet, Slope = 1:60 | No barrier
Sandy Beach above NAVD and wind
surge = 1 foot. H, =6.0
feet; T =5 sec; Gamma =1
in JONSWAP spectrum
4. Sheltered Water With | Same as Example 3 Slope =1:60 | Same as Example 2
Structure Present

"NAVD = North American Vertical Datum
Example 1. Open Coast, Sandy Beach

The actual bathymetry for this example is presented in Figure D.4.5-11 and is approximated here
as a uniformly sloping profile with slope of 1:60 out to twice the approximate significant wave
height breaking point. The deep water Iribarren number, & , for this case is calculated to be

0.147.

Table D.4.5-5 presents the 2% exceedance results based on the DIM program and coefficients in
Table D.4.5-1 with a nearshore slope of 1:60 as well as the results from the Boussinesq model
calculations. To illustrate the role of the spectral width, the results for a Gamma of unity based
on the equations have been presented as a footnote to Table D.4.5-5.
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Figure D.4.5-11. Offshore Profile for Example Problem

Table D.4.5-5. Comparison of Results from Various Methods of
Calculating 2% Total Runup for Examples

TectCam 1_BMEay_Foet Units Houw 4, 2004 194:22 P

[
o
=
=
=

2% Total Runup (ft)

Static Combined Dynamic Setup Total
Setup and Incident Wave Runup Runup
Example Method (ft) (ft) (ft)
1 Boussinesq Equations 5.33 8.71 14.04
1 DIM Program 4.89 10.11 15.53
Equations (Table D.4.5-1)
1 Based on DIM 4.43 10.58 15.01
Equations (Table D.4.5-1) Based
2 on DIM and Equation D.4.5-19 4.43 23.44 27.87
Equations (Table D.4.5-1)
3 (Based on DIM) 0.78 1.10 1.88
Equations (Table D.4.5-1) Based 9.20 (Incident Wave Runup)
4 on DIM and Equation D.4.5-19 0.78 (Dynamic Setup = 0.0) 9.98

*Note: For a Gamma (JONSWAP spectral peakedness) value of 1.0, the 2% total runup by the DIM method is 10.85 feet. The
total runup for all examples is above SWL.

D.4.5-19

Section D.4.5

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.

However, the document contains useful guidance to support implementation of the new standards.



Guidelines and Specifications for Flood Hazard Mapping Partners [January 2005]

Example 2: Open Coast with Structure Present

The runup reduction factors determined for this example from Table D.4.5-3 are: y, = 0.6, y, =
1.0, 7, = 1.0, andy, = 0.86. Values of the runup were based on the DIM methodology and

Equation D.4.5-19 with adjustment for the dynamic setup considered to occur in the model tests
that led to Equation D.4.5-19. The total 2% dynamic water depth at the toe of the structure was
found to be 14.49 feet, which yielded an approximate significant wave height at the structure toe
of 11.30 feet for use in Equation D-4.5-19. The value of & is 8.16. The total runup above SWL

was determined to be 27.87 feet.

Example 3: Sheltered Waters, Natural Beach

The deep water Iribarren number based on the conditions in this example is: & = 0.077. The
total 2% runup above SWL was determined to be 1.88 feet.

Example 4: Sheltered Waterswith Structure Present

The runup reduction factors determined for this example were obtained from Table D.4.5-3 and
are the same as for Example 2: y, = 0.6, y, = 1.0, y, = 1.0, and y, = 0.86. The total runup

value was based on the DIM methodology and Equation D.4.5-19 with adjustment for the
dynamic setup considered to occur in the model tests that led to Equation D.4.5-19. This resulted
in a dynamic setup, 77, = 0. The total 2% dynamic water depth at the toe of the structure was

found to be 6.78 feet resulting in H, =5.29 feet. The relevant Iribarren number at the breakwater

toe is: £, =2.95. The total runup elevation above SWL was determined to be 9.98 feet.

D.451.7 Documentation

The Mapping Partner shall document the procedures and values of parameters employed to
establish the 1% chance total wave runup on the various transects on natural beaches and barriers
that could include steep dunes and structures. In particular, the basis for establishing the runup
reduction factors and their values shall be documented. The documentation shall be especially
detailed in case the methodology deviates from that described herein and/or in the
recommendations in the supporting documentation. Any measurements and/or observations shall
be recorded as well as documented or anecdotal information regarding previous major storm-
induced runup. Any notable difficulties encountered and the approaches to addressing them shall
be described clearly.

D.4.5.2 Overtopping
D.45.2.1 Overview

Wave overtopping occurs when the barrier crest height is lower than the potential runup level;
waves running up the face of a barrier reach and pass over the barrier crest. If the total runup
elevation (calculated in Subsection D.4.5.1) exceeds the crest elevation, z., then the overtopping
of the structure is potentially significant and requires evaluation to define hazard zones.
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There are three physical forms of overtopping:

1. Green water overtopping occurs when waves break onto or over the barrier and the
overtopping volume is relatively continuous.

2. Splash overtopping occurs when waves break seaward of the face of the structure, or
where the barrier is high in relation to the wave height, and overtopping is a stream of
droplets. Splash overtopping can be carried over the barrier under its own momentum or
may be driven by onshore wind.

3. Spray overtopping is generated by the action of wind on the wave crests immediately
offshore of the barrier. Without the influence of a strong onshore wind, this spray does
not contribute to significant overtopping volume.

Mapping hazard zones due to green water and splash overtopping requires an estimate of the
velocity or discharge of the water that is propelled over the crest, and the envelope of the water
surface, defined by the water depth, landward of the crest. Ideally:

e Base Flood Elevations (BFEs) are determined based on the water surface envelope
landward of the barrier crest.

e Hazard zones are determined based on the inland extent of greenwater and splash
overtopping, and on the depth and force of flow in any sheet flow areas.

The calculation methods for the hazard zones landward of the barrier crest differ for green water
overtopping and splash overtopping and depend on the ratio Rz ' as illustrated in Figure

D.4.5-12. For 1 < R'z ' < 2, splash overtopping dominates and for RYz ' > 2, bore

propagation dominates. Each of these types results in the occurrence of a hazard zone, although
the calculations quantifying the hazard zones differ as described later in this subsection. Note
that R' and z_ ' are relative to the DWL2%.

Figure D.4.5-13 shows the parameters that may be available for use in mapping BFEs and flood
hazard zones and are listed in Table D.4.5-6 (availability depends on the runup and overtopping
methods employed). Again, the reference water level for overtopping calculations is the
DWL2%. The remainder of this subsection is organized as follows. First the methodology for
calculating overtopping rates is reviewed. Secondly, methods are presented for calculating the
hazard zones landward of the crest of the barrier for the two types of overtopping discussed
above and illustrated in Figure D.4.5-12.
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Figure D.4.5-12. Definition Sketch for Two Types of Overtopping
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Figure D.4.5-13. Parameters Available for Mapping BFEs and Flood Hazard Zones

Table D.4.5-6. Overtopping Parameters Used in Hazard Zone Mapping

Parameter Variable | Units
Total potential runup elevation R ft
Mean overtopping rate q cfs/ft
Landward extent of green water and splash overtopping VG.0uter ft
Depth of overtopping water at a distance y landward of crest h(y) ft

Due to the complexity of overtopping processes and the wide variety of structures over which
overtopping can occur, wave overtopping is highly empirical and generally based on laboratory
experimental results and on relatively few field investigations.

D.45.2.2 Background

Overtopping calculations are subject to more uncertainty than runup calculations. While runup
models may replicate observed runup values with errors of about 20%, predicted overtopping
rates are often in error by a factor of 2 or more (Kobayashi, 1999). Some overtopping predictions
may be even less accurate, given the fact that subtle changes in wave conditions, water level,
structure geometry and characteristics can have a very large effect on overtopping rates.

D.45221 Empirical Equations

Wave overtopping may be predicted by a number of different methods, but chiefly by semi-
empirical equations that have been fitted to hydraulic model tests using irregular waves for
specific structure geometries. These empirical equations have the general form:

0=ac" or Q=a(F)”’ (D.4.5-27)
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where Q is a dimensionless average discharge per unit length of structure and F is a
dimensionless freeboard. It is noted that these two dimensionless quantities are defined
differently depending on the researcher and the structure characteristics. Overtopping rates
predicted by these formulae generally include green water and splash overtopping because both
parameters are recorded during the model tests.

Section VI-5-2b of the CEM (USACE, 2003) describes several different methods that have been
developed for particular geometries. The choice of method depends upon the form of wave
behavior at or on the structure, and the nature of the structure.

D.45.222 Typesof Wave Behavior

Any discussion on wave-structure interaction requires that the key wave processes be
categorized, so these different processes may be separated. Four key terms, non-breaking or
breaking on normally sloped structures and reflecting or impacting on steeper structures, are
defined below to describe breaking and overtopping processes.

For beaches and normally sloping structures, the simplest division is to separate breaking
conditions where waves break on the structure from non-breaking waves. These conditions can
be identified using the surf similarity parameter (or Iribarren number) defined in terms of beach
or structure slope (tan ), and wave steepness (H,uo/Lo):

_ tana tana

E = - (D.4.5-28)

where S, is wave steepness as defined above.Breaking on normally sloped (1:1.5 to 1:20)

surfaces generally occurs where ¢,, < 1.8, and non-breaking conditions when &,, > 1.8.

On very steep slopes or vertical walls, reflecting overtopping occurs when waves are relatively
small in relation to the local water depth and of lower wave steepness. The structure toe or
approach slope does not critically influence these waves. Waves run up and down the wall,
giving rise to relatively smoothly varying loads. In contrast, impacting breaking on steep slopes
occurs when waves are larger in relation to local water depths, perhaps shoaling up over the
approach bathymetry or structure toe itself.

For simple vertical walls, the division between reflecting and impacting conditions is made using
the parameter ..

h. =HL(27;]Z} (D.4.5-29)

m

Reflecting conditions can generally be said to occur where A, > 0.3, and impacting conditions
when A, <0.3.
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D.45.2.2.3 Natureof the Structure

The relative freeboard, F./H,, is a very important parameter for predicting overtopping.
Increasing wave height or period increases overtopping discharges as does reducing the crest
freeboard, either by lowering the crest or raising the water level.

For structures with small relative freeboards, various prediction methods of overtopping
discharge converge, indicating that the slope of the structure no longer has much influence in
controlling overtopping. Over the normal range of freeboards, the characteristics for slope of 1:1
to 1:2 are similar, but overtopping reduces significantly for slopes flatter than 1:2. Empirical
methods for sloping structures are applicable over specific slope ranges — structures tested
usually lie between 1:1 and 1:8 with occasional tests at 1:15 or lower. Vertical and very steep
walls (1:1 or steeper) have different prediction tools due to their distinct physical overtopping
regimes as noted in the preceding section.

Most empirical methods were developed initially for smooth slopes and have been subsequently
extended and modified for rough slopes. This is often accomplished by the inclusion of a

reduction factor for surface roughness, 4, and other features as discussed previously in
Subsection D.4.5.1.5.2 and summarized in Table D.4.5-3.

Increasing permeability of the structure decreases runup and overtopping as a larger proportion
of the flow takes place inside the structure. Increasing porosity also reduces runup and
overtopping because a larger volume of water can be stored in the voids. These differences in
response characteristics make it convenient to distinguish between impermeable and permeable
structures through a porosity reduction factor, y,.

Berms can also have a considerable impact on the runup and overtopping. van der Meer (2002)
defines a reduction factor for berms, 7, that takes into account both the depth of water over the
berm and its width. Berms are most effective in reducing runup and overtopping if the horizontal
surface is close to SWL. Their effectiveness decreases with depth and can be neglected when the
depth of water over the berm is greater than 2H,,,.

D.45.224  Selection of Empirical Methods

The Mapping Partner is responsible for selecting and applying a suitable method to predict
overtopping. Because the methods available for predicting overtopping are empirically based, the
choice of method is substantially influenced by the characteristics of the transect that is being
analyzed. Section VI-5-2b of the CEM (USACE, 2003) shall be reviewed to determine if a
similar structure geometry has been tested. Care shall be taken to determine whether the transect
being analyzed falls within the range of conditions for the model tests. Table D.4.5-7 presents
overtopping relationships for various types of structures and conditions. The conditions
associated with these different situations are discussed below.

If the structure to be analyzed has not been tested, generalized methods for predicting wave
overtopping on sloping and vertical structures are available and can be applied.
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o Normally sloping structures (slopes milder than 1:1.5 vertical to horizontal): For the
majority of structures with impermeable smooth or rough slopes and with straight or
bermed slopes, the formulation developed progressively by de Waal and van der Meer
(1992), van der Meer and Janssen (1995), and van der Meer et al. (1998) is suitable. This
is shown in Table VI-5-11 of the CEM (USACE, 2003) and the method is fully
articulated in van der Meer (2002).

o Steep and vertical walls: For this case, the formulation developed by Besley et al. (1998),
Besley (1999), Besley and Allsop (2000), as extended by Allsop et al. (2004) is suitable.

These general methods are described in more detail in the following subsections and the
recommended equations are summarized in Table D.4.5-7.

Table D.4.5-7. Equations for Wave Overtopping

Quantity and General Characteristic/ : :
Conditions Condition Relationships
Breaking Waves 3
tan o _47F
£,<18 g=0 [Ee L 0-0.06e*"
Non-Dimensional (Q) Sop
and Dimensional (g) ro
Mean Overtopping Rates F = £ Sop 1 (D.4.5-30)
EEEEEEEEEEEEEEEEREER ng tana?/r]/Byﬂ}/P
Note: If the overtopping rate (q) from this
Normally Sloping equation exceeds that for non-breaking waves
Structures below, use the result for non-breaking waves
l:15<tana <1:1.5 below
Non-Breaking Waves
fop >1.8 g=0 [gH:w’ Q:0.26—2.3F'
Y S |
F=— (D.4.5-31)
Hmo yrj/ﬂ
Non-Breaking Waves
Non-Dimensional (Q) (Reflecting)
and Dimensional (¢) h>03 0 =0.05¢7>7/ e (D.4.5-32)
Mean Overtopping Rates
( L ]
EEEEEEEEEEEEEEEEREER h*: wr 7
Hﬂl() om
Steeply Sloping or Breaking Waves -0 e h?
Vertical Structures (at or (Impacting) 4 &
steeper than 1:1.5). h. <03 0 =137x107(F")>*
Some Approaching . F
Waves Not Broken F = HC h. (D.4.5-33)
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Table D.4.5-7. Equations for Wave Overtopping

(cont.)
Quantity and General Characteristic/ : :
Conditions Condition Relationships
Non-Dimensional (Q) Structure Toe Below A [ 732
and Dimensional (gq) DWL2% Water Level q=0vgh
Mean Overtopping Rates 0 =0.27x10"* 72 Hue )
Steeply Sloping or valid for (F,/H,,)h <0.03  (D.4.5-34)
Vertical Structures (at or Structure Toe Above —
. = h
Steeper thqn 1:1.5). All DWL2% Water Level q=0+gh h (D.4.5-35)
Approaching Waves _ 0.06e 4 TESE”
Broken 0 =0.06e
Shallow Foreshore Foreshore Slope < 1:2.5 7372
Slopes E.>7 q=0gh
0=021gH’ "
. F
F = < (D.4.5-36)
VrVﬁHmo (0.33+0.022¢£ ;)
Note: H mo 18 the spectral significant wave height at the toe of the structure.

D.45.2.3 Data Requirements

Overtopping is a function of both hydraulic and structure parameters:
q=f(H,,.T,B.F,.h,geometry) (D.4.5-37)

where H,, is the significant wave height at the toe of the structure, 7}, is the peak period, Sis the
angle of wave attack, F, is the freeboard as shown in Figure D.4.5-13, and 4; is the 2% depth of
water at the toe of the structure. The Mapping Partner shall take care to follow the specification
for the hydraulic parameters as described in the chosen method. In most methods, the wave
conditions is specified at the toe of the structure.

In addition to a description of the waves and water levels, a description of the structure geometry
is required. Depending on the method used, the geometry of the structure, especially complex
geometries such as berms, may be specified in particular ways. The Mapping Partner shall ensure
that the specification for the structure geometry are followed as described in the chosen method.

D.4524 Mean Overtopping Rate at the Crest

D.4524.1 Sloping Structures (van der Meer, 2002)

The prediction method for simple smooth and armored slopes, as described in van der Meer
(2002), distinguishes between breaking and non-breaking waves on the basis of &,, and use
different definitions of dimensionless discharge and dimensionless freeboard. Influence factors,
7 %> 5 Vg, have been described previously in Subsection D.4.5.1.5.2. There is one difference in
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the definitions of the runup reduction factors ( y parameters), which is for the direction of wave
approach A . For this case,

,(0<|B|<80%)

(D.4.5-38)
.(8]=80%)

1.0-0.0033|
)/ =
7 1.0-0.0033[80

For breaking waves &,, < 1.8, the overtopping rate, is calculated as defined in Table D.4.5-7,
Equation D.4.5-30 in which Q is a dimensionless overtopping discharge for plunging breaking
waves and F is the dimensionless freeboard for breaking waves (see Figure D.4.5-13).

Similar relationships are available for non-breaking waves when ¢, > 1.8, using different
dimensionless parameters as defined in Table D.4.5-7, Equation D.4.5-31.

D.45242 Steep and Vertical Walls (Besley and Allsop, 2000)

The calculation procedure for steep and vertical walls described by Besley and Allsop (2000)
distinguishes between plunging and surging waves on the basis of 4. (see Equations D.4.5-32

and D.4.5-33) and use different definitions of dimensionless discharge and dimensionless
freeboard.

For h. > 0.3, reflecting waves predominate and a dimensionless discharge can be calculated
with Equation D.4.5-32 in Table D.4.5-7.

For impacting conditions, 4. < 0.3, mean overtopping is given by Equation D.4.5-33 in Table
D.4.5-7.

For conditions under which waves reaching the wall are all broken, two formulae are suggested
depending upon whether the toe of the structure is above or below the DWL2% level.

For structures with the toe below the DWL2% level, refer to Equation D.4.5-34 in Table D.4.5-7.
For structures with the toe above the DWL2%, refer to Equation D.4.5-35 in Table D.4.5-7.
D.45.24.3 Shallow Foreshore Slope

For a shallow foreshore slope (m<1:2.5), apply Equation D.4.5-36 in Table D.4.5-7.

D.4.5.2.5 Limits of Overtopping and Hazard Zones Landward of the Barrier Crest

As discussed previously and illustrated in Figure D.4.5-12, hazard zones landward of the barrier
crest can be a result of splash overtopping, which occurs for 1< Rz ' < 2, or for bore

'

overtopping, which occurs for R'/z ' > 2. The methodologies to calculate the limits of the

hazard zones for each of these cases is described below. These methodologies are approximate
and both consider the Froude number to be 1.8 as found by Ramsden and Raichlen (1990).
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D.45.251 Overtopping by Splash

Figure D.4.5-14 presents a detailed view of the associated variables for this type of overtopping.

Potential Wave Runup

yG,Inner

y G,Outer

A
A

Figure D.4.5-14. Definition Sketch for Wave Overtopping by Splash

First, the calculation steps are presented and then the associated calculations discussed in greater
detail. The following steps define the approach to establishing the splashdown distance for the

1% annual event and the landward limit of the hazard zone defined as: AV? =200 ft*/sec’.

1. Calculate the excess potential runup, AR=R —z_, V. cosa and h .V, =1.1,/gAR and
h, =0.38AR. In the case of a vertical seawall, apply Equations D.4.5-9 and D.4.5-19
replacing the numerator: tana by 1.0 for calculation of the excess runup, AR.

2. Estimate, based on data, the associated onshore wind component, W, . Use W, =44 ft/sec

as a minimum.

3. Calculate an enhanced onshore water velocity component (denoted by prime):
(V.cosa)'=V, cosa+0.3(W, -V, cosa). In the case of a vertical seawall, this simplifies

to(V, cosar) =0.31,.
4. Determine an effective angle, «,, , where tana,, =V, sina J/(V.cosa)’.

5. Apply Figure D.4.5-15 for the particular geometry to quantify the outer limit of the splash

1egion, Y ou., » Where V, = \/[(Vc cosa) |’ +[V,sinal’ .
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6. Calculate the total energy, E, of the splashdown: E = AR -z, where both variables are
relative to the barrier crest elevation.

7. Calculate the initial splashdown V, and 4, according to: V, =1.1{/gE and h =0.19E

8. Calculate the landward limit of AV? = 200 ft'/sec’, where h is the water depth given by
the Cox-Machemehl method (discussed below) and V' is considered to be uniform, i.e.,
V=r.

Splashdown Limits

The landward splashdown limit is based on consideration of the trajectory of the splash as shown
schematically in Figure D.4.5-14. This landward splashdown limit is determined by use of Figure

D.4.5-15 where the horizontal axis is (z;—z,)/[V;’sin’ a,, /2g], where V, includes the wind

effect (Steps 3 and 4 above) and the vertical axis is the non-dimensional distance, y; ., - Note

that in most cases, the horizontal axis is negative.

yIlV 2 sin 2 o, /24]

5 -4 3 2 -1 0 1

(zg -2, VIV, sina /2]

—_

Figure D.4.5-15. Solution of Trajectory Equations for Splashdown Distances
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The Cox-Machemehl Method

The Cox-Machemehl (C-M) method is applied to both the splash case and the bore propagation
case of wave overtopping. The form recommended here is modified slightly from that developed
by C-M. Given the initial depth, /4, the depth decays with distance as:

h(y){ﬁ_sw—yu)]

2
Ayel (D.4.5-39)
where £, is determined from Step 6 and for an initial approximation, the non-dimensional
parameter 4 may be taken as unity. For non-zero slopes landward of the barrier, m,, , the 4
value in the denominator of the above equation shall be modified by 4, = 4(1-2.0m,,, ), where
A, includes the effect of the landward slope and the value in the parentheses is limited to the

range 0.5 to 2.0. Note that m,, is positive sloping upwards in the landward direction. If the

maximum distance of bore propagation does not appear reasonable or match observations, the
Mapping Partner shall carefully examine the results to determine if a factor A different than
described above is warranted to increase or decrease inland wave transmission distance as
appropriate.

D.45.252 BorePropagation

For this case, the Mapping Partner shall apply the C-M method considering a Froude number =
1.8 as for the case shown in Figure D.4.5-12 and refined below as Figure D.4.5-16.

Bore

Potential Runup

DWL 2%~

Figure D.4.5-16. Overtopping Resulting in Bore Propagation
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The steps required to calculate the distance to 27> =200 ft*/sec’are described below.

1. Calculate the initial velocity, ¥V , and initial depth, A4, as: V =1.1,/gAR and

h, =0.38AR.

2. Calculate the landward limit of #V? =200 ft’/sec’, where # is the water depth given by
the C-M method, including the effect of landward slope, m,, , as appropriate and V is

considered to be uniform, i.e., V=V, .

D.4.5.2.6 Documentation

The methods and results obtained in quantifying the 1% annual chance overtopping values shall
be described in detail. The following shall be provided for the overtopped transects: (1) profiles,
(2) assumptions and considerations including runup reduction factors, (3) overtopping values
associated with the 1% chance event, and (4) basis for establishing the 1% splash zones landward
of the barrier including any assumptions made. Any measurements and/or observations and
documented or anecdotal information from previous major storm-induced overtopping and
damage shall be recorded. Any notable difficulties encountered and the approaches to addressing
them shall be described clearly.

D.4.5.3 Wave Dissipation and Overland Wave Propagation

This subsection provides guidance for estimating wave dissipation over broad, shallow areas, and
quantifying wave height decrease during overland propagation. Due to the relatively steep
nearshore on most of the Pacific Coast, coastal flooding is typically governed by total runup and
overtopping. Therefore, consideration of wave dissipation and overland propagation is usually
not required. In the paragraphs below, enhanced wave dissipation refers to dissipation by the
mechanisms discussed in this subsection.

Wave energy is dissipated when propagating over relatively broad, shallow areas due to
increased bottom friction, percolation in sandy seabeds, movement of cohesive seabeds, and drag
induced by vegetation; see Figure D.4.5-17 for a conceptual definition sketch. Dissipation
mechanisms can result in smaller wave heights than predicted by typical shoaling and depth-
induced breaking relationships. Available analysis methods rely on parameters that have a wide
range of values that can be difficult to quantify reliably. Therefore, the overall approach required
to quantify dissipation may entail use of empirical data, possibly collected by the Mapping
Partner at the study site or available from a similar site. In most situations, the amount of
dissipation is small when compared to the effort required to analyze the dissipation processes. In
addition, the risk of overestimating wave dissipation with available tools, resulting in an
underestimation of flood risk, can be significant.

On the Pacific Coast, enhanced wave dissipation in excess of depth-induced breaking is most
likely to occur when high tidal waters cause overland wave propagation in low-lying coastal
areas. The Wave Height Analysis for Flood Insurance Studies (WHAFIS) computer program has
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Figure D.4.5-17. Schematic of Wave Attenuation Processes

been developed to address overland wave propagation and is recommended for use on the Pacific
Coast. Because WHAFIS was developed for the Atlantic and Gulf coasts, minor modifications
are required for use on the Pacific Coast, hence the Mapping Partner shall obtain approval from
FEMA.

D.45.3.1 Assessment of Enhanced Wave Dissipation

Damping of waves occurs due to the effects of bottom friction, percolation in sandy seabeds,
viscous damping by cohesive bed movements, and drag imparted on the wave motions by
vegetation. These processes are influenced by water depth, the distance waves travel over a
sandflat, mudflat or through vegetation. Other important factors include vegetation type and
whether wave regeneration occurs due to winds.

The Mapping Partner shall consider the attenuation of wave height and energy. Initial
considerations shall be based on whether the wave attenuation is of sufficient magnitude to
warrant including in a Flood Insurance Study (FIS). In general, enhanced wave dissipation shall
not be considered unless calculations indicate wave heights are attenuated by more than 20%
and/or the reduction in wave heights has a significant effect on total runup or the wave input to
the overland propagation analysis.

If waves are propagating in the presence of an onshore wind field, enhanced dissipation shall be
considered only within a scheme that allows additional wind-wave generation. This can be
accomplished with wind-wave generation and transformation models (see Section D.4.4) and
WHAFIS (Subsection D.4.5.3.3). However, if the site is sheltered and wave height regeneration
is unlikely, wave attenuation by sandflats, mudflats, or vegetation can be considered in an
independent calculation. Initial considerations for the Mapping Partner are:

What are the physical site characteristics?

Is the area within the prevailing wind field?

Are there sheltered areas where wind regeneration does not occur?
Will the effect of the sandflat, mudflat, or vegetation be significant?
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At this time, available information on the Pacific Coast is insufficient to provide site-specific
data and results for the Mapping Partner. Therefore, calculations involving a range of relevant
parameters are required. If the attenuation is deemed to be potentially significant, site-specific
data, calibration, and verification may be necessary for FIS applications.

D.4.5.3.2 Wave Attenuation by Bottom and Vegetation Interactions

If attenuation is significant, the following methodology can be employed to perform an initial
assessment to determine if more detailed calculations are necessary. Bottom dissipation
mechanisms can be mathematically expressed as a negative forcing term in the conservation of
wave energy equation for steady-state, longshore uniform conditions as follows:

dEC, __
dy (D.4.5-40)

where E is the wave energy density, Cg is the wave group velocity, ¢ is the energy dissipation
rate per unit bottom area, and y is the direction of wave propagation. Dissipation can occur at the
surface, the bottom of the water column, and within the water column due to wave breaking. One
may consider ¢ as the sum of energy dissipations due to wave breaking and bottom and internal
effects. Dissipation due to bottom and internal effects dominates in areas of non-breaking waves
whereas dissipation due to breaking dominates within the breaking zone. Equations discussed in
Subsections D.4.5.3.2.1 and D.4.5.3.2.2 and summarized in Table D.4.5-8 can be used to develop
an initial assessment of the magnitude of enhanced wave dissipation due to bottom effects and
vegetation. If this dissipation is considered significant, the Mapping Partner may elect to use
equations within these subsections to calibrate a method. Calibration could be based on pairs of
measured wave heights and distances over approximately uniform depth conditions, and
collected at a location similar to the study site, i.e., similar site geometry and similar wave
conditions. Data used to calibrate the method shall be collected along the direction of wave
propagation showing changes in wave height and period across the site. The following
subsections present methodology for calculating wave dissipation resulting from various
mechanisms. Table D.4.5-8 summarizes the equations governing wave attenuation by various
processes and recommends ranges of required parameters to calculate attenuation.

D.45321 WaveAttenuation by Bottom Interactions
Wave Attenuation Due to Bottom Friction

For a rough bottom, Dean and Dalrymple (1991) express energy dissipation due to bottom
friction as shown in Table D.4.5-8, Equation D.4.5-41. In addition to the equation for ¢, this
table presents the approximate range of the unknown friction factor, £, the equation governing
attenuation, and the expression for the unknown friction factor if the wave heights at two
locations are known. The variables appearing in the expressions are defined as a table footnote.

Wave Attenuation Due to Percolation

For a porous bottom, Dean and Dalrymple (1991) express energy dissipation due to bottom
percolation as shown in Table D.4.5-8, Equation D.4.5-42.
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Table D.4.5-8. Summary of Equations for Overland Propagation (Over Uniform Depth)

Solution for Wave Heights, H;

Value of Unknown

D;’x1avi?1 o Unknowns and and H,, for Waves Propagating For Measured Wave Heights, H; and H;
Bp 9 Approximate Ranges Over Distance Over Distance
J Yo— VY1 Yo—VY1
potiom pfHc? 0.04< f<0.16 H, _ : 1 fe (H,-H,)12C, gzsinh® kh
487 sinh’ kh H, 1+f0' H v, —») H,H, (v, =)o’
12C, zsinh® kh (D.4.5-41)
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12827k H, , CC,DH\(y,~») 77 HHD(y,~y)
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Definitions: f = Bottom friction coefficient; & and kK = Wave angular frequency and wave number, respectively; V and V, = Water and mud kinematic viscosity, respectively; © and

P, = Water and mud mass density, respectively; C p and C p = Stem and plant drag coefficients, respectively; S is plant stem spacing.

All policy and standards in this document have been superseded by the FEMA Policy for Flood Risk Analysis and Mapping.
However, the document contains useful guidance to support implementation of the new standards.
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Wave Attenuation Due to a Viscous Bottom

Mudflats are common Pacific Coast features within lagoons and bays. Waves are damped when
traveling across mudflats, due to the movement of sediment-rich water column and bed. The
viscous, plastic nature of mud-rich sediments allows the soft bottom to deform in response to
wave forces, resulting in the absorption of some of the wave energy. There are several methods
for developing a preliminary estimate of wave dissipation due to viscous damping.

Dean and Dalrymple (1991) and Lee (1995) express energy dissipation due to a viscous bottom
as shown in Table D.4.5-8, Equation D.4.5-43. If the Mapping Partner determines that wave
attenuation over mudflats is important, additional methods are provided in Massel (1996);
however, any method to determine wave attenuation by mudflats shall be used with care. Ranges
of values of p, are 3 to 4.5 slugs/ft® and v, ranges from 0.1 to 1.0 ft*/s.

D.45322 Wave Attenuation by Vegetation

Investigators have shown that vegetation damps wave energy, e.g., Dean (1978, 1979), Knutson
(1982, 1988), Moeller et al. (1996, 1999, 2002), and Hansen (2002). Vegetation reduces
incoming wave heights by imparting resistance (drag) on incoming waves, thereby causing a
reduction in wave height and steepness, which results in a decrease in wave height and energy.

Mapping Partners working in areas where extensive marsh vegetation exists shall determine if
the reduction in wave height by vegetation is significant. Applying Equation D.4.5-44 in Table
D.4.5-8 by Knutson (1988) provides a method to determine whether further quantification of
wave attenuation by vegetation is required.

Methods for calculating wave damping by vegetation that are included within the Guidelines and
Specifications Appendix D (2003) may be employed in the Pacific Coast region. Important
variables include drag coefficient, plant drag coefficient, stem diameter, spacing, water depth,
stand width, and bottom slope.

It shall be noted that marsh vegetation differs from region to region and with salinity levels.
Cordgrass (shown in Figures D.4.5-18 and D.4.5-19), although present on both coasts, varies in
stature, with Pacific cordgrass (Spartina foliosa) being less substantial than Atlantic cordgrass
(Spartina alterniflora).

However, the effects of these differing vegetation types on attenuating incoming wave energy for
site-specific cases requires verification.

To account for wave attenuation by vegetation, the following is required:

e Determine the initial wave height seaward of vegetation;
e Determine the distance waves will travel through marsh vegetation;
e Quantify plant characteristics, i.e., stem diameter and spacing;
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Figure D.4.5-19. Tall Stand of Atlantic Smooth Cordgrass Hybrids Invading a Native Patch
of Pacific Cordgrass Meadow near Tiburon, California

e Apply plant drag coefficients (Cp = original drag coefficient approximately 1.0, Cp =
plant drag coefficient approximately 5.0); and

e (Calculate wave attenuation for the site in question (Equation D.4.5-44).

The Mapping Partner may choose to perform a field study to determine the amount of wave
attenuation by vegetation. Relatively simple survey and data acquisition techniques can be
performed to measure wave attenuation by vegetation. Using pressure sensors and/or current
meters, wave characteristics in the study area can be determined. Surveying instruments can be
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used to characterize the site. The procedures include: installing instrumentation to measure wave
heights offshore of the area with vegetation, using survey techniques to measure the distance that
the waves will travel through the vegetation and site characteristics (i.e., water depth, bed slope,
etc.), and measurement of plant characteristics (i.e., stem diameter, height, spacing, density).
Application of field results obtained to Equation D.4.5-44 will provide guidance on the
significance of wave dissipation for a particular site.

If calculations predict greater than 20% reduction, the Mapping Partner shall include the effects
in the FIS. If results are not significant, the Mapping Partner may ignore attenuation by
vegetation.

D.4.5.3.3 Overland Wave Propagation (WHAFIS)

The Guidelines and Specifications, Appendix D (2003) consider water wave transformations by
marsh vegetation (pages D-67 to D-87). The fundamental analysis of wave effects for a flood
map project is conducted with the WHAFIS computer program, which estimates the changes in
wave height due to interactions with vegetation. WHAFIS simulates the vegetation effects on
wave height and energy dissipation by both rigid and flexible vegetation. Consistent with other
coastal analyses, the WHAFIS model considers the study area by representative transects. For
WHAFIS, transects are selected with consideration given to major topographic, vegetative, and
cultural features. The ground profile is defined by elevations referenced to an appropriate vertical
datum (typically National Geodetic Vertical Datum [NGVD] or NAVD). The profile usually
begins at elevation 0.0 and proceeds landward until either the wave crest elevation remains less
than 0.5 feet above the mean water elevation for the 1% annual chance flood or another flooding
source is encountered. Currently, WHAFIS in its entirety is only approved for use on the Atlantic
and Gulf coasts.

Use of the model is explained in detail in the Guidelines and Specifications Appendix D.
Mapping Partners wishing to use the WHAFIS model to estimate wave attenuation by Pacific
Coast marshes must use care with preparation and input of required site data.

Several factors must be addressed before application of the WHAFIS model to the Pacific Coast.
First, local marsh vegetation must be characterized. Default values within the model are coded
for Atlantic and Gulf coast vegetations only. To use the model with Pacific Coast vegetation,
vegetation parameters must be input manually into the model. Second, wind velocity parameters
within the currently approved model are based on Atlantic and Gulf coast storms associated with
hurricane conditions. These wind speeds are too high for most Pacific Coast conditions.

D.45.33.1 Characterization of Pacific Coast Vegetation

Application of WHAFIS to Pacific Coast vegetation has been partially confirmed. Certain types
of vegetation are common to the Atlantic Coast, Gulf Coast, and Pacific Coast regions and
described in more detail in Table D.4.5-9. WHAFIS can be used for limited Pacific Coast
vegetation types that are the same or similar to those already represented in WHAFIS, but test
cases are needed to verify the validity of the model for use with most Pacific Coast vegetation

types.
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Table D.4.5-9. Common Vegetation Types on Atlantic, Gulf, and Pacific Coasts

New Gulf [Southern|Northern| Pacific
Species Common Name |England|Southeast | Coast |CalifornialCalifornial Northwest

Batis maritime Saltwort X X

Distichlis spicata  [Salt Grass X X X X
Scirpus americanus |Olney's Bulrush X X
Scirpus olneyi Olney Three square X X

Scirpus robustus  [Salt Marsh Bulrush X X X

Scirpus validus Soft Stemmed Bulrush X X X
Spartina alternifloralSmooth Cord Grass X X X X

D.45332 Useof WHAFISfor Dissipation Only

Although WHAFIS is not approved for use in Pacific Coast regions, certain features are
appropriate. The program can be used to determine whether a vegetation type in a specific area
will attenuate wave heights regardless of wind speed. This is taken into account in the model by
using the Vegetation Elevation card (using equivalent rigid vertical cylinders) only. For this case,
there is only damping; no energy input from wind is included even though the wind might be
strong and the vegetation might be sparse. The Mapping Partner shall choose vegetation values
for stem diameter, height, spacing, and a drag coefficient. The wind speed, implicitly, will be
Zero.

D.45333 Useof WHAFISfor Dissipation and Wind Wave Gener ation

The Marsh Grass card provides more flexibility with the vegetation parameters. This is the only
WHAFIS card type that considers both energy input and energy dissipation. This card accounts
for energy input by wind over the free surface, which is especially important if the vegetation is
fully submerged and damping by the vegetation occurs; however, this card will impose a wind
speed of 60 mph. Care must be taken with use of the Marsh Grass card because wind speeds are
based on Atlantic and Gulf Coast (hurricane) conditions.

A modified version, P-WHAFIS, has been written that allows for variation of wind speed and
therefore can be used in a generation wind field. This recently modified version has been tested
but has not been approved by FEMA for unrestricted use. If the Mapping Partner chooses to use
P-WHAFTIS, prior approval from FEMA is required.

D.45.3.4 Documentation

Areas where wave attenuation was examined and the results obtained shall be described. The
characteristics of these areas that led to the consideration of wave attenuation and the values of
the attenuation parameters used in the analysis shall be quantified. Results of interest include the
potential effect of wave attenuation on the hazard zones and the decisions reached as to whether
to further include wave attenuation in the analysis leading to hazard zone delineation. Any field
measurements and/or observations shall be recorded as well as documented or anecdotal
information regarding previous overland damping during major storms, perhaps by runup events
less than expected in the lee of attenuation features as discussed in this subsection. Any notable
difficulties encountered and the approaches to addressing them shall be clearly described.
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D.4.6 Coastal Erosion

This section provides methods for Mapping Partners to define the shape and location of eroded
beach profiles, upon which the 1% flood conditions (waves and water levels) will act and from
which flood hazard zones and Base Flood Elevations (BFEs) will be mapped.

D.4.6.1 Overview

Erosion processes and consequences of erosion can either be “episodic” or “chronic.” These two
descriptors assign a very important temporal component to erosion processes and their results.
Episodic erosion is the shore and backshore adjustment that results from short duration, high
intensity meteorologic and oceanic storm events. This type of event response results in shore
adjustment and occurs during a single storm or during a series of closely spaced storm events
within a storm season. Shore and backshore profile changes during intense storms and hurricanes
can result in dramatic beach and dune erosion, retreat, breaching, or removal of backshore dunes;
cause retreat and collapse of bluff and cliff formations; and culminate in greater landward
encroachment of waves and flooding from the ocean. Chronic erosion is associated with slow,
long-term processes such as gradual shoreline adjustment associated with: (1) sea level rise, (2)
land subsidence, (3) changes in sediment supply due to watershed modifications or dam building,
and (4) decadal adjustments in rainfall, runoff, and wave climate associated with global
warming.

Current Federal Emergency Management Agency (FEMA) regulations are limited to risks and
losses occurring as the direct result of a storm event. The National Flood Insurance Program
(NFIP) does not address long-term gradual chronic erosion but focuses on flood-related erosion,
episodic erosion, due to storm events'. FEMA does not currently map long-term erosion hazard
areas as some local or state agencies do. FEMA Flood Insurance Rate Maps (FIRMs) do not
inform property owners of erosion risks. FIRMs only indicate risks from flooding hazards in the
form of BFEs and flood hazard zones. Therefore, flood assessment guidelines in this section only
include methods for estimating eroded shore and backshore profiles during single large storm
events, so runup and overtopping computations can be made to determine flood risks associated
with those events. Section D.4.9 discusses how results from event-based erosion assessments are
to be used by Mapping Partners to determine flood risks and delineate hazard zones.

D.4.6.2 Pacific Coast Characteristics Related to Storm-induced Erosion

Pacific storms track from the Pacific Ocean toward the coasts of California, Oregon, and
Washington. Unlike hurricanes that occur along the Atlantic and Gulf coasts, Pacific Coast
storms are frontal storms. These storms have smaller peak force wind speeds and surges than
hurricanes, but have much longer durations (often on the order of several days). Intense Pacific
storms are capable of generating 40- to 60-foot waves, and Pacific storms often “line up” in a
series of back-to-back events that track thousands of miles across the Pacific Ocean to attack the
West Coast of the United States for weeks with elevated tides and high surf. A series of storms

! Discussions of long-term erosion and the potential consequences of chronic erosion are found in materials listed in
the reference section of this document and in many of the support documents referenced herein.
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with only short periods of time between their peaks are capable of causing significant beach
profile recession. One, two, or more storms may occur in a winter season before a severe storm
event occurs. The periodic occurrence of El Nifio oceanic conditions significantly amplifies the
effects of Pacific storms with increased sea level and wave heights. This change in oceanic
temperature, weather, and wave climate during El Nifio periods is unique to the Pacific and
usually represents meteorological and oceanic conditions when wind, waves, total water levels,
and coastal erosion are the greatest.

Pacific Coast beaches undergo typical seasonal changes in profile and location from summer to
winter conditions. During winter months, increased total water levels along with high-energy,
steep waves tend to move sand offshore, adjusting the beach profile and its cross shore location.
By the end of the summer or early fall after months of calm seas, the beach has recovered and the
berms and back beach dunes may be well developed again. Figure D.4.6-1 provides a sketch of
generalized seasonal profile changes that occur on sand beaches of the Pacific Coast.

TYPICAL PACIFIC COAST SUMMER AND WINTER PROFILES

BACKEHORE SURF SHOALING OFFSHORE
ZONE | ZONE | ZONE ‘ ZONE
P b T
___E_ ~7 "m0 N BEACH FACE

PROFILE

WINTER
PROFILE

WINTER PROFILE

Nota: Location and width vary
as wave conditions change

Figure D.4.6-1. Typical Pacific Coast Summer and Winter Beach Profiles
(after Bascom, 1964)

D.4.6.3 Background and Definitions

By their nature, coastlines are extremely complex and dynamic environments. The type and
magnitude of coastal erosion are closely related to general coastal exposure and beach setting.

D.4.6.3.1 Coastal Exposure

Coastal exposure refers to: (1) whether the coastline and beach are situated on the open coast,
e.g., exposed to the undiminished waves, water levels, tides, winds, and currents associated with
the open coast, or (2) whether the coastline is located within a sheltered area that is fully or
partially protected from the direct action of ocean waves, winds, tides, water levels, and currents.

D.4.6-2 Section D.4.6
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The latter condition is referred to as a sheltered water area. Beach erosion processes resulting
from changes in total water level and wave action are similar along the open coast and within
sheltered water areas; however, the magnitude, rate, and ultimate beach response may be quite
different for sheltered water areas due to dramatic differences in total water-level changes and
wave energy during large storms. Sheltered water areas typically have reduced wave energy and
smaller runup. Some sheltered water areas found in confined embayments or estuaries may,
however, experience higher still water elevations resulting from the combined effects of
astronomical tides and fresh water runoff from streams and rivers and modified tidal and surge
conditions.

The primary differences in estimating coastal erosion for these two types of beach exposures
relate to how waves and water levels are determined for the 1% response storm condition. Refer
to Section D.4.2 for guidance on how the 1% annual chance storm is determined and to Sections
D.4.4 and D.4.5 for guidance on how waves and water levels are estimated for these two coastal
exposures.

D.4.6.3.2 Beach Setting

Beach setting refers to localized geomorphic characteristics of the shore and backshore zone
related to site-specific geology, profile shape, material composition, and material erodibility;
proximity to other dominant features such as coastal inlets, storm outfalls, streams, and creeks;
harbors and coastal structures; littoral sediment supply; and pocket beaches; and seasonal
changes in beach width due to changes in wave direction. Six common beach settings
representative of those along the California, Oregon, and Washington coastlines are addressed in
these guidelines:

Sandy beach backed by a low sand berm or high sand dune formation
Sandy beach backed by shore protection structures

Cobble, gravel, shingle, or mixed grain sized beach and berms
Erodible coastal bluffs

Non-erodible coastal bluffs or cliffs

Tidal flats and wetlands

S

Figures D.4.6-2 through D.4.6-7 provide sketches and define terms for these six common beach
settings found along the Pacific Coast. Table D.4.6-1 describes these settings, and lists
recommended methods and data necessary for estimating beach profiles for use during runup
computations. For the most part, these six settings are found in both open coast and sheltered
water areas. However, the magnitude and net effects of tides, waves, currents, and erosion often
differ between open coasts and sheltered areas. Policy and criteria for evaluating the stability and
performance of costal beach nourishment projects are not yet developed, and only basic guidance
is provided in Section D.4.1, Pacific Coast Guidelines Overview.

Beach settings (1) and (2) are likely to be the most important coastal settings from a hazards
mapping perspective. These two settings tend to experience the most erosion and flooding during
large storm events. The following sections describe procedures for estimating storm-induced
erosion for all six Pacific Coast beach settings listed in Table D.4.6-1. Two different

D.4.6-3 Section D.4.6
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FOREDUNE
SUMMER BEACH CONDITION
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;."‘-.
WINTER BEACH CONDITION

Figure D.4.6-2a. Sand Beach Backed by High Sand Dune
(Beach Setting No. 1) (after Griggs, 1985)

TYPICAL LOW BERM OVERWASH PROFILE (SETTING #1)

OVERWASH FAN SUMMER

/ PROFILE

COASTAL WINTER
DEVELOPMENT PROFILE

LOW TIDE
TERRACE

Note: Location and width vary
as wave conditions change

Figure D.4.6-2b. Sand Beach Backed by Low Sand Berm
(Beach Setting No. 1) (after Bascom, 1964)
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SANDY BEACH BACKED BY SHORE PROTECTION STRUCTURES (SETTING #2)

£ SHORE PROTECTION
[0 0] STRUCTURE

DEVELOPMENT

SAND
~ " BEACH
WINTER
PROFILE

Figure D.4.6-3. Sand Beach Backed by Shore Protection Structures
(Beach Setting No. 2)

COBBLE, GRAVEL, SHINGLE OR MIXED GRAIN SIZE BEACH (SETTING #3)

COBBLE
BERM CRES

A A AL MAL

- FILLED VOIDS )%
[ RO LRE SANDY SHORE PLATFORM

EROSION-RESISTANT BASE
Figure D.4.6-4. Cobble, Gravel, Shingle, or Mixed Grain Sized Beach and Berms
(Beach Setting No. 3)
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ERODIBLE BLUFFS (SETTING #4)

Cliff/bluff protected by high,
wide sandy beach and berm

SEA LEVEL

SUMMER BEACH CONDITION

Beach and berm removed, waves
attack toe and face of cliff/bluff

SEA LEVEL

WINTER BEACH CONDITION

Figure D.4.6-5. Erodible Coastal Bluffs
(Beach Setting No. 4) (after Griggs, 1985)

EROSION RESISTANT BLUFF/CLIFF FRONTED BY ROCKY BEACH (SETTING #5)

NON-ERODIBLE
BLUFF/CLIFF

ROCKY SHORE-

Figure D.4.6-6. Non-Erodible Coastal Bluffs and Cliffs
(Beach Setting No. 5)
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TIDAL WETLANDS

A | | A4

PR T T T 4

TIDAL FLATS AND WETLANDS (SETTING #6)
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COHESIVE /

SILTS & MUDS

(Beach Setting No. 6)

Figure D.4.6-7. Tidal Flats and Wetlands

Table D.4.6-1. Common Beach Settings Found Along the California,
Oregon, and Washington Coastlines

Reference to

Sketch or
Photo of Recommended
Beach Beach Recommended Eroded Profile Data
Setting Setting Materials MLWP Methods Methods Requirements
1. Sandy beach Figures D.4.6-1, Fine to coarse See Subsection D.4.6.4 See Subsection D.4.6.5 | - Local wave and water-
backed by low D.4.6-2a, D.4.6-2b | beach and dune o o level information
sand berm or high | D.4.6-8,D.4.6-9, | sands 1. Begin with (surveyed) 1. Begin with the - Local geology and
sand dune D.4.6-10, D.4.6-11, existing beach profiles. MLWP. beach and dune material
formation D.4.6-12. D.4.6-13 2. Develop MLWP and overlay | 2. Select the MK&A or | .paracteristics
’ ’ on existing beach profile: K&D method for

D.4.6-14,D.4.6-15,
D.4.6-16,D.4.6-17,
D.4.6-18, D.4.6-19

2.a. If have good post-large
storm eroded beach profile
data: Use those data as initial
winter beach profile, e.g., the
MLWP.

2.b. If not: Use MLWP
methods listed in Subsections
D.4.6.5 and D.4.6.5.2 if using
MK&A geometric erosion
model, or use methods listed in
Subsections D.4.6.5 and
D.4.6.5.5 if using the K&D
geometric erosion model.

computing beach
erosion/recession that
occurs to the MLWP
during the 1% storm.

3. Apply the (a) MK&A
model (Subsection
D.4.6.5) primarily for
open coast OR and WA
beaches backed by high
dunes, and (b) the K&D
model (Subsection
D.4.6.5) for CA Open
Coasts or Sheltered
Waters.

- Historical beach profile
data.

- Recent data for project
study area

- LIDAR or surveyed
profile data

2. Sandy beach
backed by shore
protection
structures

Figures D.4.6-3,
D.4.6-20, D.4.6-21

-Fine to coarse
beach sands
-Need
characteristics
of other fill or
revetment
materials

See Subsections D.4.6.4 and
D.4.6.6

1. Estimate beach slope m from
beach profile measurements
immediately following winter
storms, or

2. Estimate m from median
grain size and beach exposure

relationships (see Fig. D.4.6-9).

See Subsections
D.4.6.6 and D.4.7

1. Use post large-storm
beach profile data.

2. Compute local scour
depths at toe in front of
structures, (see CEM).
3. Determine whether
structure fails or is
overtopped (D.4.7).

4. Adjust profile from
step 1 to account for
effects computed in
steps 2 and 3.

- Local wave and water-
level information

- Local geology and
beach and dune material
characteristics

- Historical beach profile
data

- Recent data for project
study area

- LIDAR or surveyed
profile data

- Characteristics and
dimensions of
foundations and
structures

D.4.6-7
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Table D.4.6-1. Common Beach Settings Found Along the California,
Oregon, and Washington Coastlines

(cont.)
Reference to
Sketch or
Photo of Recommended
Beach Beach Recommended Eroded Profile Data
Setting Setting Materials MLWP Methods Methods Requirements

3. Cobble, gravel,
shingle or mixed

Figures D.4.6-4,
D.4.6-22,D.4.6-23,

Medium gravel
to large cobble

See Subsection D.4.6.7

Assume cobble beach and

See Subsection D.4.6.7

-Local wave and water-
level information

grain size beach D.4.6-24, D.4.6-25, | and small ) . . -Local geology and beach
and berms D.4.6-26 boulders berm profile is stable; Determine eroded winter | a4 cobble berm material
however, fronting beach sands | storm profile from characteristics
may erode during winter measured historical “Historical beach profile
storms (see Figs. D.4.6-15 and | beach profiles, data
16) supplemented by probing -Recent data for project
Therefore, assume MLWP is or trenching to cobble study area
same as eroded winter storm bottom - LIDAR or surveyed
profile. profile data
4. Erodible Figures D.4.6-5, Bluff materials: See Subsection D.4.6.8 See Subsection D.4.6.8 | -Local wave and water-
coastal bluff D.4.6-27,D.4.6-28, | Loosely level information
fronted by narrow | D.4.6-29, D.4.6-30, | cemented sands -Develop MLWP from -Develop eroded beach -Beach and bluff material
sandy beach D.4.6-31 and gravels measured historical beach profile from measured characteristics and

profiles following large storm
events; seek historical profiles

historical beach profiles
following large storm

erodibility information

Beach h . ) . o -Perform field inspections
materials: during El Nifo years if events during El Niflo and sampling to
Fine to coarse possible. . years if possible. determine geotechnical
sands, some -Supplement profile data with | -Supplement profile data | p1¢f erosion parameters
small gravels, probing or trenching to with p .robmg or -Historical beach profile
cobbles confirm seasonal depth of trenching to confirm and bluff retreat data
scour. seasonal depth of scour. | _poiant data for project
- If available, use historic -If bluff is erodible, study area
eroded winter profile apply Noble Engineers
measured right after large Bluff Erosion Method
storm. for bluffs (USACE,
2003) using estimate
beach slope and
elevations from eroded
beach profile, above.
5. Non-erodible Figures D.4.6-6, Bluff materials: See Subsection D.4.6.9 See Subsection D.4.6.9 | -Local wave and water-
coastal bluffs or D.4.6-32, D.4.6-33 | Erosion- level information

cliffs

(Note: This
setting is often
fronted by a rocky
beach or rock
platform capped
with a thin layer
of sand)

resistant rock or
cemented sands
and gravels

Beach
materials:

Thin layer of
fine to coarse
sands with
some small
gravels, over
rocky bottom or
rock platform

Assume the winter beach
profile is stable and is
estimated from measured
historical beach profiles,
supplemented by probing to
rocky bottom

-Verity that bluff or cliff
setting is non-erodible.
-Determine winter beach
profile from measured
profile information and
probing in March-April.

-Geologic information for
study area

-Historical beach, bluff
and cliff profile data
-Recent data for project
study area

D.4.6-8
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Table D.4.6-1. Common Beach Settings Found Along the California,
Oregon, and Washington Coastlines

(cont.)
Reference to
Sketch or
Photo of Recommended
Beach Beach Recommended Eroded Profile Data
Setting Setting Materials MLWP Methods Methods Requirements

6. Tidal flats and Figures D.4.6-7, Tidal Flats: See Subsection D.4.6.10 See Subsection D.4.6.10 | -Local wave and water-

wetlands D.4.6-34, D.4.6-35 | Cohesive . . level information
sediment and -Assume tidal flats and Tidal flats and wetland -Sediment & geologic
organic wetland profiles are stable surfaces typically donot [ ; e o0 for study area
materials: during single storm events. erode during storm “Historical profile data
cohesive ’clays -Examine historical site events; check local ~Recent data for project
and silts: information to determine history of site; use study area

’ whether profiles are stable, LIDAR surveys or _RU. OT and wave

Wetlands: receding or accreting. measured profiles to prop,agation computations
cohesive clays -Determine winter profiles develop final winter will require estimates of
silts and from LIDA_R an'd/or other profiles. vegetation density and
organic measured historical profiles. roughness
materials often
capped with
marsh
vegetation

methods are proposed for Beach Setting No. 1, depending on whether the backshore is a berm or

dune and if there is overtopping during the 1% storm event.

D.4.6.3.3

Data Sources

Estimation of coastal erosion during storm events typically requires the following types of site-
specific beach information and data:

Nk W=

and profile data

Summaries and photos of historical coastal erosion
Aerial photos of study area
Local geology and shore and backshore material characteristics
Previous Flood Insurance Study (FIS) mapping and reporting

Historic and recent beach survey data: Light Detection and Ranging (LIDAR) topography

The following list provides references and websites where pertinent data may be obtained for use
in event-based erosion analyses:

e Allan, J. C. and P. D. Komar. August 2004. Morphologies of Beaches and Dunes on the
Oregon Coast, with Tests of the Geometric Dune-Erosion Model. Technical Memo.
August 2004, 43 pp.

e Barton, C. C. 2004. U.S. National Coastal Assessment, USGS, Geologic Division, St.
Petersburg, FL, website: <http://coastal.er.usgs.gov/national assessment/>.

e Beach

Morphology

Monitoring

Program

Beach

Profiles,

2004:

<http//wwwecy.wa.gov/programs/sea/swces/research/change/monitoring/beach profiles.
htm>.

D.4.6-9
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e (California Coastal Zone Conservation Commission. 1975. California Coastal Plan.
Prepared by the California Coastal Zone Conservation Commission, State of California,
San Francisco, CA. 443 pp.

e Carr, E. E. 2002. Database of Federal Inlets and Entrances. U.S. Army Corps of
Engineers, Coastal Inlets Research Program. <http://cirp.wes.army.mil/cirp/inletsdb/
inletsdbinfo.html>. June 19.

e Coastal Natural Hazards Policy Working Group. 1994. Improving Natural Hazards
Management on the Oregon Coast, Oregon Sea Grant, Oregon State University,
Publication No. ORESU-T-94-002, 128 pp.

e Department of Navigation and Oceanic Development. 1977. Assessment and Atlas of
Shoreline Erosion Along the California Coast, State of California Resources Agency,
Department of Navigation and Ocean Development, Sacramento, CA, 305 pp.

e Elliott, D. L., C. G. Holladay, W. R. Barchet, H. P. Foote, and W. F. Sandusky. 1986.
Wind Energy Resource Atlas of the United States, DOE/CH 10093-4, DE86004442.
Prepared by Pacific Northwest Laboratory, Richland, WA. Prepared for the U.S.
Department of Energy, Assistant Secretary, Conservation and Renewable Energy, Office
of Solar Electric Technologies, Wind/Ocean Technologies Division. Published by the
Solar Technical Information Program, Solar Energy Research Institute [now the National
Renewable Energy Laboratory], Golden, CO. October. <http://rredc.nrel.gov/wind/pubs/
atlas/atlas_index.html>.

e Flick, R. E. (ed.). 1994. Shoreline Erosion Assessment and Atlas of the San Diego
Region, Volume II. California Department of Boating and Waterways, Sacramento, CA.

e Gerstel, W. J., M. J. Brunengo, W. S. Lingley, Jr., R. L. Logan, H. Shipman, and T. L.
Walsh. 1997. Puget Sound Bluffs: The Where, Why, and When of Landslides Following
the Holiday 1996/97 Storms. Washington Geology, vol. 25, no. 1. March.
<http://www.dnr.wa.gov/geology/pugetls.htm>.

e Good, J. W. (ed.). 1992. Coastal Natural Hazards, Science, Engineering and Public
Policy. Oregon Sea Grant, Oregon State University, Publication No. ORESU-B-92-001,
162 pages.

e Gornitz, V., Beaty, T., and R. Daniels. 1997. A Coastal Hazards Data Base for the U.S.
West Coast. ORNL/CDIAC-81, NDP-043C, Oak Ridge National Laboratory, Oak Ridge,
Tennessee. <http://cdiac.ornl.gov/epubs/ndp/ndp043c/43c.htm>.

e Komar, P.D. 1997. The Pacific Northwest Coast: Living with the Shores of Oregon and
Washington. Duke University Press.

e Nichols, M. D., 2003. Draft Review of California Coastal Erosion Planning and
Response: A Strategy for Action. California Resources Agency, Ocean Resources
Management Program, Sacramento, CA.
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e NOAA. 2000a. Tidal Datums and Their Applications. NOAA Special Publication NOS
CO-OPS 1, Silver Spring, MD. June. <http://www.co-ops.nos.noaa.gov/publications/
tidal datums_and their applications.pdf>.

e NOAA. 2000b. Nautical Chart Symbols, Abbreviations and Terms, Chart No. 1, Eleventh
Edition. Lighthouse Press, Annapolis, MD. 99 pp. NOAA Nautical Chart Users Manual.
<http://chartmaker.ncd.noaa.gov/staff/ncum/ncum.htm>.

e NOAA. 2003. Computational Techniques for Tidal Datums Handbook, NOAA Special
Publication NOS CO-OPS 2, Silver Spring, MD. September. <http://www.co-

ops.nos.noaa.gov/publications/Computational Techniques for Tidal Datums handbook.
pdf>.

e Peterson, C. D, M. E. Darienzo, D. Hamilton, D. J. Pettit, R. K. Yeager, P. L. Jackson, C.
L. Rosenfeld, and T. A. Terich. 1994. Cascadia Beach-Shoreline Database, Pacific
Northwest Region, USA. State of Oregon, Department of Geology and Mineral Industries,
Open File Report 0-94-2, Portland, OR.

e Southwest Washington Coastal Erosion Study, 1996: <http://www.ecy.wa.gov/programs/
sea/swces/overview.htm>.

e U.S. Army Corps of Engineers (USACE-LAD). 2003. Encinitas and Solana Beach
Shoreline Feasibility Study, San Diego County, California - Coastal Engineering

Appendix Without Project Conditions, Los Angeles District Corps of Engineers. August
2003.

. 1998. Coastal Erosion Along the U.S. West Coast During the 1997-98 El Nino:
Expectations and Observations. USGS, Center of Coastal Geology. <http://coastal.er.
usgs.gov/lidar/AGU_fall98/>.

e Important Links to Other Information Sites Regarding California Coastal Zone
Management Topics: <http://www.coastal.ca.gov/web/sites.html>.

o <http://coastal.er.usgs.gov/lidar/AGU_fall98/>: Coastal Erosion (NOAA).
o <http://geodesy.noaa.gov/RSD/coastal/cscap.shtml>: Remote Sensing (NOAA).

o <http://gis.ca.gov/catalog/BrowseRecord.epl?id=1468>: Assessment and Atlas of
Shoreline Erosion along the California Coast (Calif. Dept. of Boating & Waterways).

o <http://gis.sfsu.edu/data.htm>: Listing of GIS Data Bases for Various Types of Data.

o <http://www.californiacoastline.org/>: California Coastal Records Project-Aerial
Photographic Survey of the California Coastline.

o <http://www.csc.noaa.gov/shoreline/>: Shoreline Data (NOAA).
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o <http://www.csc.noaa.gov/crs/tcm/missions.html>: Topographic Data (NOAA).
D.4.6.4 Estimating Eroded Beach Profiles
D.4.6.4.1 The Concept of the Most Likely Winter Profile

To estimate beach erosion and profile changes for a specific coastal setting that occurs during a
particular winter storm event, it is important to first estimate the initial beach profile conditions
that exist just before the occurrence of the storm (see Figure D.4.6-8). This initial beach profile
represents the likely winter profile conditions for a particular coastal setting, defined as the Most
Likely Winter Profile (MLWP). These initial conditions must be estimated before determining
beach profile changes for a particular storm event. Once determined by the Mapping Partner, the
MLWP is then modified according to the amount of erosion that occurs during a specified storm
event as a result of increased water levels and wave action. Figure D.4.6-9 provides a generalized
definition sketch of the MLWP for a typical sand beach backed by high sand dunes.

D.4.6.4.2 General Approach for Estimating Eroded Beach Profiles from Single
Storms

The first step is to locate the site on a large-scale map. Next, determine the coastal exposure, open
coast, or sheltered water area. Next, obtain and review mapping and published information
regarding the site and its geologic, morphologic, seasonal water levels and wave climate, coastal
processes, and erosional characteristics (e.g., refer to Subsection D.4.6.3.3 for references to sources
for these types of information). Next, review historic summer and winter beach profile data if
available, then determine the type of coastal setting(s) and the seasonal erosion characteristics that
best represent the study area. Select from the six common beach settings applicable to coastlines of
California, Oregon, and Washington that are described in Subsection D.4.6.3 and listed in Table
D.4.6-1. Several different setting types may exist within the same study area depending on the
aerial size and complexity of the study area. Therefore, a large project area with more than one
type of beach setting, a variety of coastal exposures, and spatially varying material composition
may require different data and the application of different procedures to estimate the MLWP or
eroded profile for each representative setting. Mapping Partners should always establish
subreaches within the larger study area that typify representative shore and backshore conditions
within a particular subreach. If a series of cross-shore profiles is used to represent the shore and
backshore for the study area, profiles must be carefully located to best capture the morphologic and
potential erosional, runup, and overtopping aspects of each subreach.

After the study area is divided into representative subreaches, Mapping Partners must estimate the
initial pre-storm event beach profile (MLWP) for each cross-shore profile in the subreaches.
Methods for establishing the MLWP for each of the six primary settings defined above are
presented in Subsections D.4.6.5 through D.4.6.10. Once determined by the Mapping Partner, the
MLWP is then modified according to the amount of erosion that may occur for a particular setting
and profile location during a specified storm event. Beach Setting No. 1 will always
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Figure D.4.6-8. Evolution of the Initial Beach Profile Before
Occurrence of Large Storm Event (after SPM, 1984)
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TYPICAL PACIFIC COAST SUMMER AND MOST LIKELY
WINTER PROFILE (MLWP) FOR SANDY BEACHES AND DUNES (SETTING #1)
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Figure D.4.6-9. Definition Sketch of MLWP for
Sand Beach Backed by Sand Dunes (Beach Setting No. 1) (after Bascom, 1964)

require development of the MLWP, followed by computation of the amount of additional profile
adjustment (erosion) that may occur to the MLWP during any specified storm event. Depending
on beach material properties and width of the beach, Beach Setting No. 2 may require a similar
two-step process to determine the eroded beach profile in front of shore protection structures.
Beach Setting Nos. 3 and 4 should be checked for erosion potential, but they are less likely to
experience significant erosion beyond what one would estimate as the MLWP for those settings.
Beach Setting Nos. 5 and 6 are typically stable and erosion-resistant, so once the Mapping
Partner establishes the winter profiles, analyses of further erosion is not required. The amount of
erosion and profile adjustment that occurs for Beach Setting Nos. 1 and 2 depends on the
magnitude and duration of the event and is related to the total water level and wave
characteristics. Methods and procedures for estimating beach profile changes for each of the six
primary settings are presented next.

D.4.6.5 Estimating Profile Changes for Sand Beaches Backed by Low Sand
Berms or High Dunes (Beach Setting No. 1)

The main erosion-related factors affecting beach profiles during storms are: (1) antecedent
conditions of the beach and back beach (profiles and beach-dune juncture elevation) before the
occurrence of the specified storm event (this issue of initial beach conditions is addressed by the
MLWP); (2) forcing processes that include the duration and time histories of the wave
characteristics, water levels, and runup; and (3) response elements that include the beach setting
and the dune/bluff characteristics, including material erodibility. Mapping Partners need methods
that account for the general effects of these processes for estimating the change in profile that the
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beach and back beach dunes will experience during the event in order to compute runup and
overtopping and set BFEs, and establish depth and velocity hazard zones.

For Beach Setting No.1, a sandy beach backed by a low sand berm provides some buffer against
storm wave attack. These beaches typically exhibit a very significant change in beach profile due
to seasonal changes. The range of the seasonal change in berm width can vary from 50 to 250
feet as an extreme. Figures D.4.6-10 and D.4.6-11 show broad sandy beaches backed by low
sand berms. Figure D.4.6-2b provides a sketch of a typical beach profile for broad sandy beaches
backed by low sand berms (Beach Setting No. 1).

Figure D.4.6-10. Sandy Beach Backed by Low Berm, Newport Beach, CA
(Source: Noble Consultants, Inc.)

Figure D.4.6-11. Sandy Beach Backed by Low Berm, Huntington Beach, CA
(Source: Noble Consultants, Inc.)
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Several event-based erosion assessment models are available, including simplified geometric
models, simple process-based numerical simulation models, and more complex process-based
simulation models. At the present time, process-based models have not been refined or calibrated
for general application to Pacific Coast conditions. Therefore, use of process-based models is not
recommended unless Mapping Partners have site-specific model calibration and validation data.
Otherwise, Mapping Partners shall use the simplified geometric models discussed below.

The long-standing 540 ft’/ft criterion previously adopted by FEMA for estimating Atlantic and
Gulf coast dune erosion should not be used on the Pacific Coast. The Technical Working Group
(2004) determined that general application of the 540 criterion is not applicable for the Pacific
Coast and found that there are simple geometric models that are more reliable and applicable for
assessing dune and berm erosion on the Pacific Coast. Two geometric models are recommended:
the K&D model developed by Kriebel and Dean (1993) and the MK&A model that was
developed by Komar et al. (2002) and further modified by McDougal and MacArthur (2004).
The MK&A model was developed and tested for the Oregon and Washington coast, so it is most
applicable to Type 1 beach settings found in Oregon and Washington. The K&D model is more
generalized and has been regularly applied to Type 1 beach settings in California, with
successful test applications in Oregon and Washington.

D.4.6.5.1 General K&D and MK&A Model Characteristics and Applicability

Regardless of the simplicity of these geometric models, both the K&D and the MK&A models
produce reasonable estimations of sand beach and dune recession during single storm events.
Both models were tested using measured beach profile and wave data in southern California and
in Oregon. Model results agreed well with observed conditions. However, the determination of
reliable input parameters is crucial to the accuracy of model results.

The erosion potential in the MK&A model is determined entirely by the change in the total water
level and the beach slope, and is very sensitive to the slope. For the K&D model, the wave setup,
event duration, Ds of the beach material, and profile characteristics (beach face slope and surf
zone profile) determine the maximum beach erosion potential. The K&D model considers the
conservation of sand volume between the erosion from the upper portion of the beach and its
deposition offshore. For both models, the storm duration directly affects the maximum beach
erosion and must be determined carefully.

The K&D model (Kriebel and Dean, 1993) was developed for four different beach profiles: (1) a
square berm, (2) a sloping backshore, (3) a sand beach backed by high dunes (15 to 50 feet high),
and (4) a sand beach backed by a low berm with a wide backshore. Therefore, the K&D model is
applicable to a wider