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SECTIONONE Introduction

This report describes the work performed for theduisippi Coastal Analysis Project. The
project was undertaken in the aftermath of HurrcKatrina to provide flood hazard risk
analysis for the Federal Emergency Management AgéfiEMA) .The analysis will also be
used to help Mississippi during the recovery antigatiion efforts.

11 PURPOSE AND GOALS

The purpose of the project was to develop revisedswf the coastal flood hazard zones for
Hancock, Harrison, and Jackson Counties in Miggissis defined by the National Flood
Insurance Program. This report describes the rdetbgies developed and the engineering
work performed for the Mississippi Coastal AnalyBigject.

The overarching goals of this project were to:
e Provide technically sound results using the besilale methods and data
e Meet an aggressive schedule through efficient ptoj@nagement

o Effectively coordinate efforts with other ongoingderal studies in Mississippi and
Louisiana

1.1.1 Best-Available Methods and Data

The Mississippi Coastal Analysis Project had twgomaeomponents. First, new methods of
analysis were developed. Second, these methodsapptied to assess the coastal flood hazard
in Mississippi.

The first component, that of developing and fuléfiding new methods of analysis, required the
evaluation and integration of many recent advantése state-of-the-art tools and methods in
assessing and measuring hurricane behavior; nuaheradeling of hurricanes, storm waves,
and storm surge hydrodynamics; and statisticalygealof storm parameters and the coastal
flooding hazard. Although these advances represewist two decades of research and
development work, largely in support of the offghardustry, they had not been tailored for
application in FEMA coastal flooding projects.

Once the methods had been developed, tested, afiddseghey were applied to the analysis of
coastal flooding in Mississippi. The applicatidtleese new methods represented a
considerable revision to the FEMA Coastal Floodatdzanalyses that were in effect prior to
this project, which were completed approximatelyy2ars ago. Since then the number of
historic hurricanes has increased and the qudiitigeodata measured during these storms has
greatly improved. Predictably, the results presém this study substantially improve the
definition of base flood elevations and the boureaof mapped flood zones in coastal
Mississippi.

1.1.2 Coordination with Ongoing Federal Studies

In Hurricane Katrina’s aftermath, several Fedetadles of hurricane storm surge behavior
focusing on Mississippi and Eastern Louisiana weiteated. These intensive efforts combined
the work of several agencies to substantially eetie methods employed to analyze the
behavior of coastal hurricane storm surges andiémtify the associated flood risk potential.
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SECTIONONE Introduction

The Mississippi Coastal Analysis Project was coteldian coordination with these efforts (refer
to Section 2 for additional detail related to caooation efforts).

1.2 PROJECT APPROACH AND TEAM

From the very beginning, FEMA recognized the Misipisi Coastal Analysis Project would
occupy a special status among the series of cdéstdl analyses they have conducted. The
need to satisfy a very aggressive schedule whiteldping a large number of new analytical
methods made it impractical to conform to manyhef practices that have characterized
previous studies. Furthermore, engaging a numbeat@mnally recognized experts in coastal
engineering, geostatistics, meteorology, oceandgrand numerical modeling was necessary.

These experts became members of the overall prti@act and served both to support technical
developments and to provide high-level technicaiene. This facilitated a fluid approach that
allowed the project to adapt to new problems ag were encountered while minimizing delays.

The aggressive schedule also required a relatiaedg project staff so that work could be
divided among many individuals. A uniform applicatof all methods was emphasized and
considerable effort was devoted to documentingipuassurance and quality control activities.

1.2.1 Project Team
The project team comprised the following firms:
e URS Group, Inc. (URS)
e Dewberry Inc.
e Watershed Concepts Inc.
e Ayres Associates
e Oceanweather Inc.
e Risk Engineering Inc.
e Computational Hydraulics and Transport, Inc.
e Dr. Don Slinn

1.2.2 Technical Review Team

The Technical Review Team for the Mississippi Calb&halysis Project consisted of:
e Dr. Leon Borgman (L.E. Borgman, Inc.)
e Dr. Robert Dean (Consultant)
e Dr. Todd Walton (Consultant)

e Dr. Stephen Baig (National Hurricane Center - NaicdOceanic and Atmospheric
Administration [NOAA])

e Dr. Norman Scheffner (Computational Hydraulics dmdnsport, Inc.)

6/18/2008\\ 1 = 2



SECTIONONE Introduction

e Dr. Don Slinn (Consultant)

e Dr. Gabriel Toro (Risk Engineering, Inc.)

e Dr. Peter Vickery (ARA, Inc.)

e Mr. David Divoky (Watershed Concepts, Inc.)

1.3 REPORT ORGANIZATION

This report is the main source of technical infotiorafor the Mississippi Coastal Analysis
Project. It provides information on both the dation of new methods and the modification of
existing methods used in this study. It also ptesia comprehensive description of how the
study methods were applied. This report is suggbioly a series of more detailed supporting
reports (primary author firm noted):

e Coastal Documentation and Main Engineering ReffdRS Group, Inc.)

e Historical Flood Perspectives and Basic Coastaldgtdrea Informatio(URS Group, Inc.)
e Geospatial Technology Task Rep@sRS Group, Inc.)

e Field Investigation of Continuous Seaw@IRS Group, Inc.)

e Grid Development RepofURS Group, Inc.)

e Tide Simulation RepoftJRS Group, Inc.)

e Calibration and Validation of Model RepaityRS Group, Inc.)

e Wave Setup Methodology for the FEMA Mississippo&I8tudy(Professor Don Slinn)
e Production Run RepoftJRS Group, Inc.)

e Wave Runup Methdd@JRS Group, Inc.)

e Detailed Wave Analysis and Mapping Reg&RS Group, Inc.)

e Hindcast Wind and Wave Forcing Report in SuppotyBS FEMA Mississippi Coast Flood
Map Update(Oceanweather Inc.)

e Wave Setup: A White Paper with Emphasis to Apgpbicaon the Mississippi Coastlir(®r.
Robert Dean)

e Summary of Work Performed by Ayres Associatespp@tof URS Storm Surge Modeling
for FEMA Region 4Ayres Associates)

e Joint Probability Analysis of Hurricane Flood Hazis for Mississipp(Risk Engineering,
Inc.)
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SECTIONTWO Coordination with Other Federal Projects

One of the stated goals of the Mississippi Coastalysis Project was to coordinate, as much as
possible, with other ongoing Federal studies indidsppi and Louisiana. The Mississippi
Coastal Analysis Project team coordinated primawity the Environmental Research and
Development Center (ERDC) Coastal Hydraulics Latooya(CHL) of the U.S. Army Corps of
Engineers (USACE) at Vicksburg, MS.

The ERDC-USACE was involved in several major prigiemcluding:
e Interagency Performance Evaluation Taskforce (IPET)
e Mississippi Coastal Improvement Project (MsCIP)
e FEMA Region VI Louisiana Coastal Flood Study
e Louisiana Coastal Protection and Restoration PrdisxCPR)

The first three of these projects were especiatigartant to the Mississippi Coastal Analysis
Project. These are summarized in the followindises.

21 IPET PROJECT

Much of the IPET project development preceded thesidsippi Coastal Analysis Project work.
Subsequent work performed as part of the USACEeptsjwas coordinated with the Mississippi
Coastal Analysis Project through exchanges of datba series of meetings attended by a
number of the technical experts from both teamisis €ooperation resulted in the development
of a set of robust methods that could be compandcchecked by the USACE and FEMA
project teams.

This report explains the methods that were develdpethe Mississippi Coastal Analysis
Project. Although these are very similar to thehuods developed by USACE for IPET, there
are some differences. Readers interested in comgpalt of the methods are directed to USACE
documentdVhite Paper on Estimating Hurricane Inundation Paibbities (Resio et al. 2007),
andPerformance Evaluation of the New Orleans and SsaghLouisiana Hurricane Protection
System (Interagency Performance Task Force 2008).

2.2  MISSISSIPPI COASTAL IMPROVEMENT PROJECT (MSCIP)

There was a special relationship between the MiggisCoastal Analysis Project and the
USACE MsCIP and FEMA Region VI Louisiana Coastaldél Study projects. The MsCIP
examined a number of coastal engineering optiomedace the coastal flooding hazard. One
important component of this study was to compast gad future storm surge responses under
various design options. These options includednsttuction of the offshore barrier islands,
additional mainland beach nourishment, as wellaastruction of hardened structures such as
sea walls and a surge protection dike. For eathese options, numerical modeling of storm
surge conditions was used to evaluate the codstal fevels. Some of this work closely
paralleled the hydrodynamic modeling that was pathe Mississippi Coastal Analysis Project.
Therefore, the two teams coordinated their wongrtaduce a unified set of results for the
hurricane surge levels defined by a sequence afmeace intervals. Detailed information
concerning the MsCIP project can be found in thgilgering Appendix to thEinal Report of
the Mississippi Coastal Improvement Proj@atamsley 2007).
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SECTIONTWO Coordination with Other Federal Projects

23 FEMAREGION VILOUISIANA COASTAL FLOOD STUDY

The USACE FEMA Region VI Louisiana Coastal Flooddtin Eastern Louisiana has also
been especially important to the Mississippi Cdastalysis Project. Very similar data were
analyzed with common methods. The results showed ggreement across the border area.
Minor differences in the study results were firsamined to ensure that they were not symptoms
of any underlying problems in either analysis. Tésults were then presented as a single set of
coastal flood levels defined by a sequence of recge intervals.
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SECTIONTHREE Storm Characteristics

3.1 OVERVIEW OF THE PROCESS OF ANALYSIS

This study of the coastal flood hazards in Misgigsprogressed through several distinct steps.
First, the characteristics of storms responsibiesignificant coastal flooding were determined
through a statistical study of the regional histalrrecord. These characteristics are site-
dependent (storms in Mississippi are different fretorms in the Carolinas, for example) and
include strength, size, track, and so forth.

Secondly, the storm data was used in conjunctitin mimerical hydrodynamic models to
determine the corresponding storm surge levelsigirout Mississippi’'s coastal counties and to
establish the flood elevations corresponding tddtRe, 1-, 2- and 10-percent-annual-chance of
being equaled or exceeded in any given year.

In a third step, the 1-percent- and the 0.2-peraanual-chance flood levels were augmented to
include the additional hazard associated with wgederated waves that ride atop the surge, and
so raise the flood level. The four flood returmipds (10, 50, 100, and 500 years) play central
roles in the National Flood Insurance Program (NFRdministered by FEMA. In particular,
FEMA specifies the 1-percent-annual-chance floedll@ncluding the height of the wave

crests) as the Base Flood Elevation (BFE) for imsce and floodplain management
applications; this level is mapped in FEMA'’s Dididood Insurance Rate Maps (DFIRMS).

3.2 ANALYSIS OF HISTORICAL HURRICANES

The analyses of the coastal flooding hazards usedaiect method based on a probabilistic
representation of the occurrence and characteyigfituture hurricanes, together with numerical
models that calculate the inundation of these banes. First the frequency and intensity of
cyclonic storms (hurricanes and tropical stormsyinte determined. The behavior of these
storms is characterized by a set of meteorologiaedmeters. Typically there are about a half
dozen of these parameters that describe the betaitioe event in sufficient detail, so that they
can be used as the key parameters for the premsdneind field in mathematical models.

It is challenging to adequately demonstrate thextetlis enough information about the historic
storms to represent the statistical characterisfitBe true range of storm sizes and intensities
that may occur in the future. It is recognized tharicanes, especially intense ones, are rare
events. The historic record is only a small sammipéen which information is extracted about the
full population of events. Thus, clearly definitige limits of this sample so that it contains good
quality and truly representative data is importaeten when considerable effort is devoted to
this undertaking, good judgment must be combinet statistical methods to ensure the best
sample representing the population of all possknts.

Once the characteristics of past events were edtaldl the characteristics of future events were
assumed to tend toward the same statistical déiscripBased on this assumption, the
characteristics of a large number of individualfetevents were defined with different
combinations of the meteorological parameters.

This section describes the meteorological parametszd to define tropical storms and
hurricanes. The methods used to define a reprsensample of the historic storms are
explained. Statistical descriptions of these metlegical parameters are presented.
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3.2.1 Hurricane Parameters

Hurricane parameters are the variables used in ncahenodels that represent the main
characteristics of the hurricane. Over the pastre¢ decades, a sequence of models, such as the
wind model used in the NOAA Sea, Lake, and OverlBuahes for Hurricanes (SLOSH) Model,
the NOAA National Weather Service (NWS)-28 Wind Mtdhe Vickery and Twisdale (1995)
model, the Holland (1980) model, and various immatations of the Planetary Boundary Layer
(PBL) model (e.g., Vickery and Twisdale, (1995)pohpson and Cardone, 1996, Vickery et al.,
2000) have been used. Most of these models udelibwing three parameters: 1) the central
atmospheric pressure deviatiaxP), 2) the pressure scale radiug)(Rnd 3) the forward speed
of the storm center () Some of these models also use a parametetetalas spatial gradients
in the radial pressure field (the “Holland B” parter), which in turn alters the peakedness of
the wind field. Additional parameters define tlemgraphical location and direction of
propagation of the storm. This study utilized plent of landfall (§ and the storm track
azimuth )" for this purpose.

Another commonly used measure of the size of thadaune is the radius to maximum winds
(Rmay- The radius to maximum winds is the represergadistance between the center of storm
circulation and the location of the highest sustdiwind speed. Under most windfield models,
and for typical hurricane sizes, Rnd Rnax are nearly identical, and some investigators kise t
two terms interchangeably. This study utilizegaR its measure of hurricane size, except in the
SLOSH runs, where the difference between the two was considered explicitly.

The central atmospheric pressure deviatit)(and the central pressure of the storm (CP) are
closely related parameters that are interchangedrre usages. Both of these are usually
measured in units of millibars (mb). The centr&gsure is a specific measure of the pressure
within the center or eye of the storm. The cemngraksure deficit or deviationP) is the
difference between the actual central pressurdladtmospheric pressure at a large distance
outside of the storm. This study assumes thatamlpressure at a remote distance from the
storm has a value of 1013 mb, per common praadiitcless otherwise specified.

There are many other factors that influence the-tarying behavior of these large storms. As
the quality of observational data from satellitesppler radar, ocean data buoys, and other
instrument systems has improved, so has the uadeliag of variations in the internal structure
of storms due to eye-wall replacement cycles, lashs in the radial position of maximum
winds, track wobbles, the development of storm baadd other features. These sources of
variability are not included in the list of hurrita parameters because the data are sparse.

3.2.2 Sources of Storm Data

Meteorological data were needed for both the modkbration task and the verification task,
and to provide the historical basis for the stolimatology. Data were collected from a variety
of sources, as described below.

NOAA has collected measurements of historic cydmtorms in waters surrounding the United
States for many years. These have been comptiedhe Atlantic basin hurricane database
(HURricane DATabase, commonly referred to as HURDASee Jarvinen et al. 1984) which is

! Compass direction of the storm track at landfaéasured clockwise from North.
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available to the public. HURDAT is the officiala@rd of tropical storms and hurricanes for the
Atlantic Ocean, Gulf of Mexico, and Caribbean Seeluding those that have made landfall in
the United States. It has recently been revisedclade data going back to 1851. The data
consist of the latitude and longitude of the steenter (i.e., eye), central pressure, and
maximum wind speed at 6-hour intervals.

Additional data sources include: NOAA Technical BegNWS 38 (Ho et al. 1987), NOAA
Technical Memo NWS TPC-4 (Blake et al. 2005), NOA&chnical Memo NWS TPC-1
(Hebert et al. 1996), and the National Hurricanat€e(NHC) Tropical Cyclone reports for the
individual storms. In addition to these public agg sources, a detailed list of storm
characteristics from recent storms has been deedlbp Oceanweather Inc. (OWI); this list
includes updates provided by David Levinson atNKBRAA National Climate Data Center
(Levinson, pers. comm. 2007).

3.2.2.1 Hurricane Katrina

Detailed data were developed for Hurricane Kattsaupport its use in calibrating the
numerical model framework. The pertinent data setsist of:

e Aircraft reconnaissance obtained from NOAA and Wib.Force hurricane hunter
aircraft, including vortex messages and contindbgist-level wind speed, direction, and
D-Value

e Gridded and image fields of marine surface wind gosites from the National Hurricane
Research Division (NHRD) HWind analysis

e Synoptic observations from NOAA buoy and CoastatiMaAutomated Network (C-
MAN) stations

e Synoptic observations from transient ships andtabasd land stations
e Composite NWS radar imagery and Doppler radar R@Ak Yelocity estimates

e Loops of NOAA Geostationary Operational Environnagi@atellite (GOES) visual,
infrared, and water vapor imagery

¢ National Centers for Environmental Prediction (NGE#®del wind fields

e Quick Scatterometer (QUIKSCAT) winds

e TOPography EXperiment (TOPEX) for Ocean Circulatdiimeter winds and waves
e European Remote Sensing (ERS-2) satellite altinveiteds and waves

e Data from offshore platforms equipped with meteogadal packages

3.2.2.2 Hurricanes Camille and Betsy

Data from public sources were used for Hurrican@siile and Betsy. These included the
USACE Mobile District Hurricane Camille Report (X®7the reports by Hamilton and Steere
(1969) and thélindcast Wind and Wave Forcing in Support of UR3MPEMississippi Coastal
Flood Map Updatesupporting report; and the papers by Goudeau amhé? (1968), Frank
(1970), and Simpson et al. (1979).
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3.2.2.3 Historical Hurricane Data

The major source of data for historical storms wesTROPiIcal (TROP) files provided by OWI.
These files were derived from detailed reviews wfide range of meteorological data on
hurricanes in the Gulf of Mexico. The charact&sbbtained from the TROP files are the
offshore central pressure, track coordinates, stadius, forward velocity of the storm center,
and azimuth of the track (the latter two were degtifrom the coordinates and associated
timestamps). For values of parameters at landfadeparate list was compiled by Dr. Peter
Vickery of ARA. Some of the data sources had gotirfig information, and Dr. Vickery
supplied a list of the preferred landfall centrnedgsures for all 188 storms in the historic record
since 1900. It was also necessary to augment tsaewith information from NWS 38 and
HURDAT for some of the weaker historic storms.

3.2.3 Historic Storms

3.2.3.1 Period of Record

The selection of the period of record is importaetause of the need to use as much data as
possible, while maintaining a meaningful standamtiie data itself. The HURDATata were
recently expanded to include data from 1885 to 1@ most recently from 1851 to 1885. The
quality of the data varies considerably over theopefrom 1851 to present. Methods used to
collect coastal and inland weather measurements ingaroving by the beginning of the 20th
century, but measurements offshore were sparseraatit until nearly mid-century. This
situation changed dramatically during World WaWWII) in the 1940s with the initiation of
aircraft missions to measure storm parametersceShmat time, the quality of both offshore and
onshore data has risen continuously. Aircraftrumsentation and navigation has also improved
continuously since WWII. Satellite observationgevadded during the 1960s, and these too
have become increasingly more sophisticated andlugéore instrument systems have been
introduced in recent decades. Ocean data buofismateorological and oceanographic sensors
have been deployed since the 1970s. A varietyopder radar installations came online during
the 1990s. Within the last few years, mobile meilegical stations have been added to increase
the spatial density of storm measurements.

After review of the many forms of data, both theACE team and the URS team decided to
designate the beginning of the period of recordHerstudies as the initiation of the offshore
aircraft measurements during WWII. This decisicasweviewed by personnel from the
National Hurricane Center (NHC) who agreed that thitial date was a reasonable choice,
especially because the numerical hydrodynamicaltations require information about the
characteristics of the storm while it is offshofhe period of record used for this study was
1940 to 2006.

3.2.3.2 Large-Scale Temporal Variability

There is often a concern about multi-year tempeaahbility in studies involving hurricanes and
tropical storms. Some multi-year periods have nfiaguent storms than others. The period of

2 http://www.aoml.noaa.gov/hrd/hurdat/index.html
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record for the Mississippi Coastal Analysis Projedufficiently long to span a variety of these
multi-year patterns.

There is a growing concern that climate changegioiohl warming may lead to a change in the
frequency or intensity of hurricanes. Althouglsthas been suggested by various researchers,
there does not appear to be a substantial bodyiddmce to quantify these effects at this time.
Long-term climate trends such as this may alsoghbaimout changes in the rate of ongoing sea
level rise. Fortunately, changes in the behavidruoricanes and in global sea level occur in
time scales that are certainly no shorter thandkesa FEMA provides for periodic reevaluation
of coastal flood maps. Accordingly, no special psmns for long-term changes in hurricane
behavior or sea-level rise are included in thigemio

3.2.3.3 Storm Sample Zone

Although hurricanes are devastating storms, thgtkeaf coastline that each event affects is only
a fraction of the length of the northern Gulf Coalst the past it was argued that, given a large
enough sample of storms, the characteristics ofdaures would be the same over most of the
Gulf (Bea et al. 1983). This would mean that theawved local variations in the number or
intensities of landfalling storms come purely frtime sparse nature of the data.

More recently, evidence has accumulated that taeackeristics of hurricanes are not uniform
over the Gulf of Mexico (Cooper 1992). Time-avedgatterns in the circulation of the
atmosphere and Gulf waters are thought to givetoistatistically significant regional
differences in storm characteristics. That is,ftequency and intensity of storms is now
thought to vary across the Gulf and along its shore

Figure 3-1 shows the storm rate for the whole @tiNMexico. The storm rate varies across the
Gulf over distances of hundreds of kilometers. mbgh-central Gulf has the highest storm rate
and this is believed to be a consequence of betkhbhpe of the Gulf and the pattern of the
prevailing winds, which steer the hurricane. Tymdal location of the warm Loop Current may
also affect rates in a less direct manner. Mogontantly, the Loop Current and the warm
eddies that it generates have been linked to tbgrgphical variation in hurricane intensity
(Chouinard et al. 1997b, Cooper 1992, Hong ekab0).

These regional patterns in the characteristicyolbaic storms pose a number of difficulties to
the analysis of the coastal flood hazard in MiggEs The straight line distance from border to
border is only on the order of 70 miles (mi). ®&IM/WII, five hurricanes have made landfall on
this coast (Ethel, 1960; Camille, 1969; Elena, 19880rges, 1998; and Katrina, 2005). This
would be a small number of hurricanes on whichaseba statistical description of the storm
parameters. The limitations in extending the redorther back in time have already been
discussed. However, it is also apparent that sonaking landfall 50-100 kilometers (km) to
either side of the Mississippi coast could equaigll have struck within the State if the steering-
wind patterns had been slightly different. Therakteristics of landfalling storms vary little
over distances of the order of the length of thedidsippi coast. Thus, the sample of historic
storms can be taken over a length of coast thahdstbeyond Mississippi.

In order to identify the sample of historic storthat can be used as the basis for the storm
climatology, it is necessary to define where and tiwey are measured. In this study, the
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characteristics of the storms as they made landflé used because the amount and quality of
measurements is greater nearshore and onshoreftshare.

Simplified Shoreline

Designating a simplified shoreline to avoid cretiolas that could confuse the designation of the
landfall points is also useful. The schematic shioe for the north central Gulf of Mexico
presented in NOAA Technical Report NWS #38 (Hole1@87) was adopted. However, to
avoid the possibility of multiple landfall pointsrfa single storm track, the NWS #38 schematic
shoreline was further simplified to eliminate thelme of the “birdfoot” delta of the Mississippi
River. This delta feature is mostly a narrow weadlavith a size that is small relative to the
dimensions of hurricanes. Consequently, it will mdluence hurricane behavior in the same
way as a mainland coast The resulting projectedim@ is shown on Figure 3-2.

Sample Zone

With the project shoreline defined, the lengthladi®line to use for collecting hurricane
statistics had to be established. An optimal lemgestablished through a tradeoff between
reducing statistical uncertainty by consideringmgler length of coast, thereby increasing the
number of events in the sample, and increasingadpasolution by considering a narrower
length of coast.

In the era of FEMA coastal flood hazard analyses were previously used on the Mississippi
coast, a fixed length was used to define a caome. This zone usually extended some
distance to either side of the coast of interastfiere were no established methods that
uniquely defined how far this distance should reathere was a sharp cut-off at the ends of this
zone, which raised another potential problem. Bsedhe number of landfalls per unit length is
small, the designated length may just miss theféddhidcation of one or more significant
hurricanes. If the zone is arbitrarily lengthetedhclude these data, they may have a
disproportionately large effect on the statistid@scription of the storm characteristics.

Over the past decade the offshore industry hasnegdsthe methods used to define the size of
the zone for the population sample. Chouinard.€tl807b) has introduced the use of the
Gaussian Kernel Approach. In this method, eadmsto the region near the site of interest is
given a weight that decreases smoothly as dist@nide site increases. The use of a smooth
kernel may be viewed as an extension of the tadlidiscrete capture zone approach (i.e., a
smooth Gaussian shape with a certain width replad®s-car function with a width equal to the
width of the capture region). Furthermore, Chordisamethod provides an objective procedure
to define the width of the Gaussian function usedaiculate these weights in a manner that
provides the optimal balance between statistioatigion and spatial resolution.

The process starts by taking historical storm fat@ a shoreline length that extends well
beyond the study area. This provides the raw d=gd in the Gaussian Kernel Approach. For
this study, the initial data were taken from altloé post-1940 storms making landfall in the
Initial Capture Zone (ICZ) between 8%/ and 95 W.

Because the Mississippi coast is short relatiihéqpatterns of parameter variation shown on
Figure 3-1, only a single site was analyzed touate the storm climatology. A coastal
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reference point ([CRP] with coordinates 30.20 N389W) was located approximately 30 km
(i.e., approximately one radius of maximum windgswof the coastline midpoint (Figure 3-2).

The tracks of all hurricanes making landfall in t&& were identified. These tracks were
extrapolated back offshore as straight lines withazimuth unchanged from the shore crossing.
The Gaussian Kernel Approach was used with ahefinitial data to evaluate an appropriate
length scale. A length scale of 200 km to eitheée ®f the CRP was selected. The reasons for
selecting this length are given in the followingtsens.

Storm Populations

To accommodate the aggressive project schedulsidhe population was partitioned between
the “greater” and the “lesser” storms (defined tglo An analysis conducted by Risk
Engineering indicated that the flood levels for @airecurrence rates of 1 percent or less are
largely controlled by hurricanes with central pregsbelow 965 mb, hereafter referred to as
“greater storms.” Most of the later phases ofgtgect (Wave Height Analyses for Flood
Insurance Studies [WHAFIS] analysis and much ofrtiagping) depended on knowing the
flood levels corresponding to the 1-percent-anmxakedance rate. Accordingly, the analysis
was first carried out for these greater stormsbsgquently, an additional analysis was
conducted for the lesser storms. Based on preempsrience, storms with central pressures
between 982 mb and 965 mb control surge elevatl@tisare characteristic of 10-percent-
annual-exceedance rates. The same proceduresoNevneed in both phases of these analyses.

The initial data sample consisted of 33 hurricat&spf which were greater storms and 18 of
which were lesser storms. The two storm populativere analyzed and modeled separately.
The resulting surges were then combined.

3.2.4 Defining the Characteristics of Historical Hurricanes

In order to develop a statistical characterizatibpast storms, the storm rate and each of the five
meteorological parameters were analyzed separaidlg. Chouinard method was used in
characterizing the storm ratg)( the landfall track azimutl®), and the central pressure deficit
(AP). The pressure scale radiug)Rvhich was taken as dependentAi?, and the forward

speed of the storm ¢Vwere analyzed using conventional regression &tdlulition-fitting

statistical methods, respectively.

For each storm in the sample, the minimum trackRP distance (track-CRP) for use in the
Chouinard method was calculated using a straighkttliack constructed using the landfall
location and the storm azimuth at landfall. Theref the variant of the Chouinard method used
in this study works with the distance at the pointlosest approach (computed using this
idealized track), in conjunction with the stormaaeters at landfall. This is in contrast with
Chouinard’s original procedure, which works witle tharameters at the point of closest
approach.

The size of the storm sample was effectively deireethby the kernel size (see Equation 1
below). TheCross-Validationrmethod developed by Chouinard (Chouinard and BRi74;
Chouinard et al. 1997b) was used to determine pkienal kernel size using a technique known
asCross Validation For a given choice of kernel size, the crosgdasibn calculates a quantity
called the cross-validation square error (CVSE)ctvimeasures the combined effect of
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statistical uncertainty and lack of fit (i.e., pa&matial resolution). The kernel size that reslite
the smallest mean-square error when averaged tdrtlae trial realizations was selected.
Details on this method are fully explained in theorting project reportloint Probability
Analysis of Hurricane Flood Hazards for Mississippi

Three different kernels were determined with th@ss-validation method. Two of these were
used to evaluate the storm rate and one was uskgtdamine the central pressure deviations.

3.2.4.1 Storm Rate

The optimal size of the Gaussian kernel used iardghing the omni-directional storm rate for
the Mississippi coast was developed with the Chargirmethod. Figure 3-3 shows a plot of the
CVSE against the unsigned distance from the CR&se® on the results shown on this figure,
the optimal kernel size is in the range of 150Q@0 Rm.

The Gaussian weighting or kernel function is offiven:

2
1 1( d,
W, = exp—-=| — 1
V27h, { 2£hd} ] W
where dis the individual minimum distance measurementfgiven storm and, is the kernel
size for distance. With this, the storm ratgis computed from:

1=

Z W (2)

— |~

where T represents the length of the period ofnreecoyears and N is the total number of storms
within the time period, location, and pressure engder consideration. The omni-directional
storm rate for the Mississippi coast was determiodae 2.88E-4 storms per year per kilometer
for the greater storms (central pressure < 965ant)2.57E-4 storms per year per kilometer for
the lesser storms (965 mlxcentral pressure < 982 mb). Observations shotithiearack

position parameter is uniformly distributed.

3.2.4.2 Landfall Track Azimuth

The landfalling data and methods used to deterthi@@mni-directional storm rate were also
used to determine the directional storm rate argh#wacterize the storm track azimuth at
landfall. Figure 3-4 shows a plot of the CVSE tiee calculation of directional rates, which
depends on both the distance kernel size and thdaarkernel size. For this area the optimal
kernel size for the directional storm rate (200 ksmot sharply defined, especially for the larger
directional spreads. Itis in the range of 170tkrd20 km which is similar to the size obtained
earlier for the omni-directional rates. For thkesaf consistency, the distance kernel size of 200
km was used for all analyses.

Figure 3-5 shows the directional rates for the @grestorms obtained using the smoothing
parameters obtained in Figure 3-4. Dividing thedes by the omni-directional rate determined
earlier, results in the probability distributionsibrm azimuth, which is well approximated by a

Beta distribution with probability density functigmoportional tox " (1- x)'*, where
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x=(0+180/360, r =10.2, and = 11.7 (the associated mean and standard deviateHl2.4
degrees and 37.5 degrees, respectively). Fig@rsl®ws similar results for storms with central
pressures between 965 and 982 mb. The resultsghdition of azimuths is well approximated
by a normal distribution with mean and standardaten of—9.9 degrees and 58.7 degrees,
respectively.

3.2.4.3 Central Pressure

Central pressure as a measure of storm intensifyasacterized by the pressure defitiR . For

the storms used to calibrate and verify the mothedsactual atmospheric pressures at the storm
center and well outside of the storm were usedr the storms created for the forward modeling
this parameter was calculated A8 =1013mb— CentralPressure(i.e., it is assumed that the far-

field pressure is always 1013 mb). Based on egpee from previous studies, the shape of the
distribution of AP for storms with central pressures below 965 n#, (AP > 48mb) is taken as a
3-parameter Weibull, i.e.,

P[AP > x] =exp[(AP, /U)* — (x/U)*]; x> AP, (3)

where the Weibull scale parameter U and shape pmeairk are obtained by fitting the data, as
described below, andPR, is the minimum value under consideration (i.e.n#8for the largest

storms; note that it is important to use a valué\Bf that is consistent with the calculation of
rates).

The Weibull parameters U and k were obtained uiegapproach of Chouinard et al. (1997b),
where each storm was assigned a weight that dejpentte distance to the site of interest, using
an optimal kernel function similar to the one usethe calculation of rates. Then parameters U
and k are solved for using the method of a weightedimum likelihood. In solving the
maximum-likelihood problem, an additional consttairas added, which forced the Weibull
density function to be monotonically non-increasimghe range ofAP > 48mb.

Figure 3-7 shows the cross-validation results f@hauinard analysis of the central pressure
distribution for the greater storms (central pressibelow 965 mb). These results suggest an
optimal kernel size in the range of approximated® km to 140 km. This range is roughly
comparable to the kernel size range of 150 km K20 determined in the storm rate analysis
and 170 km to 220 km from the track azimuth analysn all cases, these optimum values are
not sharply defined so that a general represeetégingth scale is all that is needed. For the sake
of consistency with the directional-rate calculaspa kernel size of 200 km was used for all
analyses.

The statistical uncertainty in the storm parametdues was determined using a “bootstrapping”
procedure (Efron 1982). For the bootstrapping edoce, a synthetic storm catalog with the
same duration as the actual catalog was creatad agie-sampling randomization scheme. For
each new realization from the re-sampling, theropith kernel size was used to calculate a new
set of parameter values (i.e., rate and Weibubupeters). This was repeated 1,000 times, and
the mean values, variances, and co-variances sé tharameters were determined. These values
were then used to establish the mean values falatkeand the cumulative distribution function

of the pressure deficit. The rationale for using mean distribution foAP , rather than the
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best-estimate distribution that one obtains by ypglthe Chouinard procedure (1997) to the
historical hurricane catalog, is based on decitti@ory (McGuire et al. 2005).

The resulting mean distribution &P is a weighted average of Weibull distributions alogs
not necessarily follow a Weibull distribution. Gamiently enough, a Weibull distribution with
U=48.6 mb and k=1.8 provides a good approximatibth@® mean distribution oAP for the
range of AP of interest to this study.

A slightly different approach was followed for tlesser storms, as described below. The first
step was to fit a Weibull distribution to the > 31 mb data (the combined data from the lesser
and greater storms) using the same weighted maxilketihood procedure, with a kernel width
of 200 km, but without imposing the monotonicitynstraint on the probability density. The
next step was to perform bootstrapping in the saraener discussed above, obtaining a Weibull
approximation to the mean distribution AP . The final step was to remove the greater storms
from this distribution by introducing an upper bduet AP = 48mb and re-normalizing the
distribution. The resulting cumulative distributibas the form:

o (6] | 145
AL o )

with U=46.6 mb and k=1.95. The rate for lessermtogiven earlier is consistent with this
distribution.

P[AP > X] = 3Imb< AP < 48mb (4)

3.2.4.4 Pressure Scale Radius (Rp)

Considerable attention was given in this studystalglishing whether the storm radiug)®Ras
statistically independent of the central pressdre storm. Figure 3-8 shows a plot of these two
parameters measured at landfall for all hurricaneéee TROP files that made landfall between
85 and 95 degrees west.

As shown in Figure 3-8, the data for landfallingrets are sparse, and the correlation of the
parameters is not strong. However, the decisiowlngther to consider these two parameters to
be correlated has important consequences. If ik negative correlation, then future storms
with large radii and low central pressures are nikedy than they are under the commonly
made assumption of negative correlation.

A recent paper by Shen (2006) provides some insigbithe relationship betweern, Bnd AP .
This paper examines the kinetic energy balanceinvéthhurricane and concludes that, given the
same large-scale environmental conditions, huresamith smaller radii have a higher potential
intensity. This result is not sensitive to changesodel parameters.

To overcome the scarcity of data in Figure 3-8, eriaformation was taken from the larger
amount of data available for storms offshore inwt®le Gulf of Mexico. Figure 3-9 shows a
plot of all Gulf of Mexico R- AP data for storms withaP > 48mb in the TROP files. Each point
along the track (typically taken at 6-hour intesjajields one R AP pair, as long as the point is
on Gulf of Mexico waters. Therefore, this figuned the analysis that follows include multiple
Rp- AP pairs for each storm.
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Figure 3-9 illustrates that,fhas a large scatter for any given valueiBf It also suggests a
moderate negative correlation betwegraRd AP, and it does not show an obvious dependence
on latitude (within the range of latitudes of thelfz These data were used to perform a
regression analysis dfi(AP) on In(R,). In addition, a log-normal shape was adoptedtfer

conditional distribution of R| AP, based on earlier studies (e.g., Wen and Banof; 9&o et

al. 2004). In summary, the conditional distributof R, | AP for the greater storms is treated as
lognormal, with a mean value @06.2AP *"**nautical miles (nmi) and a standard deviation of
187.7AP °™ nmi.

Although there is still some uncertainty about ¢berelation of R/AP, the trend for the offshore
storms and the modeling results by Shen (2006)estgfat these should not be treated as
independent parameters. This approach is consisidnthe approach described by Resio et al.
(2007) for USACE and in other studies (e.g., Wedi Banon 1991; Toro et al. 2004).

In the Mississippi Coastal Analysis Project, thedtional relationship betweern, RndAP
derived from data taken from the whole Gulf of M&xiwas used with the central pressures
measured at landfall. The assumption is that tleioaship between RandAP that was evident
in the larger offshore data set also holds astibvens approach land.

The lognormal model foRp| AP developed for the greater storms was found to-pwedict the

values of R for the lesser storms when applied to lower va@fesP . Thus, it was necessary to
perform a new analysis including these storms. ddta for this analysis were selected by
determining the value d?, at the time when the storm reached its maximMPwithin the Gulf
[Ro (offshore), oRy () for brevity], and then pairing this value with thelue of AP at landfall.

This data selection approach is more consisteiht thvé R- AP relationship in the Joint
Probability Method (JPM) calculations used in ttisdy (see Section 3.3) than the approach
used above for the greater storms. Furthermoeejaka were restricted to the 1950-2006
interval in order to use more reliable values gf)Rand the data point for Hurricane Juan (1985)
was excluded because its value g{Rn the TROP files (100 nmi) was considered aniewtl

Figure 3-10 shows these data, as well as the pdeseof the lognormal model for the
distribution of R| AP derived from them (Figure 3-9). Figure 3-10 destoates that the two
models are similar in thaP range of interest for the 1-percent-annual-ch&xceedance rate
flood (i.e., AP 60-90 mb), but they differ significantly for thesker storms. Therefore, the
lognormal model for RAP based on Figure 3-10 was used for the lesser stoiithis model
corresponds to a lognormal distribution with a mealue of79.58\P°* nmi and a standard

deviation of36.78\P°* nmi.

3.2.4.5 Storm Forward Speed and Landfall Position

The hurricane parameter that has the least effettt@ magnitude of a storm surge is the forward
speed of the storm center. Data for this paranvedee taken at landfall for the 1940-2006 time
period. For the greater storms, data from the TR@®were used. The probability density for
the forward speed of the greater storms is showigure 3-11 and for the lesser storms on
Figure 3-12. The data for the forward speed ofstbem (\4) fit a lognormal distribution.

The landfall positions (S) were treated as a umifdrstribution because the occurrence rate is
approximately constant within the region of inteéres
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3.2.4.6 Other Storm Parameters

Although most of the older diagnostic models ofrlwane winds and pressures used the five
parametersAP, R,, Vi, 6, and S) as inputs, others were considered. TherRlel used in
this study, and other similar models, includesHioland B B) parameter, which alters the
shape of the radial distribution of winds.

Figure 3-13 presents example pressure and gradiedtspeed profiles for a stationary
hurricane having a central pressure of 943 mb,aafad field pressure of 1013 mb, showing the
effect of changes in the Holland B parameter orptiessure and wind speed profiles. The
maximum wind speed decreases with decreasing valsahis parameter decreases, the model
hurricane becomes broader. For example, with &aRdIB of 0.75, the wind speed is reduced
by nearly 50 percent of the maximum value. Hurregsamodeled with large values of Holland B
are typically considered “tight” storms, and arestnoften associated with small storm pressure
radii. Hurricanes modeled with small values ofleiotl B are broader.

The Holland B parameter was accorded a specidhted in all of the FEMA and USACE
projects for Mississippi and Louisiana. Based tmalies described in Resio et al. (2007), storm-
to-storm variation of this parameter was takendmégligible, and the variation as the storm
approached the coast was taken to be systematiesasbed below.

As storms with pressure radii greater than 10 rppr@ach within 90 nmi of the shore, the value
of the Holland B parameter is taken to decreasalily from 1.27 to 1.0 at the shoreline. This
change continues after landfall, such that it reachvalue of 0.9 after 3 hours. Storms with
pressure radii smaller than 10 nmi are taken tontaan the value of 1.27 as they approach the
coast.

In the future, the understanding of the behavidnwficane wind and pressure fields will likely
expand, and more sophisticated mathematic modeisaps with additional parameters, will be
developed. At this time, it is clear that the esg@mtations of wind and pressure fields in the
current generation of models are idealized. Irait®ence of more detailed representations, the
effects of the real departures are recognized radeld as statistical variabilities, as described
later in Section 5.2.

3.3 DEVELOPMENT OF THE JPM-OS METHOD FOR MISSISSIPPI

The storm surge analysis method used in this progegired defining a set of hypothetical
synthetic storms with characteristics that matdséhof the population of past storms (developed
using the historical storm sample as describecenti®n 3.2). The synthetic storms needed to
represent the full range of conditions containethehistoric storm population, and their
occurrences needed to be weighted in the rightgrtipms. Synthetic storms defined by
combinations of meteorological parameters that mateoccurred in the past, but were deemed
plausible by the probabilistic descriptions develdin the previous section, were included.

The JPM developed by Myers (Myers 1975, Ho and BI{&75) was selected for statistical
analysis by FEMA for this project after some iritsrk with other approaches. In order to
apply the JPM in combination with the computatindemanding Advanced Circulation
(ADCIRC) hydrodynamic model, a particularly effioteprocedure for the JPM analysis needed
to be developed. A new approach was developeditecesthe total number of storms needed for
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the JPM procedure without deteriorating the acoucdehe results. The modified JPM is called
JPM-Optimum Sampling (JPM-OS), and is describedenflty in Section 3.3.2.

3.3.1 Description of the JPM Method

As mentioned earlier in this report, the procesdetérmining the annual probability of coastal
flood elevations for the indexed occurrence proiigds would be simpler if there were a large
number of actual measurements of coastal flood# geographical locations of interest over an
adequate period of time. If that were the cas#phical data could be used. However, if the
historical data are insufficient, this approachdieto a high degree of uncertainty and is not
recommended.

If sufficient historical surge height data are waiéable, a more elaborate method is necessary.
This method relies on probabilistic models of tt@® occurrence, in time and of the storm
characteristics, together with numerical models tladculate the coastal flood elevation given
these storm characteristics. These models inch&lenodel for storm track and for the
evolution of the storm characteristics (conditiooalthe characteristics at landfall), the
windfield model, the surge model, etc. (see Sectidh and are represented symbolically

asn (AP,RpV; landfall locationd,...)= n(X) 3, where vectorX represents all storm
characteristics. The annual probability of a calaftoding elevation at a site in excess of a
value 77 is defined in terms of the following three quaest

e The annual rate of storms of interest

e The joint probabilities of the storm characteristic

e The storm-generated flood elevations at that gitesn the storm characteristics
The combined result is expressed by the multiglegiral

Plitnasayn > 1= 2], fx QOPIn(3) > r]dx (5)

where 1 is the mean annual rate of storms of interestHar site, f, (x) is the joint probability
density function of the storm characteristics @St storms, an@®[7(x) > r7] is the conditional
probability that a storm of certain characteristicsvill generate a flood elevation in excess of
n . This probability would be a Heaviside step fimetH [ —77(X)] if vector X contained a
complete characterization of the storm and if omelct calculate the flooding elevation(X)

exactly for any givenX , but these conditions cannot be satisfied in ractThis integral

(Equation 5) considers all possible storm chargttes for the population of storms of interest
and calculates the fraction of these storms thadysre flooding elevations in excess of the value
of interestr, using the total probability theorem (Benjamin &@ualnell 1970).

The right hand side in Equation 5 represents thenna@nual rate of storms that produce surges
exceedingy at the site. If this rate is low, and the physmacess of hurricane occurrences is

3All landfalls are referenced to a point locatethat center of the study area. The parameter defiaindfall
location is thus the signed distance from the egiee point for which the probability distributiowsre derived.
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independent enough so that the probability of twmore exceedances gfin one year is much
lower than the probability of one exceedance, rihiie represents a good approximation of the
annual exceedance probability. These conditioesatisfied for the exceedance probabilities of
interest in this study, specifically, the 10-, P-,and 0.2-percent-annual-chance of exceedance
probabilities.

Equation 5 is the basis of the JPM. The probahilégsity in Equation 5 is now taken as the

joint probability of a combination of hurricane pareters. The associated flood elevation at any
given point is determined as the maximum level poed by the numerical model. Equation 5
defines a smooth function of that can be used to determine the flood levelsceted with any

probability of being exceeded.

3.3.1.1 Practical Formulation of the JPM

As previously mentioned, enhanced measurementssaittilites, ocean data buoys, Doppler
radar, and other systems have recently demonstita¢etbmplexity in the internal structure and
variability of hurricane behavior. Therefore, adad by Resio et al. (2007), the total number of
storm parameters that would allow the functionmksdi in Equation 6 to be fully evaluated
would be very large. It is important to acknowledfat modeling of the storm behaviors that
control the coastal flood hazard is incomplete i idriven only by the five traditional “major”
parameters. In addition, the numerical hydrodymamodels for the hurricane effects are not
perfect, despite their recent progress.

Therefore, the actual elevatior{X) is expressed in terms of the model-calculatedatienr
n,(X) asn(X) =n.,(X) +¢,, Wheree , is a term that accounts for variations in the alctu
values ofr7(X) that are not accounted for by the windfield andrbglynamic models. This

difference is treated as a random quantity independf X . If the model is unbiased,, has a

mean value of zero. Using the above representaheractual conditional probability
P[7n(X) > n] is written as:

P[n(X) > 1] = Pln,(X) + &, >n] = Ple, > 17 -1,(X)] (6)

The g, term, referred to as the “epsilon term,” is desjto include all of the causes for

deviations of actual storm surges from the estimat#ained using numerical models of
hurricanes, such as the PBL model used in thieptojTheg, term accounts for variations in
the surge heights caused by storm wind and predisideasymmetries, variations in maximum
wind intensity and the radius of maximum wind ardtime storm, eyewall replacement cycles,
propagation of spiral bands, and other similar pinegna. The term is also used to account for
various other numerical model deficiencies, manyspecifically identified, which contribute to
differences between the modeled and measured maxsnuge heights. The overall analysis is
made more complete by including a term represerhiagffects of these deficiencies.

In addition, it is convenient to partition the vecbf storm characteristic§ into two parts, as
follows: (1) a vector of principal quantitieX , = (AP, Rp,V, landfall location &) , whose

probability distributions are represented explcdahd whose effects are also represented
explicitly in the model calculations, and (2) atee@f secondary quantitieX , = (B, tide...),
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whose distributions (relative to their base-cadaes) and effects are jointly represented in an
approximate manner by random ter(@s, €. (which have units of elevation). These

secondary quantities are set to their base-casevat the model runs. Although these epsilons
are conceptually different from the modeling erggrintroduced in the previous paragraph, they

are combined operationally into one random qua@sty = ¢, +&5 + &g + .- 1he
characterization of these epsilons is discussealbel

Incorporating these considerations, Equation 5 imeso
Pllnasayy > 11= AJ -, Tx, ()Pl (%) +& > 7] dx (7)

where X, = (AP, RpV; landfall location @) (the subscript 1 [as iiX,] will be dropped in the

remainder of this report for the sake of simpligityBoth the coastal flood hazard studies
described in Resio et al. (2007) and this Miss@dgpastal Analysis Project adopted the JPM
formulation that includes the epsilon term.

The components of the epsilon term used in theib&iggpi Coastal Analysis Project were as
follows:

e1=This is the contribution from the astronomicaktid he range of astronomical tide is
relatively small in the Mississippi coastal ared #imere is a strong fortnightly
modulation. A storm can make landfall at any phatdhe tide. This epsilon term is used
to represent the effect of random phasing of theimmam storm surge and the
astronomical tide.

g2-This epsilon term represents the changes in swegghts due to unaccounted variability
in the value of Holland B. This parameter is usethe PBL numerical model of
hurricane winds and pressures to account for tth@lrgradients. The use of
g, completes the representation of effects descriygtidHolland B parameter because
it combines with the systematic along-track vaoiasi discussed in Section 3.2.4.6.

€3= This epsilon term represents the departures betweeleled and measured surge levels
and is used to express variations in the surgentedpe to lack of accuracy in the
modeling results.

e4= This epsilon term represents the internal varnitgtolf the structure of hurricanes and
accounts for the variation in the resulting sueels due to unrepresented variations in
the characteristics of individual storms and tieicks.

Assuming that the various epsilon terms are prdiséibally independent and that their effects
combine additively, the standard deviation of epsis computed as the square root of the sum
of the squares of the standard deviations of thvittual epsilons. In addition, the combined
epsilon is assumed to have a normal distributi@pshthe assumptions of independence and
additive combination suggest that the normal assiom|is a good approximation). The
evaluation of this term is explained in Section 5.2
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3.3.2 JPM-OS Development Strategy

A full JPM analysis could require modeling of a thatic storm population of over 1,000 storms.
Therefore the goal of the optimum sampling approaab to derive the same statistical results
from JPM using the fewest number of storms andefoee reduce storm surge modeling
computer run time. An analysis was performed taicedhe number of synthetic storms to be
modeled while maintaining the essential accuraah®fPM. This analysis included sensitivity
tests that explored the variations of computedestigights in response to changes in the values
of the storm parameters. An objective method vpgdied to develop several JPM-OS
candidates for synthetic storm populations. Ed¢hese candidate synthetic storm populations
was tested against a screening level implementafitime full JPM analysis of Mississippi
coastal flooding to establish which minimum combima of storms best matched the results of
the full JPM analysis. The NOAA SLOSH model sefmpthe Mississippi coast was used as a
diagnostic tool for both the sensitivity and theesning analyses.

3.3.3 Overview of the SLOSH Model

The NOAA SLOSH model was chosen to conduct theigenstests and comparative tests of

the JPM-OS cases because it had previously bedigumd for the Mississippi coastline and it
offered a rapid processing speed (typically leas th minutes on a standard desktop PC for a
single storm simulation). The model, set up fa& Bhssissippi Gulf Coast Basin, was provided
by NOAA.

The SLOSH model is used by the NHC to estimatarsgurge heights and winds resulting from
historical, hypothetical, or predicted hurricangsalocounting for pressure, radius, forward
speed, track, and winds (Jelesnianski e1292). It is a two-dimensional, depth-integratiedd
difference code. SLOSH utilizes a curvilinear ggystem to allow high resolution in the area of
forecast interest, computes surges over bays dodre&s, retains some non-linear terms in the
equations of motion, and allows for the repres@matf sub-grid scale features such as
channels, barriers, and flow of surge up riverke Telescoping grid provides a large
geographical area with detailed land topographlye §mallest grid represents an area of about
0.1 square mile (sq mi). This grid size permitdusion of topographic details such as highway
and railroad embankments, causeways, and levdaslafigest grid cell is approximately 11.6 sq
mi. The model accounts for astronomical tidesgscgying an initial tide level, but does not
include rainfall amounts, riverflow, or wind-drivevaves.

3.3.4 Sensitivity Analysis

The sensitivity analysis focused on five meteormalgstorm parameters: the central pressure
deficit (AP), the radius to maximum winds{g), the forward speed of the storm;(Mhe
azimuth angle of the storm landfall crossifg, @nd the landfall position (S Note that the
SLOSH model uses Ry instead of Rin its windfield model. To accommodate this, Ryl
values used elsewhere were converted to correspprdiues of Rax using the equation:

Ryax = 05387+ 09524R —0.0057R,* + 117x10°R (8)

where both radii are in nautical miles. This eguatvas fit to values provided by Cardone
(personal communication to G. Toro, 1999). Forlbweues of R; (e.g.,R, < 10nautical
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miles), the two radii are nearly identical. Th#etience between fand R.ax becomes greater
as the size of the storm increases, wiftb&ng greater than,R« For example, a typical storm
with an R, of 20 nmi has an equivalent,i of 17.4 nmi.

The sensitivity analysis was designed using a esstorm, with a systematic variation of each
storm parameter. The baseline storm was include@ch parameter variation. Figures 3-14a —
3-14d show the Mississippi region, with the basestorm track and the coastal and inland
points for which the simulated surge heights wemarded. The points were selected to provide
coverage of the coastline, inland bays and riveamnd, upland areas. The baseline storm track
started approximately 362 mi due south of the GéMississippi coast, with a due north track
line. The parameters for the baseline storm apg/shn Table 3-1.

Table 3-1. Basdine Storm Parameters

Parameter Value Units

AP 70 mb

Rmax 30 mi

Vs 12 mph

0 0 degrees

S See Figure 3-15 latitude and
longitude

For each parameter, the values were varied ovengerthat spanned the typical variations found
in historical storms. The values used in the $emtgianalysis are listed in Table 3-2 for each
parameter.

Table 3-2. Valuesfor Each Parameter

Parameter | # of cases Values
AP 9 30, 40, 50, 60, 70, 80, 90, 100, 110
Rmax 10 6, 12, 18, 24, 30, 36, 42, 48, 54, 60
V¢ 7 6, 8, 10, 12, 14, 16, 18
0 7 -45, -30, -15, 0, 15, 30, 45 (see Figure 3-16)
S 7 see Figure 3-15

The complete set of parameter values comprisegdfations, of which 5 are identical to the
baseline storm. Each storm was simulated wittfSih®@SH model and the maximum surge
height recorded at each of the 147 output poirggiduted across the whole Mississippi coastal
area. The output data files were then re-formatteticonsolidated into a single database for
analysis. When no surge was recorded at a statianparticular location, the value was
recorded as null in the database.

The sensitivity analysis was designed to deterrtiresensitivity of the surge response to the
meteorological storm parameters, for various ggagcal settings, and whether topographic
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effects would amplify or distort the patterns ofgeilevel responses. For this purpose, the
output points were divided into three groups: calasitverine, and inland. Coastal output points
were located along the open shoreline. Riverinpuuytoints were located in lowlands adjacent
to streams and within stream valleys. Inland oupmints were located in upland places
between valleys and away from the coast. For esmlpgof points, the dependence of the surge
height was plotted versus the parameter valuesertte simulation did not produce a surge at
a particular location (i.e., null value), the cufee that location had missing values. These
conditions appear as an incomplete curve in masaices.

Plot lines have been color-coded in a rainbow-clat@rcolor scale, with colors ranging from

the red palette in the west to the blue palettbaneast (refer to Figures 3-17 through 3-22). The
color ramp scale uses the following progressiootetired-orange-yellow-white/gray-green-
blue-indigo-gray/blue-black with intermediate calarsed as necessary for the inland stations.
Line types were also varied as needed, includitig,stashed, dotted, and dash-dotted lines.

By normalizing both the range of the parameteritndssociated surge response by their
respective maximum values, the relative importasfosach parameter was represented. The
dominant factors are the storm strength and prayirepresented by the central pressure deficit
and landfall proximity. Variations in storm ratiéive only about half the effect of variations in
the pressure deficit. Variation in both forwareéeg and track azimuth at landfall have even
smaller effects. These related responses, asawétle shape of the response curves, were later
used to decide the best ways to make discretesemagions of the statistical storm parameter
functions.

The response of the surge heights to systematigeisan the parameter values is relatively
smooth at the open coast but progressively legdaad. This response shows the importance
of local topography, and thus, the importance ofletiag overland flooding rather than
extrapolating values inland.

3.3.5 Central Pressure Deficit

Figures 3-17, 3-18, and 3-19 show the resultshienariation of central pressure for the coastal,
riverine, and inland points. In each plot, eachvitual curve represents the dependence of the
surge height at a single point. The results ferabastal stations reveal expected behavior of a
relatively linear increase in surge height withirgrease in central pressure deficit. There are
deviations from a strictly linear dependence ava lbcations which reflect the way the storm
surge propagates around hills. A similar patterevident for the riverine stations, though there
are more curves with deviations from a linear depace than for the coastal stations. The
results for the inland stations show the most Wiy in terms of deviation from a strictly linear
dependence; distinct groupings of results appebe telated to geographic and topographic
influences. Comparison of these results with tiers given in this section indicates that the
central pressure deficit parameter dominates tigedweight response.

3.3.6 Forward Speed

Figures 3-20, 3-21, and 3-22 show the dependenttedurge height on forward speed for the
coastal, riverine, and inland points. The cunaas loe divided into three general categories:
increasing surge height with an increase in forvgoeked, decreasing surge height with an
increase in forward speed, and initial increasle¥add by a decrease in surge height with an
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increase in forward speed. As seen previoushentral pressure deficit plots, the dependence of
the surge height on increasing forward speed ie8ulinore erratic behavior for the inland
stations than for the coastal and riverine stations

In order to investigate the geographic influenceshe results for the forward speed analysis, the
curves were divided into three categories descraiee and plotted spatially. The locations
with their designations are shown in Figure 3-ZBe plotted results suggest that stations to the
far west of the storm track have a decreasing soegght with an increase in storm forward
speed, and conversely, stations to the far easeaftorm track have an increasing surge height
with an increase in storm forward speed. Statwitls increasing followed by decreasing surge
heights with increasing forward speed tend to batled to the west of the storm track but closer
to the storm track than those stations that expeei®nly a decrease in surge with increasing
forward speed.

Comparison of these results with others given i $kction shows that of the five parameters
analyzed, the forward speed parameter has theitdlstince on the surge heights.

3.3.7 Storm Track Azimuth

The results for the dependence of the surge heigltorm track azimuth angle are shown in
Figures 3-24, 3-25, and 3-26. The results revigf@rdnt behavior between many of the points.
However, except for a few of the locations, theultssshow one of two general patterns: the
surge height either monotonically increases or rtmmoally decreases as the storm approach
angle rotates from NW to NE. A spatial plot of theations is shown in Figure 3-27, which
indicates which points incurred an increasing areasing surge height with the storm track
approach angle. The plotted results suggest thatgfar to the east of the landfall point
experience a decrease in surge height as the stayla rotates clockwise. For points
moderately to the east and to the west of landfake appears to be an increase in surge height
as the storm track is rotated clockwise (fre#% to 45 degrees). The variations in surge height
caused by differences in the track azimuth hav@destrol on the surge heights than any of the
other parameters except forward speed.

3.3.8 Radius to Maximum Winds (Rmax)

Figures 3-28, 3-29, and 3-30 show the results pfing the R.ax Note that for stations west of
the baseline track, the increase ipRncreases the distance between the station arlddagon
where the maximum winds make landfall (MWL). Foims east of the baseline track, the
increasing Rax first decreases the distance between the statibnhee MWL, but then it
increases the distance. For points even fartrstr #ee distance between the station and the
MWL always decreases as thg.Rincreases. To account for the locations of stati@lative to
the MWL, the plots are reconstructed with the etai distance from the MWL as the
independent (x-axis) variable. Figure 3-31 shdwvesdonvention for defining the distance for
MWL, and the resulting curves are shown in Figug€2, 3-33, and 3-34 for coastal, riverine,
and inland stations. The distance definition comiee causes the curves in the Figures 3-32
through 3-34 to be plotted with the x-axis in reesfrom previous plots.

These tests showed thatRis second only to th&P parameter in controlling surge heights.
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3.3.9 Landfall Location

The results for the seven storm tracks consideregt@own in Figures 3-35, 3-36, and 3-37. In
these plots the landfall location is referencetheTrack ID location, which increases eastward
(see Figure 3-15). The storm track data weregqoitt terms of the distance between the station
and the MWL. Because each storm included in #tivaried landfall location while keeping the
same Ry the data were plotted in terms of the distaneefthe MWL. In this study, this is
essentially 30 mi east of the actual landfall lerat The results for these curves, using the
distance from the MWL to Ry location as the independent variable, are shoviigares 3-38,
3-39, and 3-40.

3.3.10 Spatial Distribution of Landfall Locations

In addition to the analysis of the meteorologicalgmeters, an analysis was conducted to
determine the sensitivity of the surge resulthtdpatial distribution of landfall locations. Of
particular interest were: (1) the extent westwaodnfthe Mississippi/Louisiana border and the
extent eastward of the Mississippi/Alabama bortat storms needed to be distributed, and (2)
the maximum spacing between storm tracks that doeildsed. The details of the analyses used
to address these two distribution parameters aaiade in Scheffner (2006). The study
consisted of developing a database of storm swgegesrated using the SLOSH model. The
storm locations were chosen to span a large distemthe west and east of the two Mississippi
borders with relatively dense spacing. Each steachthe same meteorological parameters and
only differed by their landfall location. The stoparameters werdP = 80 mbp = due north,

Vi =9.98 mph, and Rx= 25 mi. The storms were spaced at one-half thieisao maximum
winds and extended 250 mi to the west of the Msggjs/Louisiana border, and 150 mi east of
the Mississippi/Alabama border for a total of 3@rst tracks. Each simulation’s surge heights
were recorded at 40 output stations, which inclu2i@dtations just offshore and 20 stations just
inland of the coastline with an average of 4.5 stineen the points.

The simulated surge heights were then used in giriea Statistical Technique (EST)
approach (Borgman et al. 1992, Scheffner and Bongh886, Scheffner et al. 1996) to estimate
the 10-, 50-, 100-, and 500-year surge heightseabtitput stations. A sequence of subsets was
then created by methodically reducing the total benof storms by decreasing the lateral extent
of the storm distribution and by increasing thecapg between storm tracks. Each subset was
then used in an EST analysis to produce 10-, 80+, hnd 500-year flood surge heights. The
surge heights for each subset were compared te tiatained using the entire database to
ascertain the minimum lateral extent and maximuatis that could be used without
compromising the validity of the estimated surgghts. The results of this analysis indicated
that a spacing of one radius to maximum windstexdhextent of 3 to 4 radii to maximum winds
to the west of the Mississippi/Louisiana borded arradius to maximum wind to the east of the
Mississippi/Alabama border were sufficient to powviadequate storm track representations. A
project memo by Dr. N. Scheffner more fully desesithhis work (Scheffner 2007).

3.4 THE JPM-OS (MISSISSIPPI) METHOD

The above-described sensitivity analysis estaldishe relative importance of the
meteorological parameters with respect to the shegghts to be\P, §, R, (or Rnay, Vs, ando.
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This information was used in specifying the cotieladistances and selecting the discretization
schemes for the development of the JPM and JPMeDé&nses.

Several JPM-OS schemes were developed and themebelts were compared to the results
from a full JPM base case (“Gold Standard”) analyshich was run with nearly 3,000 storm
simulations. The results from these comparisongwsed to select the final JPM-OS scheme
from the various test cases. Details on the nietlogy used to develop these schemes and
results from the comparisons are provided below.

The variant of the JPM-OS used in this study apgr@pproximates the integral in Equation 7
as a weighted summation as follows:

Py > 71 = Af ] fx (OPI7(X) +2 > 7] dmiﬂi Pl (%) +& > 71] 9

where eacty; = (AR, Rp, V¢ ,; .S, 6;) may be interpreted as a synthetic stoim= Ap, may be

interpreted as the annual occurrence rate forstioam, ands; (x;) may be interpreted as the
estimate from the hydrodynamic model of the sullgeagion generated by that storm. For this
approach to be practical, the storm characteristicand their rates, must be specified so that
the integral can be approximated with sufficientuaacy (for allr values of interest), using a

reasonably low value of (i.e., a reasonably low number of synthetic stoamd corresponding
numerical model runs).

The approach used to define the synthetic stormactexistics and their rates may be
summarized by the following three stéps:

1. Discretize the distribution oAP into three broad slices, roughly correspondingurricane
Categories 3, 4, and 5.

2. Within eachAP slice, discretize the joint probability distribomi of AP(within slice) , Ry, Vr,
and @ using the optimal sampling procedure known as BiayeQuadrature (Diaconis 1988;
O’Hagan 1999; Minka 2000). This procedure represtre response portion of the
integrand (i.e., the terr®[n_.(X) + & > 7n7]) as a random function of with certain correlation

properties, and calculates the valuesxqup_ V¢, .6, and the associated probability, so

that the variance of the integration error is mizied. This minimization consists of two
nested operations as follows: inner optimizatiomd the optimal values of the probabilities
for given values of the;’s (performed analytically); and outer optimizatiai®termine the

optimal values of the 's (performed numerically). The correlation prages of the random

function (which take the form of correlation distas) depend on how sensitive the response
is to each variable (shorter correlation distarfoeshe more important variables). These
correlation distances were set based on judgmehbtanhe results of the sensitivity tests
described in Section 3.3.

3. Discretize the distribution of landfall location bifsetting each of the synthetic storms
defined in the previous two steps. The track spais equal to Rand is measured

* This description applies to the greater stormsslightly modified approach was followed for theder storms.
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perpendicular to the storm track. The probabijtyassigned to each artificial storm is easily

computed as the product of the probabilities resyiirom the three steps. This probability
is then multiplied by the rat¢ to obtain the artificial storm’s raté .

Further details on the JPM-OS methodology are gex/Zin the supporting project report titled
Joint Probability Analysis of Hurricane Flood Hazr for Mississipp{Risk Engineering).

Before going further, it is useful to make some ommts regarding the JPM-OS approach
summarized above.

e Although the synthetic storms and their rates areetated as a numerical device to
approximate the integral in Equation 7, it is us&dwiew them as a set of representative
storms, which serve as a proxy for all possiblereistorms, with their associated
occurrence rates. Similarly, these synthetic sscaind their rates may be viewed as a
compact discrete representation of the multi-dingered probability distribution of
possible future storms and their characteristics.

e The discretization of the distribution &P prior to the Bayesian Quadrature may seem
superfluous, but experience gained by Risk Engingeturing this and earlier studies
indicates that this step improves the efficiencyhef overall scheme. This observation is
likely related to some of the probability distritmrt transformations used in the JPM-OS
methodology.

3.41 Development of Candidate JPM-OS Schemes

Several JPM-0OS candidate schemes were developmth df these was used to complete an
analysis of the 1-percent- and 0.2-percent-annxesdeence rate recurrence levels at a series of
147 representative locations across coastal MippissFor each candidate scheme, the number
of points within each\P slice and the correlation distances were speciffedor to the SLOSH
comparisons, internal checks were made to verdy ldhw-order marginal distribution moments
(i.e., the means, standard deviations, skewnedsgatosis, for the distributions of the five

storm parameters) were preserved by the JPM-OSr&che

3.5 JPM-OS EVALUATION

To test the validity of the JPM-OS storm selectihe, 1-percent-annual-exceedence rate surge
heights obtained using the smaller storm set asatwith the JPM-OS schemes were
compared with the 100-year surge heights obtaisgtjla greater storm set, representative of a
traditional JPM approach, as described in thisi@ectThe analysis provided a quantitative basis
for testing alternative JPM-OS storm selectiontseg@s and minimizing the total number of
storms, while simultaneously demonstrating theabglity of the JPM-OS approach.

The analysis was used to determine both the totaber of storms that are required in the JPM-
OS selection and the choices for the correlatistadces to use in the Bayesian Quadrature.
These choices, in turn, determine each storm’snpatiex values (i.e., central pressure, radius to
maximum winds, track, etc.) and raie
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3.5.1 JPM-Reference (“Gold Standard”)

A large set of synthetic storms was generated mpteimented in a mock surge analysis in order
to create a standard for comparing alternate JPMséD8mes. This large set was intended to
represent the traditional JPM approach.

The set consisted of 2,967 storms with three valme®rward speed, four values for the track
angle relative to the coastline, six different cahpressure values, and five different values for
Rmax totaling 360 unique storm parameter sets and fssociated annual rates, drawn from the
probability distributions and rates developed earliThe selection of the five,Rvalues was
different for eachAP value in order to represent the correlation betvitbese parameters (see
Section 3.2.4.4).

The sensitivity tests described in Section 3.2 pied guidance for the arrangement of tracks for
the storms. The counter-clockwise rotation oftihericane winds made the distribution of
tracks different beyond each of the Mississippdaens. Only one track was needed east of
Mississippi, but three were needed beyond the wesierder. The storm tracks for the 360
parameter combinations were obtained by first uaingndomly selected starting point west of
the Mississippi/Louisiana border. Additional trackere spaced at intervals equal to one radius
to maximum winds to the east until at least onenstivack was assigned east of the
Mississippi/Alabama border. The starting locatieest of the Mississippi/Louisiana border was
chosen randomly to equal some distance approxiyntitiede and four radii to maximum winds
west of the border. Thus, there were always armim of three storm tracks located west of the
Mississippi/Louisiana border. The actual numbetra¢ks associated with each of the 360 storm
parameter sets depended on the actual distanbe cddius to maximum winds of each data set.
The total number of tracks used for each uniquarpater set ranged from 5 to 21. When
summed over all 360 storm sets, the total numbstarfns equaled 2,967.

The parameter values and annual rates for thet8d®s were defined as follows. The values
and probabilities for each parameter were deteminirsgng the one-dimensional quadrature
approach described by Miller and Rice (1983). Rgrvalues were drawn from the conditional

distribution of radius given adP . For input to SLOSH these were converted to spoading
values of Riax. However, for consistency with other parts ofttd@port, these are tabulated gs R
values. For each resulting storm (i.e., for eamhlaination of parameters), the storm event rate
was obtained by multiplying the probability asstethwith each of the storm parameter values
(i.e.,p(AR) x p(R,; | AR) x p(V;;) x ..) and then multiplying that result by the stormapg

(which is equal to the storm’s radius to maximumadyitimes the annual rate of a Category 3 or
higher storm occurring in the Gulf Coast area (8102 storms/km/yr).

The parameters used in the large set of synthetims—designated JPM-Reference—and the
normalized probabilities are described in Tablé&a3b, ¢ and d.
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Table3-3a. Storm Set Parameters and Probabilities for JPM -Refer ence:
Discrete Distribution of Central Pressure Deficit

Central Pressure Deficit
(mb) Probability
45.6 0.04958
48.6 0.16607
56.1 0.28435
69.1 0.28435
87.6 0.16607
111.8 0.04957

Table 3-3b. Storm Set Parametersand Probabilities for JPM -Reference:
Discrete Conditional Distribution of R, Given Central Pressure Deficit

Central Pr(?ss;lre Deficit values of Rp (nmi)
45.6 6.94 13.43 24.38 44.28 85.71
48.6 6.63 12.84 23.32 42.34 81.96
56.1 5.99 11.59 21.05 38.23 74.00
69.1 5.16 10.00 18.15 32.96 63.80
87.6 4.36 8.44 15.33 27.84 53.88
111.8 3.67 7.10 12.89 23.41 45.31
Probability
0.011 | 0.222 | 0.534 | 0.222 | 0.011

Table3-3c. Storm Set Parameters and Probabilities for JPM -Reference:
Discrete Distribution of Forward Speed

Forward Speed (meter/second) 2.99 6.04 12.23

Probability 0.16667 0.66667 0.16667

Table3-3d. Storm Set Parameters and Probabilities for JPM -Reference:
Discrete Distribution of Azimuths

Azimuths (Theta) * -73.0 -32.7 7.3 49.4

Probability 0.13299 0.36701 0.36701 | 0.13299
*(direction to; degrees clockwise from North)

Each storm was simulated with the SLOSH model Aecthtaximum surge was recorded at the
same 147 points used in the sensitivity analyS@: each output point the 100-year surge height
was calculated from the 2,967 surge values. This accomplished by sorting the storm surge
heights at each point in descending order. Thatqu®babilities were then summed, starting
with the largest storm surge height. This procequoduced a curve approximating the
cumulative probability of surge height. The 10@iysurge height was obtained by interpolating
the surge height on the curve corresponding t@1& value for the cumulative probability.

This process was applied to all 147 points to dgvéhe 100-year surge heights associated with
each JPM storm set.
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3.5.2 JPM-OS Schemes and Comparisons

Five JPM-OS alternative schemes and the correspgraiorm sets were developed and tested.
The storm parameters and normalized event probabifor two example storm sets are listed in
Tables 3-4 and 3-5. The actual event probabilig wbtained by multiplying the probabilities

by the storm spacing (which is equal to the stomatius to maximum winds) and the rate of
Hurricane Category 3 and higher storms in the Golist area. The total unique sets of storm
parameters (except landfall position) for JPM-OSRB\M-0S-4, JPM-0S-5, JPM-0S-6, and
JPM-OS-7 were 37, 37, 23, 19, and 17 respectivdlien these storms were assigned to tracks
along the Mississippi, Louisiana, and Alabama dweest using the same procedure used in
developing the storm sets for the JPM-Referenaersset, the total number of storms was 303,
303, 193, 158, and 147, respectively.

The surge from each storm within each JPM-OS caelischeme set was calculated with the
SLOSH model and the maximum surge was recorddteagame 147 points used in the
sensitivity analysis (Section 3.2). For each oufmint, the 100-year surge height was
calculated using the same approach used in dewgldpe JPM-Reference surge elevations
(Section 3.5.1). Figures 3-41 and 3-42 show tmeparison of the JPM-0OS-6 and JPM-OS-7 to
the JPM-Reference results for each point. Thexesame points where the difference is large,
due to the use of the surge elevation rather thamvater depth. These points typically occur at
the inland edge of the storm surges, where thdtsesom one storm set just manages to flood
the point, while the other does not, so there isal@ elevation for comparison. In other cases,
anomalous comparisons resulted for special andc@ardinations of large grid elements and
subgrid drainage representations. These distoetdts were eliminated from the comparisons.
The outlier points were removed from the data kefsre the summary analysis was conducted.

The differences between each example JPM-OS sesolts and the JPM-Reference are
summarized by the average error, the average dbs@liue of the error, and the root mean
square (RMS) error in Tables 3-6 and 3-7 for theefdcent and 0.2-percent-annual-exceedence
rate- surge heights (100- and 500-year floods)e [@tter surge height was obtained using the
same procedure as for the 1-percent-annual-exceedate -surge height, but interpolating the
height corresponding to the 0.002 value of the datiue probability.
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Table 3-4. Storm Parameters Set for IPM-0S-6 (SLOSH)

Central Radius To
Pressure Maximum Forward Number of Normalized
Deficit Heading Winds Speed Tracks Probability
(mb) (deg) (miles) (mph)
66.16 -38.91 18.9 13.6 7 0.142556
55.29 -13.49 35.2 13.6 6 0.128424
46.96 -38.92 23.2 13.6 7 0.142549
55.29 -13.49 12.0 13.6 10 0.128424
55.29 56.66 21.1 13.6 7 0.115047
92.93 -12.81 15.3 13.4 9 0.030331
78.52 -12.82 28.5 13.5 6 0.047395
78.53 47.33 17.0 9.8 8 0.037305
78.53 -12.82 9.9 13.5 11 0.047395
78.53 -12.86 17.0 32.7 8 0.030949
70.02 -12.82 18.3 13.4 8 0.030331
78.53 -71.04 17.0 9.8 8 0.037297
128.5 -12.81 12.5 13.4 10 0.009529
103.5 -12.82 24.4 13.5 7 0.014890
103.5 47.33 14.4 9.8 9 0.011720
103.5 -12.82 8.3 13.5 12 0.014890
103.5 -12.86 14.4 32.7 9 0.009724
94.46 -12.82 15.2 13.4 8 0.009529
103.5 -71.04 14.4 9.8 8 0.011718
Table 3-5. Storm Parameters Set for IPM-0OS-7 (SLOSH)
Central Radius To
Pressure Maximum Forward Number of Normalized
Deficit Heading Winds Speed Tracks Probability
(mb) (deg) (miles) (mph)
70.1 -67.61 22.8 13.6 7 0.094940
66.64 10.93 34.6 13.6 6 0.073940
60.25 17.53 20.0 7.3 7 0.112354
54.95 10.93 10.9 13.6 10 0.073942
60.25 17.53 20.0 25.2 7 0.112354
46.15 10.93 20.1 13.6 7 0.073942
52.77 -67.61 17.3 13.6 8 0.094940
88.29 10.93 18.6 13.6 8 0.073941
78.78 -22.83 11.3 13.6 10 0.103835
48.81 -22.83 32.8 13.6 6 0.103835
128.5 -12.81 12.5 13.4 10 0.009529
103.5 -12.82 24.4 13.5 7 0.014890
103.5 47.33 14.4 9.8 9 0.011720
103.5 -12.82 8.3 13.5 13 0.014890
103.5 -12.86 14.4 32.7 9 0.009724
94.46 -12.82 15.2 13.4 8 0.009529
103.5 -71.04 14.4 9.8 9 0.011718
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Table 3-6. Error Between JPM -OS and JPM-Reference for a 100-Y ear Storm

100-year surge 0S-6 OS-7
RMS Error (ft) 0.47 0.54
Average Error (ft) -0.02 -0.02
Average (/Error/) (ft) 0.34 0.45
Minimum Error (ft) -1.40 -1.07
Maximum Error (ft) 1.20 1.44
No. of Pts. > 1.0 ft 6 3

Table 3-7. Error Between JPM-OS and JPM-Reference for a 500-Y ear Storm

500-year surge 0S-6 OS-7
RMS Error (ft) 0.59 1.04
Average Error (ft) 0.14 -0.43
Average (/Error/) (ft) 0.47 0.80
Minimum Error (ft) -1.20 -3.62
Maximum Error (ft) 1.62 1.76
No. of Pts. > 1.0 ft 11 37

Based on the comparisons given in Tables 3-6 andBe JPM-OS-6 storm set was selected.
This provided the definition of the JPM-OS analysishe greater storms.

The comparisons between the JPM-Reference stosrasdtthe five JPM-OS candidate
schemes provided criteria for the selection offeeste with sufficient accuracy and
demonstrated the validity of the resulting JPM-@8ra representations. This validation is
important because this JPM-OS scheme is relatively and because the selection of the
correlation distances involved some judgment (ssié 3.4).

The SLOSH model comparisons were not done forddgelr storms, but the statistical-moment
comparisons and comparisons using a simple paransetige model were done. The range of
pressure deficits for the lesser storms is mucHlenthan for the greater storms. Because of
this, only one slice was used.

3.6 APPLICATION OF THE QUADRATURE JPM-OS APPROACH

This section describes the application of the Qatale JPM-OS approach to hurricanes
affecting the Mississippi coast. Results for theager stormsAP > 48mb) and lesser storms
(AP =31 to 48 mb) are provided in separate sections.

3.6.1 JPM-OS Scheme for Greater Storms

The JPM-0OS-6 case, described in Section 3.5.2 us@d for the full analysis using the
numerical modeling approach discussed later inrdpsrt. However, a small adjustment was
made inAP between the SLOSH mock runs (described in Se8tionand the full model
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framework production runs. Also, the layout of g#term tracks in the ADCIRC modeling
differed from the SLOSH modeling. The ADCIRC modsjuired slightly fewer tracks (six
less). The SLOSH runs are noted as JPM-0S-6 (S)@8#ithe full production run values are
noted as JPM-0OS-6 (ADCIRC).

Figure 3-43 illustrates the resulting synthetiast® (for one landfall location). Each chart on
the main diagonal shows the probability distribntaf the corresponding quantity (in the form

of a histogram), as represented in the JPM-OS@etigation. Each off-diagonal scatter
diagram shows how each pair of quantities (A€, and R) are jointly distributed in the JPM-
0S-6 (ADCIRC) scheme, with the areas of the cirbleiang proportional to the associated annual
rate. Table 3-10 lists the corresponding parametieles, probabilities, and rates.

Table 3-8 shows the three slices of Niedistribution, their probabilities, and the numioér
modes in the Bayesian-Quadrature discretizatiordah slice in the JPM-OS-6 (ADCIRC) case
used in the production runs. Table 3-9 shows tieesponding correlation distances, and Table
3-10 shows the storm parameter distribution fog taise.

Table 3-8. Discretization of AP into Slicesin the JIPM-OS-6 (ADCIRC)
Scheme for Greater Storms

Slice Category 3 Category 4 | Category 5
AP range (mb) 48-73 73-98 98-135
Probability 0.657 0.261 0.082

# of nodes in

Bayesian 5 7 7
Quadrature

Table 3-9. Correlation Distancesin the JPM-0OS-6 (ADCIRC) Scheme for Greater Storms

Correlation Distance (std normal units)
AP (within slice) Re Vs S}
4 25 6 5

Table 3-10. Parameters of the JIPM-OS-6 (ADCIRC) Scheme for Greater Storms

. Annual Rate
(Ovatzrontqz;ﬁ on) Acpogan;tt;’ o??s(r?gque’) (n://fs) Olesy) | Praselliy (f?rra?:i():h
JOS6001 66.69 18.61 6.047 -38.91 1.33E-01 1.32E-03
JOS6002 57.17 39.82 6.047 -13.49 1.20E-01 2.55E-03
JOS6003 49.72 22.93 6.047 -38.92 1.33E-01 1.63E-03
JOS6004 57.17 10.83 6.047 -13.49 1.20E-01 6.94E-04
JOS6005 57.17 20.77 6.047 56.66 1.08E-01 1.19E-03
JOS6006 92.95 14.7 5.943 -12.81 3.42E-02 2.68E-04
JOS6007 78.59 30.8 6.014 -12.82 5.34E-02 8.77E-04
JOS6008 78.59 16.56 4.349 47.33 4.20E-02 3.71E-04
JOS6009 78.59 8.904 6.014 -12.82 5.34E-02 2.54E-04
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. Annual Rate
(ovat ot on) ACPOQ”QS’ ol??s(f?cr;g) (n://fs) By | IPreballiy (f?rrai%h
JOS6010 78.59 16.56 14.54 -12.86 3.49E-02 3.08E-04
JOS6011 70.02 17.98 5.943 -12.82 3.42E-02 3.28E-04
JOS6012 78.59 16.56 4.346 -71.04 4.20E-02 3.71E-04
JOS6013 128.7 11.66 5.943 -12.81 1.06E-02 6.58E-05
JOS6014 103.7 25.3 6.014 -12.82 1.65E-02 2.23E-04
JOS6015 103.7 13.6 4.349 47.33 1.30E-02 9.44E-05
JOS6016 103.7 7.313 6.014 -12.82 1.65E-02 6.44E-05
JOS6017 103.7 13.6 14.54 -12.86 1.08E-02 7.83E-05
JOS6018 94.47 14.53 5.943 -12.82 1.06E-02 8.20E-05
JOS6019 103.7 13.6 4.346 -71.04 1.30E-02 9.43E-05

1. The annual rate for each storm is calculated as the storm probability displayed here, times the annual rate

of greater storms (2.88E4 storms/km/yr), times the storm spacing (Rp) in km.
2. The annual rates in Column 7 are the lambda terms in the report text.

3.6.2 JPM-OS Scheme for Lesser Storms

A simpler approach was used for the lesser stoRs=31 to 48 mb). In particular, the
distribution of AP was not divided into slices because these stopaus & narrower range of
AP and because the associated probability distribusidess skewed. Thirteen nodes were
employed. Table 3-11 lists the correlation disesngsed.

Table 3-11. Correlation Distancesin the IPM-0OS-6 Scheme for L esser Storms

Correlation Distance (std normal units)
AP Re Vi S]
25 3 5 5

The JPM-OS scheme was initially developed usingRh¢AP distribution shown in Figure 3-7.

The resulting parameter values were then usedrtergte the synthetic storms and perform the
wind, wave, and surge calculations. Later in tr@eut, theR, | AP distribution for the lesser

storms was changed to that shown in Figure 3-& wWéights were adjusted to reflect the new
distribution without a significant loss of accuranythe JPM-OS scheme. Table 3-12 lists the
corresponding parameter values, probabilities,rates.

The JPM-OS scheme (with the adjusted weights) \alidated using an approach simpler than
that used for the greater storms. The validatias sompleted using a parametric surge model
somewhat simpler than the model of Irish et alO@dnstead of using the SLOSH model. The
validation also only considered one location and storm track, and it used a 36-node JPM-OS
scheme as the standard for comparison. Checkststisal moments were also performed.
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Table 3-12. Parameters of the JPM-OS Scheme for Lesser Storms

. Annual Rate

(Ovsltonrontlzli[tjion) Acia(gt])b' oFi?s(r?(;?Ié) i) (degerees) Probability (for each
track)

CAT2001 46.38 41.59 5.42 8.758 4.74E-02 9.37E-04
CAT2002 37.75 53.63 3.00 23.55 2.93E-02 7.47E-04
CAT2003 44.28 21.64 3.40 63.87 7.61E-02 7.83E-04
CAT2004 40.71 12.72 4,93 -9.324 1.76E-01 1.06E-03
CAT2005 31.78 44.24 4.88 -11.27 3.92E-02 8.25E-04
CAT2006 32.11 17.19 6.10 31.22 9.30E-02 7.60E-04
CAT2007 34.67 24.32 6.94 -71.07 8.75E-02 1.01E-03
CAT2008 47.53 16.94 4.38 -31.63 6.26E-02 5.04E-04
CAT2009 42.09 27.82 3.71 -59.19 9.49E-02 1.25E-03
CAT2010 34.67 24.31 2.46 -5.25 8.75E-02 1.01E-03
CAT2011 44.28 21.64 10.50 -13.83 7.62E-02 7.83E-04
CAT2012 37.75 53.63 7.89 -45.75 2.93E-02 7.46E-04
CAT2013 37.04 29.79 6.64 46.64 1.01E-01 1.44E-03
Notes

1. The annual rate for each storm is calculated as the storm probability, times the annual rate of
storms (2.567E-4 storms/km/yr), times the storm spacing (R;) in km.

2. The annual rates in the last column are the lambda terms in the report text.

3.7 GENERATION OF SYNTHETIC STORMS

The numerical wind and wave calculations requirepsts the entire history of the synthetic
storm, from the time it enters the Gulf. This argtconsists of hourly values of the coordinates
of the storm center, pressure deficit, the pressadils, and forward velocity. The sequence of
values from the storm parameters associated wah @aadrature JPM-OS node is generated as
described below. All the storms considered herkent@ndfall at the Coastal Reference Point.
Each set of synthetic storm parameters define apgod synthetic storms. All storms in the
group have the same parameter values and annuatrece rates, but they follow different
tracks. These tracks are parallel to each othelaes spaced ong,Rpart.

The approach used to generate the storm tracks-A-@iMe,V ,0) ... aNd R o1snorg —1S @

purely deterministic approach and is largely basethe approach developed by USACE in their
probabilistic surge studies for Mississippi and ismana (Resio et al. 2007).

USACE projects preceding and paralleling the M@pis Coastal Analysis Project introduced
the concept that the major Gulf hurricanes tenoriginate outside its boundaries (Resio, 2007,
personal communication). The tracks tend to eéheGulf through the Florida or Yucatan
Straits and to follow a relatively consistent sktracks. The geometry of the tracks is somewhat
similar to those of Hurricanes Betsy, Rita, lvaantille, Katrina, and Andrew (designated by
USACE as the BRICKA tracks). The synthetic storatks used in the Mississippi Coastal
Analysis Project followed this concept, althougtiifferent algorithm was used to generate the
track geometry.
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Storms moving along these tracks were subjectdtesyatic changes as they approached the
coast. Storms WithR 0 > 10 NMi vary in their pressure deficit, radiusd &tolland B

linearly over the last 90 nmi prior to landfall,cacding to the following rules:
R (landfall) = 1.3xR (offshore)
Holland B (offshore) = 1.27
Holland B (landfall) = 1.0
Holland B (3 hours after landfall) = 0.9

Decrease iM\P (mb) = R (offshore, nmi) — 6 (maximum increase isdl® minimum
is 5 mb)

Storms WithR ) s0re < 10 NMI, on the other hand do not undergo any ameialy or changes in

Ry, and Holland B prior to landfall. A discussiontbése systematic changes as the storms
approach landfall is given in Resio (2007).

After landfall, linear variation continued for 2 s, with the same slopes applied prior to
landfall. Weakening oAP continued after this point, following the exporiahtiecay model of
Vickery and Twisdale (1995).

This formulation for the evolution of central press and other hurricane parameters prior to
landfall is the first published formulation thatrpets the incorporation of these effects within
the context of a JPM analysis. This formulatiobased on Resio’s (2007) analysis of recent
well-documented storms. In its present form, thisnulation is purely deterministic, in the
sense that all synthetic storms with the sampariRlergo the same changes\i?, R, and
Holland B. The reader is referred to Resio (2@06i7jurther details on this formulation.

Figures 3-44 and 3-45 show the tracks for the greatd lesser synthetic storms, respectively.
Tracks that made landfall with a north-northwestnagh are similar in appearance to the
BRICKA tracks. All these storms make landfall la¢ ICRP (as defined in Section 3.2.3). These
storms are referred to as timaster of reference track€ach of the master synthetic storms was
then offset by R creating multiple offset synthetic tracks thaveothe entire Mississippi coast.
The latter synthetic storms are the ones actualyun the probability calculations. Figure 3-46
shows the track and the variation in time of the &mrm parameters for one master synthetic
storm. The top panel of Figure 3-46 shows thektoddhe synthetic storm (in color; timeaster
track), as well as the offset tracks. The offset trdwkee a spacing ofaind a uniformly
distributed random offset from the master track.

The three bottom panels of Figure 3-46 show thatian in time of the key storm parameters
for the master track. The time of landfall is reganeted by a short vertical stroke.

The purpose of using a random landfall point farheset of synthetic storm tracks and spacing
these by Rwas to distribute the tracks with reasonable umfty. Figures 3-47 and 3-48 show
the distributions for the greater and lesser syigistorms respectively.
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Rate of Cat =2 Hurricanes (storms/deg/yr) (160 km kernel; 1950-2005)

25N

2N

Figure 3-1. Analysis of Hurricane Frequency from an Analysis Using an Optimized
Spatial Kernel [Source: Joint Probability Analysis of Hurricane Flood Hazis for

Mississippj.
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Figure 3-2. Simplified Project Shoreline with Coastal Reference Point Shown by ®.
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Figure 3-3. CVSE for the Omni-Directional Storm Rate Relative to Hurricanes
with Central Pressure Deviations Greater than 45 mb.
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Figure 3-4. CVSE Results for the Directional Storm Rate and Angle Width.
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Figure 3-5. Directional Rates and Beta Distribution of Storm
Azimuth for Storms with Central Pressures Below 965 mb.
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Figure 3-6. Directional Rates and Normal Distribution of Storm
Azimuth for Storms with Central Pressures Between 965 and 982 mb.
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Cross-Validation Results for AP Distributionsat M S point
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Figure 3-7. Cross-Validation Results for Central Pressures of the Greater Storms.
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Figure 3-8. The Pressure Radius versus Central Pressure Deviation
for Storms at Landfall in the Gulf of Mexico.
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Figure 3-9. The Pressure Radius versus Central Pressure Deviation for Storms in

the Open Gulf of Mexico.
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Figure 3-10. The Offshore Pressure Radius versus Landfall Central Pressure
Relation for Post-1950 Storms with Central Pressures Below 982 mb in the Gulf of
Mexico [Source: Joint Probability Analysis of Hurricane Flood Hazis for Mississipp]
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Figure 3-11. Probability Density for Storm Forward Speed for Greater Storms.
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Figure 3-12. Probability Density for Storm Forward Speed for Lesser Storms.
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Figure 3-13. Effect of Holland B Parameter on Wind Speeds and Pressures.
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Figure 3-14a. Preliminary Joint Probability Model Output Locations.
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Figure 3-14b. Preliminary Joint Probability Model Output Locations Western Portion of the Grid.
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Figure 3-14c. Preliminary Joint Probability Model Output Locations Central Portion of Grid.
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Figure 3-14d. Preliminary Joint Probability Model Output Locations Eastern Portion of the Grid.
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Figure 3-17. Coastal Stations Varying Central Pressure.
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Figure 3-18. Riverine Stations Varying Central Pressure.
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Figure 3-19. Inland Stations Varying Central Pressure.
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Figure 3-20. Coastal Stations Varying Forward Speed.
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Figure 3-21. Riverine Stations Varying Forward Speed.
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Figure 3-22. Inland Stations Varying Forward Speed.
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Figure 3-23. Preliminary JPM Output Locations Spatial Distribution of Speed Sensitivity Characteristics.
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Figure 3-24. Coastal Stations Varying Angle of Storm Approach.
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Figure 3-25. Riverine Stations Varying Angle of Storm Approach.
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Figure 3-26. Inland Stations Varying Angle of Storm Approach.
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Figure 3-27. Preliminary JPM Output Locations Spatial Distribution of Angle Sensitivity Characteristics.
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Figure 3-28. Coastal Stations Varying Radius to Maximum Winds.
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Figure 3-29. Riverine Stations Varying Radius to Maximum Winds.
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Figure 3-30. Inland Stations Varying Radius to Maximum Winds.
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Figure 3-32. Coastal Stations Varying Radius to Maximum Winds.
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Figure 3-33. Riverine Stations Varying Radius to Maximum Winds.
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Figure 3-34. Inland Stations Varying Radius to Maximum Winds.
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Figure 3-35. Coastal Stations Varying Landfall Location.
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Figure 3-36. Riverine Stations Varying Landfall Location.
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Figure 3-37. Inland Stations Varying Landfall Location.
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Figure 3-38. Coastal Stations Varying Landfall Location.
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Figure 3-39. Riverine Stations Varying Landfall Location.
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Figure 3-40. Inland Stations Varying Landfall Location.
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Figure 3-41. Comparison of Surge Elevation JPM-OS-6 with JPM-Reference (top) and
Error Between Surge Elevations in JPM-OS-6 and JPM-Reference (bottom).
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Figure 3-42. Comparison of Surge Elevation JPM-OS-7 with JPM-Reference (top) and
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Figure 3-43. Graphical Representation of the JPM-OS-v6 Scheme for One
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Figure 3-44. Sequential Positions (dots) Along the Master Tracks of the Synthetic
Storms in the JPM-OS Representation of the Greater Storms.

\18-JUN-08\\ 3' 73



SECTIONTHREE Storm Characteristics

N\

Figure 3-45. Sequential Positions (dots) Along the Master Tracks of the Synthetic
Storms in the JPM-OS Representation of the Lesser Storms.
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Figure 3-46. Track and Evolution of Storm Parameters for One Synthetic Storm.
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Figure 3-47. Track Paths for the 152 JPM-OS-6 Storm Set.
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Figure 3-48. Track Paths for the 76 Category 2 Storm Set.
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41 NUMERICAL MODELS

4.1.1 Introduction

As discussed in Section 3.4, numerical modeling wezsl to determine the maximum surge
elevation caused by each synthetic storm at 7,8889across the Mississippi coastal zone.
This permitted evaluation of the function givenlbguation 9. The series of 228 synthetic storms
defined as JPM-0OS-6 were simulated in the multiqoonent numerical model framework. For
convenience, the term framework is used in refgrtinthe whole sequence of numerical models
that include the PBL (TC96), WAM (OWI-3 G), SWAN€r 40.51), and ADCIRC (ver. 46.52-
03) models. The major numerical models used ingrogect are brieflyescribed below without
reference to their use. Sources of additionalrmétgion on these models are also identified.
These brief descriptions are followed by more detiachapter sections covering the setup and
operation of each model, how each was calibrateeofied (or both), and how the whole
framework was used. The NOAA SLOSH model, whicls wsed in some of the auxiliary
simulations, was explained in Section 3.2.1.

4.1.2 Numerical Model Framework

The simulations of each of the synthetic storm®ived developing time-varying
representations of:

1) Hurricane wind and atmospheric pressure fialdag pre-determined tracks
2) Wave conditions in the deep Gulf of Mexico
3) An initial estimate of the surge elevationstpport nearshore wave modeling

4) Waves and surf zone conditions near and athestooded mainland and barrier
island zones

5) Wave setup
6) Overland flooding (surge plus wave setup)

This sequence is similar to the approach used mypast coastal flood hazard analyses. It
differs from previous FEMA methods in that the waetup is directly included in the
representation of storm surge from each of thehgfitt storms. This change permits the effect
of the wave setup to be included directly into stegistical analysis of the stillwater elevations.

Figure 4-1 shows a flow chart of the model framewaohlthough this made for good
compatibility between the project needs and capesi| it also made it necessary to check the
work at each stage. The specifications for eacthsyic storm, defined by a unique set of the
five basic storm parameters, and of the trackshiermodel runs, were developed by Risk
Engineering. These were transmitted to OWI. Thel @ersion of the PBL model was used to
develop data files with time series of the movingdvand atmospheric pressure. OWI
transmitted these output files to both D. Slinn &iRIS. OWI also used these files as inputs to
their version of the WAM model (WAM —OWI13 G) toeate files representing the deep Gulf
wave conditions over the course of each storm. dthputs of the WAM modeling were
transmitted to D. Slinn. The WAM results were inpio the SWAN model to continue
tracking the storm waves in nearshore and shallatemareas.
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The model simulations of nearshore wave conditiegsiired an estimate of the time history of
surge levels over the duration of each synthetimst This estimate was made by applying the
PBL storm meteorological outputs to a streamlin€CARC model and grid. This streamlined
ADCIRC model had been reduced to a total of ab0@® nodes so that it could run much
faster than the full ADCIRC model. The streamlidddCIRC model produced files with the
time series of the surges for each synthetic statmgh were then passed to the SWAN models
along with the PBL meteorological and deep Gulf evaputs. The output of the SWAN
modeling was a time series file of the radiatioess forcing needed as an input to the main
ADCIRC model. Finally, the files from the PBL aB#VAN models were input into the main
ADCIRC model. This final ADCIRC modeling was carieut at the parallel cluster computing
facilities.

The following subsections describe the elementh@model framework system used in this
project. Detailed supporting project reports pdevmuch more detail about each model and
each step in the modeling process.

41.3 Planetary Boundary Layer (PBL) Model

The PBL model, also called the Tropical Boundarydramodel, is an application of a

theoretical model of the horizontal airflow in theundary layer of a moving vortex. This model
can provide a description of the time-space evoitutf the surface winds in the boundary layer
of a tropical cyclone given the simple model pararseavailable in historical storms. This
model solves, by numerical integration, the veltycaveraged equations of motion that govern a
boundary layer subject to horizontal and vertiteas stresses. The equations are resolved in a
Cartesian coordinate system, whose origin trarskteonstant velocity, {Vwith the storm

center of the pressure field associated with thieidane. Variations in storm intensity and

motion are represented by a series of quasi stsiadg-solutions.

The model used in this study included two majorraggs to the original model given by Chow
(1971). The first upgrade (Cardone et al. 1992nipanvolved replacing the empirical scaling
law with a similarity boundary layer formulation liok the surface drag, surface wind, and the
model’s vertically averaged velocity component$ie Becond upgrade (Cardone et al. 1994)
added spatial resolution and generalized the pred®id specification. A more complete
description of the theoretical development of tredet as upgraded is given by Thompson and
Cardone (1996).

The model is driven by parameters derived from @atastorical meteorological records. The
outputs are time-histories of the wind and presfiatés. The evolving wind field is computed
from pre-determined variations of the meteorololgigaameters along the storm track. These
computations result in “snapshots,” that are evallas often as is necessary to describe
different stages of storm intensity, and then pdated to form the entire time history of the
hurricane.

The model pressure field is described as the suan @ixially symmetric component and a large-
scale pressure field of constant gradient. Thisragtric component is described in terms of an
exponential pressure profile, which has the folloyyparameters:

e P, = minimum central pressure
o Py = far-field pressure
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e Ry scale radius of exponential pues profile
e Holland B = profile peakedness parameter

Holland B is an additional scaling parameter whgigaificance was discussed by Holland
(1980). As noted in Section 3.2.4.6, this param&tes not included among the basic five
parameters. However, as explained in the previepsrt sections it was accorded special
treatment to account for spatial gradients in there-approach zone.

The model is maintained by OWI.

41.4 SWAN Model

The SWAN model is a non-stationary third-generati@ve model (Holthuijsen et al. 1993; Ris
1997). The SWAN model is based on a numerical soludf the discrete spectral action balance
equation and is fully spectral over the total raofeave frequencies and over the entire 360°
range. The wave propagation is based on lineaewsory including the effect of currents.
The processes of wind generation, dissipation,ramiinear wave-wave interactions are
represented explicitly with state-of-the-art, thgeneration formulations. The fully spectral
attribute provides for the simulation of short-¢egels random wave fields propagating
simultaneously from widely varying directions. SWAimulates the following physical
phenomena:

e Wave propagation in time and space

e Shoaling

e Refraction due to current and depth

e Frequency shifting due to currents and non-statipdapth

e Wave generation by wind

¢ Nonlinear wave-wave interactions (both quadrupdets triads)
e Whitecapping, bottom friction, and depth-inducedaiing

e Blocking of waves by current

Note that neither reflection nor diffraction is égjily modeled in SWAN, but diffraction effects
can be simulated by applying directional spreadihthe waves.

The SWAN computations can be made on both a Cartesid a curvilinear grid in a Cartesian
coordinate system. Nested runs can be made vathetfular grid option. Efficient computing
times are achieved in practical applications bygsi fully implicit propagation scheme (in time
and space). SWAN provides many output quantitiekiding two-dimensional spectra,
significant wave height and mean wave period, aer@ave direction and directional spreading,
root-mean-square of the orbital near-bottom motang wave-induced force (based on the
radiation-stress gradient).

41.5 ADCIRC Model

ADCIRC is a numerical model developed for simulgtiwater level and circulation on
continental shelves, at coastlines, and withinaeggs (Westerink and Luettich 1991). The
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model is based on a finite element in space amdta tifference solution in time to the
Generalized Wave-Continuity Equation (GWCE) anddépth-integrated momentum equations.
These equations have been formulated using thitidorzall hydrostatic pressure and Boussinesq
approximations. They include the Coriolis and radiastress gradient terms. The finite element
method in space allows for the use of highly fléxilunstructured grids, providing for very high-
resolution of bathymetry and topography along c@xglastlines and inland bays and estuaries.
ADCIRC can be run using either a Cartesian or @@l coordinate system.

ADCIRC can be forced with elevation boundary candg, normal flow boundary conditions
(river inputs), surface stress boundary conditioviad fields), and tidal potentials.
Documentation for the model is available onlinétéb://www.adcirc.org/index.htm

Two varieties of the ADCIRC model were used. Aaderersion was used to support the
nearshore wave analyses. A much more detaileaf $gdrodynamic model runs were carried
out on a version for use on a parallel-cluster aaiepplatform. Unless otherwise noted,
reference to the ADCIRC model means this paradesion.

These models are supported by USACE and their esitho

4.2 MODEL SETUPS

Each of the three main numerical models used smsthidy had its own model grid. These grids
supported the cascade of modeling needed for timplete analysis. The PBL model output
drove the ADCIRC models and the WAM wave modele BWAN model was used in order to
include depth-dependent wave transformations agpmog the shore nested grid for the SWAN
model where needed. These grids are describedbelo

421 The PBL Grid

For this study, OWI. developed wind velocity anddraetric pressure fields 10 meters above the
water surface using PBL, a tropical cyclone modébMmpson and Cardone 1996). PBL model
uses two nested grids. The basin scale grid (18N808-80W) has a resolution of 0.1 degree
and the Regional scale grid (28.5-30.75N 91-88VE)deesolution of 0.025 degree.

4.2.2 The WAM Grid

In addition to providing the wind and pressuredgefor hurricanes, OWI operated its third-
generation wave model (OWI13 G). The OWI13 G maasd set up on a 6 nmi grid covering
the Gulf of Mexico. Wave model spectra were arcthime54 grid point locations along the
agreed boundary of the SWAN modeling. The suppgproject report titletHindcast Wind
and Waves Forcing in Support of the URS FEMA Mggs Coastal Flood Map Update
contains more detail about these grids and modepse

4.2.3 The SWAN Grids

To develop the input files for the ADCIRC model,iafhrepresent the radiation stress gradients
due to breaking waves, a series of nested griddh@EWAN model needed to be set up. This
model was operated on grids of two scales. A regjigrid extended from the shoreline to
approximately 200 km offshore. This grid was al@@@-km wide and centered on the
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Mississippi coast. This regional grid had a regotuof 2.5 km and did not extend overland. The
spectral ocean wave model was set up to interfaitetiae regional grid of the SWAN model at
54 points along the mutual boundary.

To calculate the actual gradients of the wave tadisstresses at 15-minute time intervals, a
series of nine detailed SWAN model grids were gealong the Mississippi shoreline. These
detailed grids extended inland to the expected lihsurge inundation. Their resolutions were
180 m in the shore normal direction and 160 m énlémgshore direction. They extended 54 km
offshore and were 24 km across. Adjoining grider@apped.

These grids and the model setup are described ria degail in the supporting project report
titled Wave Setup Methodology for the FEMA Mississippo&l&tudy

4.24 The ADCIRC Grid

Unlike the other models, the ADCIRC grid has anropesh triangular structure. Before the
Mississippi Coastal Analysis Project started, atetate ADCIRC grid for the region had been
developed in several stages by a group at NotreeDaniversity under the direction of Dr.
Joannes Westerink. That effort was started irettity 1990s for the USACE studies of tides.
Over a period of years, this grid development ¢fxpanded to storm surge simulations in
Louisiana resulting in an evolutionary growth oé trid for areas in the Gulf of Mexico. At the
time that the Mississippi Coastal Analysis Profgegjan, this grid had approximately 400,000
nodes. The open ocean boundary ran along a dttmglbetween Nova Scotia and Venezuela
so that the western North Atlantic, the Caribbeaa,&nd all of the Gulf of Mexico were
incorporated. This version of the ADCIRC grid crae some of the inland areas of Mississippi
(Grid Versions TF01-v6), which was made availaldaatarting point for the Mississippi
Coastal Analysis Project. However, the near-coasia overland portions of this grid were not
of adequate quality for this project.

The URS Team developed a detailed ADCIRC grid dagethe area of the three coastal
counties of Mississippi, Mississippi Sound, therlgairislands, and a portion of the Gulf of
Mexico. The latitude of 30°13'N, located seawardhaf barrier islands, marked the southern
limit of this new grid. This new grid was marria@to the existing ADCIRC grid representing the
western North Atlantic, Caribbean Sea, open GuMekico, and overland areas outside of the
boundaries of Mississippi. This resulted in a @coispecific ADCIRC grid designated as MS11-
g.

The MS11-g grid has a nominal minimum spacing off80Because an automated gridding
routine was used, some grid elements were sligimtigller. The overall grid spacing was
variable from this lower limit, used to resolve aiktd features, to an upper limit of 500 m in the
nearshore coastal and overland areas (it is updata5 km in the open Atlantic). These large
grid elements were only used where the relief efgbafloor or land was very small. The
Surface Water Modeling System (SMS) was used igtliedevelopment process.

The shape of the coastal lands and the sea fleaepresented in the ADCIRC model with an
unstructured triangular finite-element grid. Tlevations of the land or sea bed are at the
nodes, which are the vertices of the triangles.

The water depths were taken from the data set dedhpy the Northern Gulf Littoral Initiative
(Sawyer et al. 2001). Most of the data had beevesed by the National Ocean Survey and
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Naval Oceanographic Office. Available data wergraented with information from NOAA
Navigation Charts.

Data for the shoreline position and the land eiematwere taken from Light Detection and
Ranging (lidar) surveys by EarthData Internatioébolpert, and USACE. Elevation data for
the coastal areas, including the barrier islandsevavailable for both before and after Hurricane
Katrina, with the oldest taken in March 2003. Hldgic features, such as rivers, streams, and
tidal creeks, were delineated from the lidar ddtigar data were combined with aerial
photographs to distinguish embankments and roadways than 1 ¥ ft above the surrounding
ground that would affect overland flooding. Thetes of waterways and rivers were
determined from navigation charts, previous suryeysvere approximated through a method
that relied on morphological similarity. A numbsrriver and stream cross-sections were
available from earlier FEMA river flood studies. héfe these data were missing, the stream
depths were estimated by comparing measured de&pthgeams with the same stream order
based on the Strahler stream ordering system (€hdr972).

The types and dimensions of flow controlling stawes, such as bridges, culverts, and similar
structures, were either located in the archiveb®Mississippi Department of Transportation or
measured by field reconnaissance teams. A fieldmeaissance was also carried out along the
shoreline to map the seawall and similar featuildse details of these data and their reduction
are described in the supporting project repoadiHMTAP Task Order 18 Geospatial
Technology Task ReporThe field reconnaissance is described in thesuing project report
titled HMTAP Task Order 18 Field Investigation of Contina&Geawall South Side of US
Highway 90 in Mississippi and the ADCIRC Grid Deyghent ReporfURS 2005). More
detailed explanation of the field reconnaissanaktha process of creating the ADCIRC grid are
given in the supporting project report titl€did Generation Report

The ADCIRC unstructured triangular finite elementgequired a variety of adjustments to
overcome numerical instabilities that were expesehin some of the trial computer runs. It
was discovered that it was necessary to distriautenimum number of grid elements across
narrow features, such as valleys, mounds, tidaks,eand streams, for them to be properly
recognized. Three grid elements were needed fearsis and tidal water bodies, and five
elements were needed for narrow relief featured) ag stream valleys. As a consequence,
minor topographic distortions were required. Baraple, rivers and creeks appear wider in the
ADCIRC grid than on a map. The elevations of thgrs# nodes were adjusted to maintain
approximately the same hydraulic radius. In sofaegs, especially along the coast, these
distortions were compounded by low relief and thguired minimum spacing of grid nodes.
When small low islands, low-lying coastal areasaeent to waterways, and other features are
spatially averaged the shape of the shoreline besa@aneralized. Engineering judgment, based
on experience with the minimal effect of these galmations on the way the ADCIRC model
computes the flows, was used to decide on thediofitopographic distortions in the grid.

The ADCIRC model has sub-grid element featuregpoasent embankments and other linear
narrow features. However, it does not have sutb-ggament features to represent streams or
ditches. Therefore, all streams that can be shoust be resolved by the grid elements. To
accommodate this requirement, the details of tleast network were simplified to eliminate
minor features. Positive relief features, suckmbankments and roadways, were represented
with weir sub-grid elements. Gaps were providetheweirs for bridges and overpasses.
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Some of the grid features were adjusted to accorateaslave setup in the hydrodynamic
calculations. Wave setup is forced by breakingesaand must be represented on scales of 100
m or less. Therefore, where wave setup was expéatee significant, the ADCIRC grid was
adjusted to have grid elements of correspondirg siz

Auxiliary ADCIRC input files containing coefficiestfor surge flow drag (Manning’s N),
directional wind drag (boundary-layer roughnesgitbs), and wind-blocking coefficients at
each of the grid nodes in the MS11-g grid were ez (refer to the supporting project report
titled Summary of Work Performed by Ayres Associatespp@tiof URS Storm Surge

Modeling for FEMA Region)4 As explained in that report, special softwasswsed to

develop these coefficients from land use data basdtle U.S. Geological Survey National

Land Cover Dataset (USEPA, 2001, see http://eds.geyg/products/landcover/nlcd.html) and
the State-by-State Gap Analysis Study (see htgpAgalysis.nbii.gov). More details concerning
these coefficients, their derivation, and applmasican be found in the supporting project report
titled Grid Development Report

The final step in developing the MS11-g grid wadqrened by one of the ADCIRC model
authors (Dr. Joannes Westerink of Notre Dame) whelbped the detailed ADCIRC model
grid for the USACE studies in Louisiana. To endina the Mississippi and Louisiana grids fit
together into a seamless combination with simitapprties, Dr. Westerink made final
adjustments to some of the representations oflddteipography and flow-controlling
structures. This resulted in a complete grid (Shkith good spatial resolution in coastal
Mississippi and Louisiana that could be used fahhdSACE and FEMA projects.

The combined grid has a total of 2.13 million node®wever, a great many of these nodes were
located in overland portions of western and centoalisiana (because of the USACE needs) and
these places, west of the Mississippi River, wé@ndy limited interest to the Mississippi study.
Therefore, the ADCIRC grid was de-refined for cadand inland locations west of the
Mississippi River for the final evolution of the M$-g grid. The final grid was reduced to
900,450 nodes. The effect of this de-refining weaseduce the time required to perform a single
storm simulation (wall clock run time of the paedktluster) from 17 hours to 7 hours, which
saved approximately 80 days in the project schedlile de-refining process specifically
avoided changing any of the ADCIRC grid nodes @ places east of the Mississippi River.

A more complete discussion of the MS11-g grid caridund in the supporting project report
titled ADCIRC Grid Generation Report

In addition to the MS-11g ADCIRC grid, a lower rég®mn grid was also developed and used
for SWAN wave modeling. This ADCIRC grid had ab&&;000 nodes and did not extend over
land.

The model domain is the North West Atlantic BagicJuding the Caribbean Sea and the Gulf of
Mexico. Spatial resolution of the mesh ranges feonode spacing of approximately 160 km in
the Atlantic Ocean to roughly 6 km element sizesi@lthe northern Gulf Coastal boundaries.
The use of this model grid is explained in Secioh1.1 of this report and in the supporting
project report titledVave Setup Methodology for the FEMA MississippoéI8tudy
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4.3 CALIBRATION AND VERIFICATION OF MODELS

4.3.1 PBL Model Calibration and Validation

The PBL model was originally validated against veimdeasured in several storm studies by the
offshore industry as part of the Ocean Data Gatfgeloint Industry Project (ODGP). It has
since been applied to nearly every recent hurriedfeeting the U.S. offshore area, to all major
storms affecting the South China Sea since 194bf@storms affecting many other foreign
basins including the Northwest Shelf of Austraiasman Sea of New Zealand, Bay of Bengal,
Arabian Sea, and Caribbean Sea. Comparisons wathwater measurements from buoys and
rigs support an accuracy specification of + 20 degrin direction and = 2 meters/second in wind
speed (1-hour average at 10-meter elevation). Mamyparisons have been published (see e.g.,
Ross and Cardone 1978; Cardone and Ross 197%tadret al. 1977; 1978; Forristall 1980;
Cardone et al. 1992; and Cardone and Grant 1994).

4.3.2 ADCIRC Calibration and Validation

The model was calibrated for Hurricane Katrina &0&nd then validated for Hurricanes Betsy
(1965) and Camille (1969). For each storm, meashigh water marks (HWMs) were used as a
basis for comparison with the ADCIRC simulationuies Wind and tide inputs taken from the
historic data represented each storm. The measmadimulated peak surge values at each
measurement point were compared to quantify thbregibn and validation.

The wind field used to represent the Katrina staas provided by OWI., and the details of that
wind field can be found in the supporting projegpart titledHindcast Wind and Wave
Forecasting in Support of URS FEMA Mississippi GalaSlood Map (Update)Wind fields for
both Camille and Betsy were also provided, butcdilesser quality due to the reduced
availability of data for those wind fields.

Measured Data

Observed surge elevations for Hurricane Katrinaeveasailable from FEMA and the USGS.
Shortly after landfall of Hurricane Katrina on Augjl9, 2005, URS team identified and
surveyed 312 coastal high water marks (CHWMs) énttiiee coastal counties of Mississippi.
The USGS identified an additional 90 CHWMs. Thdata were reviewed and used for Katrina
calibration (FEMA 2006).

Storm surge elevation data for Hurricanes Betsy@auahille were collected from several sources
(NOAA 1997, USACE 1965). Table 4-1 lists the vadastorm surge elevation data sources and
their reported datum.
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Table4-1. Storm Surge Data Sets Used to Verify the ADCIRC Model
for Hurricanes Betsy and Camille Simulations.

Exact HWM
HWM Elevation Data Coordinates Given
Source Reported Datum in Report Hurricane
NOAA, 1992 National Geodetic Map Betsy and Camille
Vertical Datum of
1929 (NGVD29), (ft)
USACE, 1965 Mean Sea Level Table of Coordinates | Betsy
(MSL) (ft)
URS, 2006 NAVD29 (ft) Map and Table Katrina

The project datum is North American Vertical Datafrl988 (NAVD88) and all of the observed
data not already referenced to this datum wereearded using the NOAA Tides and Currents
Web site (NOAA 2005), as well as National Geodstitvey (NGS)-published benchmarks.
The differences between MSL, NGVD29, and NAVD88 evdetermined at 17 tidal stations
along the Mississippi coast and used to converbbserved elevations to NAVDS88.

The observed elevations were reviewed to deterihthey were suitable for use in the

ADCIRC model calibration. In some instances, amge elevation within a small and uniform
geographical area was significantly different tiarse in the surrounding area. If there was no
obvious cause, these points were removed fromdtasdt. The effect of wind-generated waves
on the surge values was also considered. The rmoatetations represented the hurricane surge
and the effects of wave-induced setup due to radiatress forces, but not peak water
elevations due to wave amplitudes. Therefore, eskrvation point was reviewed to
determine if it was sufficiently sheltered from whgenerated waves such that the observed
HWM represented the stillwater surge elevation.y Aaints that were likely affected by surface
waves were removed from the data set. The locatdthe observations and the final elevations
referenced to NAVD88 used in the calibration anlidetion are shown in Figures 4-2 through
4-4 for each of the three calibration storms. Olesgon points for Hurricane Katrina are shown
in Figures 4-2a, 4-2b, and 4-2c; observation pdott$iurricane Camille are shown in Figures
4-3a, 4-3b, and 4-3c; and observation points farielane Betsy are shown in Figures 4-4a, 4-
4b, and 4-4c.

ADCIRC Calibration

The PBL model wind and pressure field time series for Hurricane Katrina from OWI had
been extensively hand-crafted to maximize agreeméhta wide variety of measurements from
satellites, Doppler radar, ocean data buoys, HumadHunter aircraft surveys, and other sources.
Their work was instructive with respect to the degthat modern “hand-crafting” methods can
improve the representations of the time-varyingdiaamd pressure fields compared with early
representations, for which good measurements vwemse. This points out that the major cause
of systematic differences between the modeled swegghts and the measured CHWMs is most
likely found in the wind and pressure field reprasgéions, especially for older storms.

® (www.ngs.noaa.gov)
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The calibration of the ADCIRC model consisted ogjuating the friction parameters in a series

of model simulations. Both Manning’s N and the @volrag coefficient were varied until a
reasonable fit to the data was obtained. The redidn criteria were set by reviewing the
variability in the measured data. The differeneen®en the simulation and measured data need
not be more accurate than the variability withia theasured data. The calibration criteria used
required at least 70 percent of the comparisons thi¢ measured data to be less than 1.5 ft. The
results of the calibration are shown in Figuresah8 4-6. Figures 4-5a, 4-5b, and 4-5c¢ show
comparison maps of the measured and simulatedquegks in Hancock, Harrison, and Jackson
Counties. The same data are summarized in TablésBelAppendix B). A frequency plot of the
differences between the measured and simulatedsdsit@wn in Figure 4-6. The plot shows
that 74 percent of the comparisons were withinltlefoot criterion.

ADCIRC Validation

The calibrated ADCIRC model was validated with dmions of Hurricanes Betsy and Camille.
Initial simulations were made and reviewed for aacy by comparing the simulated and
measured peak surges. The evaluation revealeththancertainties in the Betsy and Camille
wind fields and storm tracks were exacerbatingdifferences in the comparisons due to larger
uncertainty in the parameters of, Rlolland B, and track. Examination of the firghslations

for both storms showed that differences betweemibdeled and measured HWMs were
regional and systematic. That is, the sign of tiffer@nce was unchanged over large areas where
the land use and vegetation changed. This indldatg imprecision related to the wind and
atmospheric pressure fields most likely causedlifierences. The PBL model and its inputs to
the ADCIRC model were adjusted to improve the ditvieen the measured and modeled surge
levels by modifying the details of the wind andgswre fields in the modeled storms. The
modifications that were made had to be justifiethimithe constraints of the measured
meteorological data for the storms. This formesfnterpretation of the measured data is similar
in concept to the present practices of the workNHE now carries out after major hurricane
landfalls where CHWMs and surge modeling help aititerpretation of the relatively sparse
measured data.

For Hurricane Camille, the results of the initimhalations indicated that the surge was over-
predicted and that the track was probably tooddhé east. Therefore, the wind forcing was
adjusted so that the central pressure was incrdgsg&dnb and the track was shifted westward
by 0.03 degree. These small adjustments to the fenting greatly improved the comparisons.

The results for the validation using Hurricane Qeavare shown in Figures 4-7 and 4-8. Figures
4-7a, 4-7b, and 4-7c show comparison maps of tlesuaned and simulated peak surges in
Hancock, Harrison, and Jackson Counties. The sat@ealle summarized in Table B-2 (see
Appendix B). A frequency plot of the differencestween the measured and simulated data is
shown in Figure 4-8. The plot shows that 75 peroétihe comparisons were within the 1.5-ft
criterion.

For Hurricane Betsy, several iterations were maaferk converging to an acceptable wind and

pressure field. The final set resulted from chagdhe Holland B parameter by 0.05, increasing
the storm radius by 2 nmi, and shifting the windkimea angle by 20 degrees. All changes were
well within the uncertainty range of the availabieteorological data. These small adjustments

to the wind forcing greatly improved the comparison
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The results for the validation using Hurricane Betse shown in Figures 4-9 and 4-10. Figures
4-9a, 4-9b, and 4-9c show comparison maps of tlesuaned and simulated peak surges in
Hancock, Harrison, and Jackson Counties. The sat@ealle summarized in Table B-3 (see
Appendix B). A frequency plot of the differencestween the measured and simulated data is
shown in Figure 4-10. The plot shows that 95 pdroéthe comparisons were within the 1.5-ft
criterion.

In both the Betsy and Camille cases, the wind-waatkr-drag coefficients that had been
determined in the Katrina simulations were lefthamgyed. With the new interpretations of the
storm meteorological data, the results of the adilith runs were acceptable.

To gain a sense of what an acceptable level okeaggat should be, the measured CHWM data
from all three of the calibration/verification stog (Katrina, Camille, and Betsy) were analyzed.

The average measurement eriefy was obtained by forming groups of the individual

CHWM measurement locations thetouldbe similar due to their similar geographic locatio
These groups were determined by reviewing the lmgadgraphy and the distances between
points. The final selection of groupings was stiett each point in the group could reasonably
be expected to have nearly the same surge elevatibare the measured points were not
grouped or were widely scattered, they were nod.u3éis process resulted in 19 data clusters
from the three storms. The size of the data dlastaried from 4 to 24 points, with a median
number of 9 points per cluster. The mean surgettn for each group was calculated by
averaging the surge elevations of all points ingteup. At each point, the difference between
the measured value and the group mean for theecloshtaining the point was calculat&ké

the project documents in the Technical and Scaiibtebook All of these differences were
pooled and treated as a single data set. The sangdn and variance of this data set were then
determined. The standard deviation was 1.3 fh@lgh there is no widely accepted measure for
the “goodness of fit” between measured and modsl®an surge data, in this case the fit was
adequate and no further effort was warranted.

4.3.3 SWAN Model Calibration and Validation

The SWAN model has been used extensively in theneagng community and has been
calibrated to a wide range of conditions. Theranextensive body of literature indicating that
both WAM and SWAN are state-of-the-art models fordicting waves accurately in coastal
waters. The literature demonstrates the SWAN moalghbilities and agreement with theory,
laboratory measurements, and field data under a wadiety of circumstances. This literature is
extensively referenced in the project reptvave Setup Methodology for the FEMA Mississippi
Flood Study

A project-specific model validation was conductddwvo historical hurricanes that occurred in
the area were simulated and a comparison madewaik height data that were available at
various points. NOAA maintains a number of waveysuim the Gulf of Mexico and the
information is available online at the National ®&uoy Center (NDBC) Web site. The
locations of several of these buoys are indicatdeigure 4-11.

Two of the buoys were located within the regiomnbérest, and all of the buoys were used for
comparisons with model predictions for Hurricaneo@es (1998) and Katrina (2005). Buoy
42007 is of primary interest because it is locateshallow water inside of the barrier islands.

Buoy 42040 is located outside of the barrier islahdin. Figures 4-12 and 4-13 show the
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agreement between the model predictions and theQiB®ys during Hurricane Katrina. Note
that two of the Buoys, 42003 and 42007, broke dutire peak of the storm, and so complete
model validation could not be obtained. The agesg@mhowever, was very good until the buoys
failed. At Buoy 42040, the SWAN model under-preslihe peak wave height. The measured
peak wave heights were approximately 17 m at tis/pbut both the WAM and SWAN models
only predicted about 12 or 13 m. This differereexplained in the following paragraph.

Figures 4-14 and 4-15 show similar results for itame Georges, the largest hurricane of 1998.
For this hurricane, all four buoys survived therst@nd the model predictions and the buoy data
at all of the buoys, including Buoy 42040, showdisable agreement. The better agreement at
Buoy 42040 for Hurricane Georges than for HurricKaérina can be explained in terms of the
hurricane paths and model sensitivity. Hurricam®i@es passed nearly directly over this buoy
location, while this buoy was on the edge of Hamie Katrina’s strong winds. The swath of the
observed peak significant wave heights for HuresaGeorges and Katrina are shown in Figure
4-16. These data indicate that the eye of therspssed directly over Buoy 42040 for Georges
but passed to the west for Katrina. For the Katdimulation, the buoy is located in a region
where there was a large spatial gradient in theevimights. Thus, small uncertainties in the
wave field can explain the differences noted betwbe modeled and simulated wave heights at
this location.

In addition to these validations, comparisons weagle to the Steady-State Spectral Wave
Model (STWAVE) (Smith et al1999) and other models. Also, grid resolution &sidvere
conducted to ensure that the SWAN model grids wweweiding sufficient resolution for the
computations. The details of these additionalissidan be found in the supporting project
report tittedWave Setup Methodology for the FEMA Mississippo&lStudy.

44 NUMERICAL MODELING OF THE STORMS IN THE JPM-OS ANALYSIS

The overall work flow of the numerical modeling Haeen explained and is diagrammed on
Figure 4-1. The main ADCIRC grid with 900,450 nedequired special computer resources.
To support this modeling, the main ADCIRC grid wa00,450 nodes required the use of two
super-computers operating full-time for the dunatid the run phase of the project. In addition,
FEMA arranged access to a parallel cluster opelatete U.S. Department of Energy. The use
of these fast computational resources significamtiuced the duration of the project.

441 Special Considerations

The Mississippi Coastal Analysis Project introduoghy innovations to previous FEMA
methods for coastal flood hazard analyses. Ambemi the wave setup was included in the
hydrodynamic simulations and the astronomical twese excluded from these simulations.
Controlling the maximum duration of the simulatiomgs necessary to maintain the production
schedule. These subjects are discussed below.

4.4.1.1 Wave Setup

The hurricane wind fields from the PBL model warput to ocean wave models. The WAM-
3G model was used to convert the wind-time serig¢seowind field to corresponding time series
of deep water wave conditions. The results for egcthetic storm were then input to a SWAN
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wave model. The SWAN model (version 40.51) was en@nted with 72 directional bins (i.e.,
with 5 degree directional wave spectral bins) aitth 26 frequency bins (from 0.03138 to
0.4177428 Hz) covering wave periods from approx@lyad2 seconds (sec) down to 1 sec (the
last frequency bin for the highest frequency waseentered at 2.4 sec periods, but represents
waves from 0.0 to 2.4 sec).

It was necessary to have an estimate of the wafghd each 15 minutes throughout the
simulations so that depth-limit wave breaking amelesulting radiation stress gradients could
be evaluated. It was necessary to have an estoh#te water depths due to the surge in both
the flooded overland and offshore areas. Thisaeaesmplished using the wind and atmospheric
pressures from the PBL model with a streamlined AXCmodel with only 50,000 nodes
(ADCIRC 50K). The grid of this model did not exteaverland. Because storm wave breaking
is a coastal phenomenon, the surge levels froPAB@IRC 50K model were projected inland so
that overland depths could be approximated. Téeltiag time series were used as input to the
SWAN model domains. The output of the SWAN modaswonfigured to be the radiation
stress input to the main ADCIRC model.

One special feature of the analysis was considerati the influence of vegetation on wave
setup. Although there are anecdotal observatlwatscbastal vegetation acts to reduce storm
surge heights, there is little formally known abthdse effects. A recent paper by Dean and
Bender (2006) examined the reduction in the rateaxe setup increase across vegetated zones
by considering the underlying physics. They codetlithat the rate of wave setup development
is reduced by a factor provided the vegetatiorotsowertopped. The magnitude of this factor is
not well known and the theoretical analysis by Daad Bender indicate that the rate of wave
setup development can be reduced by up to a fatth667 provided the waves do not overtop
the height of the vegetation. However, the facdararo when the waves do overtop the
vegetation. For vegetation of inconsistent heigitsiixed vegetation, an intermediate value of
this factor is appropriate.

A procedure was developed to implement this effette ADCIRC modeling. The procedure
requires information about the vegetation acrosstiastal region of Mississippi. USGS land
use data and vegetation data from the Gap AnaRreigram (GAP) were compiled by Ayres and
Associates and used to estimate vegetation heagleach of the ADCIRC mesh nodes. The
details of this procedure can be found in the supmpproject report titledummary of Work
Performed by Ayres Associates in Support of URSnSSarge Modeling For FEMA Region 4
The method also requires the water surface elavatioing the storm simulation. Since the
surge elevation is calculated during the simulatiba elevations are not known a-priori. As an
approximation, the surge elevations developed usiagADCIRC 50K simulations were used to
make the wave force adjustments.

The wave forcing adjustment procedure was automatad-ortran code which applied the
adjustment to the input wave forcing files. Thpuhfiles contained the wave force value for
each ADCIRC node at 30-minute intervals. For eatérval, the water elevation from the 50K
simulation at the corresponding time was compaodtié vegetation height at the node. If the
vegetation was flooded, but not overtopped, a raalu¢actor ofls was applied to the wave
force. This value of the reduction factor was usedccount for the variability in real wave
heights and shapes along with local variabilityhie height of the vegetation. The original wave
force input file was then replaced with one contgjrthe adjustments.
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The use of a sophisticated wave model, such as SVBANIight much more detailed physics to
bear on the wave setup calculations than was tipe in earlier FEMA coastal flood hazard
projects. Additional information is given in thepporting project report titlewave Setup
Methodology for the FEMA Mississippi Flood Study

Figure 4-1 shows a flow chart representing thewtalon of the time-dependent wave setup in
the final hydrodynamic storm simulations with thaimADCIRC model. At each step, the
results were fully checked, first by the origingti@am, and then by the next team in the
sequence. These quality assurance proceduressueled in the supporting project report
titled Grid Development Report.

4.4.1.2 Duration of the Modeled Storms

A series of trials were conducted with the ADCIRGd®l to determine the duration of
simulation needed to represent the full range ofiteanes to be modeled. The aggressive
project schedule required that this duration beimmized. The results of these trial runs showed
that a duration of 5.5 days was needed. Of thilgy® represented a model spinup (i.e., model
run time that allows the hydrodynamic calculatibtmadjust to each other). This testing is more
fully described in the supporting project repaifeti Production Run Report.

4.4.1.3 Astronomical Tide

A series of ADCIRC model trial runs were carried tiudetermine whether the astronomical
tide needed to be incorporated into each stormlatmn. These ADCIRC runs were made with
and without the time-varying water level due totide. When the tide levels were added to the
no-tide runs, the differences in the total watgels were minimal for a wide range of inland
locations. Based on these tests, the number diptmn runs was reduced by representing only
mid-tide conditions. The effects of the astronaht@es were then accounted for later in the
overall analyses as part of the statistical analysee Sections 3.3 and 5.2). The trial runs are
further described in the supporting project repitled Production Run Report.
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Observation Points for Hurricane Betsy (Hancock County).
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Figure 4-4b.

Observation Points for Hurricane Betsy (Harrison County).
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Figure 4-4c.

Observation Points for Hurricane Betsy (Jackson County).
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Figure 4-5a. Hurricane Katrina Comparison Maps for Hancock County (adjacent numbers
indicate nearby co-located points).
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Figure 4-5c¢. Hurricane Katrina Comparison Maps for Jackson County (adjacent numbers
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Figure 4-6. Frequency Distribution — Hurricane Katrina.
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ADCIRC Comparison Map for Hurricane Camille (Hancock County).
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Figure 4-9a. ADCIRC Comparison Map for Hurricane Betsy (Hancock County).
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Figure 4-9c. ADCIRC Comparison Map for Hurricane Betsy (Jackson County).

\18-JUN-08\\ 4'35



SECTIONFOUR Modeling of the Synthetic Storms

Hurricane Betsy Final Calibration
Absolute Value of Error betweenObserved and Simulated HWM

1.75 A

1.5

1.25 A

0.75

0.5

Absolute Error (NAVDSS ft)

0.25

O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Percentile

Figure 4-10. Frequency Distribution — Hurricane Betsy.

\18-JUN-08\\ 4'36



SECTIONFOUR Modeling of the Synthetic Storms

Figure 4-11. Location of NOAA Wave Buoys in the Gulf of Mexico.
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Figure 4-12. Comparison to Wave Buoy Results during Hurricane Katrina (2005) at Buoys 42003 and 42007.
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Figure 4-13. Comparison of Wave Model and Buoy Data during Hurricane Katrina (2005) at Buoys 42019 and 42040.
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Figure 4-15. Comparison of Wave Model and Buoy Data during Hurricane Georges (1998) at Buoys 42019 and 42040.
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Figure 4-16. Maximum Significant Wave Heights during Hurricane Georges (right panel) and Hurricane Katrina
(left panel) during the Simulations in the Basin Model Domains.
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5.1 INTRODUCTION

Section 3 described the methods and procedurdsatadaterize the historic hurricanes affecting
the project area. It was pointed out that theeetlaree classes of hurricane parameters in this
analysis. One class is the five basic storm patens@\P, Rmax V1, 6, and S). The Holland B
parameter (which is given special treatment) issé@ond class. A third class consists of the
“epsilon” terms introduced in Section 3.3.1.1, whazcount for hurricane characteristics not
included in the first two classes above, as wefbashe limitations of the numerical
hydrodynamic models, and for the effect of tiddhe Tundamental JPM analysis was carried out
to the evaluation of surge heights with the nunagmeodel framework for the family of

synthetic storms defined by the JPM-OS-6 schente résults from these evaluations were then
modified by the inclusion of the epsilon term (S=xtion 3.3 and Equation 6).

This report section describes how the size (moeeigely, the standard deviation) of the epsilon
term was determined and how the surge results medkfied for the effect of epsilon. The
methods used to complete the full JPM analysistamptovide the final definitions of the surge
elevations for the 1-percent and 0.2-percent-anrexededance rate probabilities (note: these
annual exceedance probability elevations are heresgferred to as the Standard Annual
Exceedance Levels or SAELSs). Finally, the methHmds/hich the results of these final analyses
were combined with those of the USACE MsCIP profjeabbtain a unified set of SAELs are
explained.

5.2  EVALUATION OF THE EPSILON COMPONENTS

The epsilon term related to the astronomical tiigea because a hurricane can make landfall at
any phase of the tide. The value of this componerst derived by taking the standard deviation
of the tide based on predicted tides at NOAA BWgw44117 for the 1-year period June 22, 2004
to June 21, 2005. The value of the standard dewigetermined using this approach is:

61=0.65ft°

Section 3 notes that the Holland B parameter hés spatially systematic and temporally
variable behaviors. The former are accountednfdlhé modeling by adjustments to the
magnitude of the Holland B values as the storm cowithin 90 nmi of the coast. It is also
necessary to represent the effect of non-systematiations of this parameter on surge levels.

The Holland B epsilon term was determined usingviiae given in Resio et al. (2007). This
was based on modeled sensitivity tests carriedpWtSACE. It is defined in terms of the surge
elevation:

o2 = 0.15 * surge elevation
and, therefore, it will be different for each syetibh storm and for each output point.

The modeling precision epsilon term was calcula®the standard deviation of the differences
between simulations and measurements at commotspoin

® For the sake of simplicity, the standard deviabbe; will be denoted byo; and the standard deviation of the

combined epsilon (i.es, = &, + &, + &5 +&,) will be denoted byo,. .
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2 2
03 =40ca ~ Omeas (10)
This term was calculated as the standard deviatidne difference between the simulated surge
and measured surge at each observation pointlfpoiaks used in the Katrina, Camille, and
Betsy calibration and validation.

As described in Section 4.3.2, thgeaswas obtained by forming groups of measurement from
adjacent locations where it is reasonable to exfiecsame surge elevations due to their similar
geographic location. The average elevation widanoh group was taken as a reasonable
estimate of the true value. In each group, theageevalue was subtracted from the individual
measurements. These differences from all groups p@oled and the overall standard deviation
was determined as the measure of the charactansasurement error. Using these methods,
the simulation and measurement precision were:

cca= 1511t (estimate of calibration error)
Omeas= 1.3 ft (estimate of measurement error),
yielding a value of
o3=0.77 ft
for the modeling errors.

In the hydrodynamic model calibration and validatmrocess, the wind fields used to drive the
hydrodynamic models are the so-called best wintisziware developed by combining inputs
from a variety of data sources. In contrast, J§Mlsetic storms use idealized wind and pressure
fields.

Because the wind field represented in the JPM syittstorm modeling is not as good a
representation of the wind field as that used tih balidate the hydrodynamic models and to
obtain estimates of the water elevation variabdggociated with the hydrodynamic-best wind
modeling process, an additional variability termsinoe taken into account.

An estimate of the additional variability term asisped with the use of PBL winds in the JPM
process was obtained by re-modeling the calibrataidation storms using the PBL wind field
algorithms alone to define the pressure field, @whputing the water elevation variability either
as a total variability (modeled minus observedamadditional variability term (best wind
model-Holland wind model). The variance associatél this additional model variability term
must be added to the variances of any other véitiatearms used in the modeling process.

The variability associated with actual versus idealds was calculated as the standard deviation
of the difference between the simulated surge dowad winds and ideal winds at the roughly
4,000 JPM points that had non-zero surge valueisr # taking the standard deviation of the
differences, the differences were shifted by a nsso that the average difference was zero.
The final value of this term is:

04 =1.17ft

The final value of the epsilon term was obtained¢btmbining these components, under the
assumption of independence, according to

\18-JUN-08\\ 5' 2



SEGTIONFI\/E Recurrence Interval Analyses of Coastal Storm Surge Levels

2 2 2 2
ag:\/al +0,+0;+0, (11)

Because the second term in the sum is a functitimec$urge height, this function was evaluated
for each surge height value.

5.3  CALCULATION OF SURGE ELEVATIONS AND RECURRENCE INTERVALS,
INCLUDING THE EFFECT OF EPSILON

During the model simulation of the synthetic storthe maximum water level elevation in each
event was determined and stored for each outpat pbinterest. Over 9,000 model output
points were distributed across the portion of tl¥CARC grid that could be inundated. The
maximum spacing was 1 km. Closer spacing was usedemarranted by local relief. For
example, point spacing along stream channels waaxamum of 0.5 km. To avoid the
possibility of under-coverage, the area coverethbyoutput points was somewhat greater than
would be inundated by even the greatest storms.

The calculation method for determining the stilleraglevations for given return intervals was
made independently for each output point. For edthese points, the ADCIRC model
simulations of each synthetic storm resulted ineximum surge elevation, each with an
associated rate.

The results of the 228 individual surges were pgsed at each point to estimate surge elevations
associated with various return intervals. For gamht, an initial histogram of the surge levels at
a point was generated using 600 bins with an at@vatidth of 2 cm, spanning the range from O
to 12 m (above the highest anticipated surge). rateeassociated with each synthetic storm was
accumulated into the appropriate bin. This progésded the total raté\ ;, where j is the bin
index, which provides an approximation of the surgight annual-rate density functioat the

point, similar to the example shown in Figure 5up to this point, the contribution of the

epsilon terms described above is not considerdx pfocedure for the introduction of epsilon is
described below.

Each bin’s total rate\; was modified according to the following equation:

2
600 —1{(& = )}

A =3 A e ™ (12)
i=1

wherej is the index of a specific binjs the general index for all bins, x is the bioé&nter value,
and ¢; is a normalizing constant defined below. The déad deviationo is bin-dependent

becauser, depends on the size of the calculated surge,sasided earlier.

The normalizing constant; ensures that the total event probabilities areseomd. It is
necessary due to the discrete implementation oGdngssian function and because some of the

" This is not a probability density function becaits#oes not integrate to unity. Instead, the néltp obtained for
each bin is the annual rate of storms that cawssutge associated with that bin, at the grid po#itg considered.
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normalizing constants in the Gaussian density fanatere omitted. The normalizing constant
is calculated as:

o= (13)

An example of this redistribution is shown in Figls-2 for the contents of a single bin. The
result after redistribution of all the bins is 8lwated in Figure 5-3.

The modified histogram was then summed from thédsgbin down to the lowest, resulting in
an estimate of the cumulative surge distributidhis is illustrated in Figure 5-4, which shows
the cumulative probability curve correspondinghte modified histogram in Figure 5-3. The
surge height for any return period can then bepaiated from this curve. For example, the
100-year surge elevation corresponds to a cumelasite of 1-percent-annual-exceedence rate,
and is estimated to be about 4.5 m. The same puoesgtkelds the 10-, 50-, and 500-year levels,
corresponding to cumulative rates of 10-, 2-, adg@rcent-annual-exceedence rate.

5.4 COMBINING VALUES WITH JOINT FEDERAL COASTAL FLOOD ELEVATIONS

As a final step, the SAELSs (i.e., the 2-percenpeteent and 0.2-percent-annual-exceedence rate
surge levels) were compared to the correspondsgteefrom the USACE MsCIP project. The
median difference in the 1-percent-annual surgeagien was 0.07 ft between the results
developed for this Mississippi Coastal Analysisj@cbReport and the corresponding USACE
MsCIP results for more than 4,400 points scatteked the coastal counties. Over 90 percent of
the values were within + 1.0 ft of each other andenof the differences were more than 1.9 ft.
Similar levels of agreement were found for the p#tatistical flood surfaces at the 10-percent
and 2-percent annual exceedence rate levels.

Since the results compared acceptably well, they wembined to produce a single best
estimate for the Mississippi coast. More detailsutlthe procedure that produced the combined
results are available in thechnical Support Data NotebaoKUSACE has also been
determining coastal flood levels for the adjaceetia of Louisiana, but because of schedule
differences, those results were not availableifalicomparisons or for combination as were the
MsCIP results.

5.5  THE 10-, 50- AND 500-YEAR SURFACES

The SAELs were determined for all of the ADCIRCpmutpoints. The number of these points
varied because the lower frequency events floathéurinland. These data formed the basis for
the WHAFIS overland wave analysis and the prepamadf the draft flood maps.
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Figure 5-1. Histogram Generated for a Single JPM Point Based on Surges and Event Probabilities.
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Figure 5-2. Example Application of the Epsilon Terms Using the Gaussian Function.
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Figure 5-3. Histogram Following the Application of the Epsilon Term (blue line).
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Figure 5-4. Cumulative Rate Plot and Determination of the 100-Year Surge.
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SECTIONSI X WHAFIS Analysis

6.1 WAVE HEIGHT ANALYSES FOR FLOOD INSURANCE STUDIES (WHAFIS)

The work described in the foregoing sections of thport resulted in determinations of the
stillwater elevations (SWELSs) and included the @Beof wave setup. While these data can be
used immediately to delineate 100- and 500-yeardibtain boundaries, additional overland
wave modeling using the 100-year SWELSs is necegsadgtermine the BFEs and flood hazard
zones (VE and AE) that are depicted on DFIRMs.sHmalysis is summarized in this report
section. Much more detail about these methodgfaduality assurance procedures are given
in the supporting project report titl&ktailed Wave Analysis and Mapping Report.

6.2 TRANSECT AND MODELING RESOURCES

The wave modeling and flood hazard mapping requmaliiple high-resolution geospatial
datasets, including terrain (topography and bathgynand aerial imagery.

6.2.1 Terrain

For topography, pre-Hurricane Katrina lidar datatfee three counties, which were collected
between 2003 and 2005 by the State of MississippiNOAA, were merged with post-Katrina
(September-October 2005) lidar data collected atbegcoast by USACE.

The bathymetric data obtained from the Northerrf Gittloral Initiative (NGLI) reflect data
gathered by multiple Federal and State agenciegensities, and private contractors. The NGLI
data were augmented, where necessary, by NOAA aorgcharts.

All terrain data were provided in the North Amencéertical Datum of 1988 (NAVD88). The
1982-1983 composite NOAA shoreline (zero-ft conjauas used.

6.2.2 Aerial Imagery

Both pre-Katrina and post-Katrina high-resolutiothophotographs were available. Because the
wave modeling and mapping were to be based ondfetation and development patterns in
existence at the time of the study (rather thanesassumed future condition following

recovery), the post-Katrina imagery was used. irhagery, dated September 15, 2005,
originated from the U.S. Department of Agriculture.

6.3 WAVE TRANSECT SELECTION

For the Mississippi Coastal Analysis Project, thigdl transect layout was developed following
the procedures outlined in FEMAGuidelines and SpecificationSach transect was intended to
be representative of a particular reach along dlastcwith similar physical characteristics. After
consulting available aerial imagery and effectil@old Insurance Studies, transect sites were
chosen to capture the variability in coast orieataaind coastal topography, large-scale
vegetation distribution, and development patte@i@e was taken to ensure that transects
crossed key secondary flooding sources in inlaedsarsuch as bays and tidal rivers.

A few crossing transects were included in theahtayout to better resolve overland wave
patterns over peninsulas. In East Biloxi (Harri€ounty) and Bay St. Louis (Hancock County),
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flooding and wave effects from both easterly anatiserly directions pose substantial hazards.
As a result, crossing transects in these oriemtsitieere included.

The final layouts of the coastal transects for dank Hancock, and Harrison Counties are shown
in Figures 6-1 through 6-3. These 161 transedksctean increase of 55 percent over the 104
transects modeled in the 1980s Effective Floodrinste Studies for the Mississippi coast.

6.4 FIELD RECONNAISSANCE

Field reconnaissance along the Mississippi coastoaaried out over a 2-week period in early
June 2006 to document key features not visiblehenrhagery, such as building foundations
(open versus enclosed) and vegetation types amdatbastics (size, density, etc.).

6.5 STILLWATER ELEVATIONS

The 1-percent-annual-exceedence rate stillwatgagtmns were uploaded into the Geographic
Information Systems (GI1S)-based modeling tools MHEE Coastal Module, and GeoFIRM
coastal tools and interpolated to the nearest sporaling point (wave transect station) on the
transects. Elevations were converted to feet rednd the nearest tenth. The results were then
examined to ensure there were no erroneous intgipog within the floodplain or
extrapolations into above-surge areas at the fllaadpoundary.

6.6 STORM-INDUCED EROSION

The ground elevations near the shoreline recomléaki post-Katrina LIDAR data were assumed
to reflect eroded conditions. Thus, no storm-iretlierosion assessment was applied to any
transect in the Mississippi Coastal Analysis Prbjec

6.7 WAVE HEIGHT MODELING

The hydrodynamic forces associated with waves paséstantial additional hazard to buildings
beyond simple inundation. The 2-D wave modelirgg tlesulted in including the contribution of
wave setup to the SWELs was described in Sectbi 4. A different suite of models was
applied to map the spatial distribution wave hesghat are associated with the base flood. The
latest version of the program Wave Height Analyse$-lood Insurance Studies (WHAFIS),
version 4.0, is capable of calculating the effeétspen fetches and obstructions on the growth
and attenuation, respectively, of wave heights datailed scale (i.e., large property or lot scale)
for both the 100- and 500-year flood levels.

6.7.1 Input Preparation

For each of the 161 coastal transects, detailegngrprofiles were extracted from the high-
resolution digital terrain surface (i.e., the Tgaitate Irregular Network (TIN) in the WISE
Coastal Module and the Digital Elevation Model [DEiN the GeoFIRM Coastal Tools). These
were then edited to WHAFIS profiles, with approf®igesolution, eliminating redundancy and
negligible variations. To enforce consistency,rahal station of zero and elevation of O ft were
adopted throughout this study.
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The procedure for determining the Initial Elevat{®) station location in WHAFIS varied
slightly depending on which GIS-based modelinggebivas used for transect modeling. For
transects modeled in the WISE Coastal Module, iheifiterpolated a O-ft elevation from the
lidar topographic data and bathymetric grid. WHARRISfile IE stations were then placed where
the ground data showed the elevation to be 0 ft\(N88). This elevation contour was found to
deviate significantly (e.g., 10s to 100-200 ft arre) from the NOAA composite shoreline in
some locations (see Figure 6-4). This lack of shabincidence is not unreasonable given the
age of the NOAA dataset, which is 22-23 years atlden the 2005 lidar data. Spot checks of the
terrain data showed that most of the problem aneme located in Hancock County. The NOAA
shoreline appeared consistent enough with cur@&@X) conditions in Jackson County to be
burned into the GeoFIRM DEM as a O-ft contour. Agsult, the IE stations for all transects in
this reach (Jackson County transects 24 to 55) aleyeed with the NOAA shoreline.

The remaining stations in the WHAFIS profile weengrated in a straightforward manner.

6.7.2 Incident Wave Conditions

The extensive 2-D wave modeling, described in 8acti4.1.1, was primarily directed towards
incorporating wave setup in the ADCIRC hydrodynamizdel simulations of the synthetic
storms. However, this work also provided the basdevelop 100-year and 500-year significant
wave heights and wave periods at the approximatitn of the |IE station for each of the 161
wave transects. The procedures used to identfyvdve conditions that corresponded to the
time of the maximum surge elevations used in tbarrence interval analysis are described in
detail in the supporting project report titld¢ave Setup Methodology for the FEMA Mississippi
Flood Study.

6.7.3 WHAFIS Modeling

WHAFIS 4.0 runs were executed for all 161 wavedeats. The resulting 100-year wave height
profiles were automatically subdivided by WHAFI® 4to flood hazard zones (VE and AE)
and whole-foot BFESs to the limit of the 100-yeamoftiplain. Application of these results for
floodplain mapping is discussed in Section 7.

6.7.4 500-Year Wave Modeling

WHAFIS profiles were extended where necessary tompass the entire 500-year floodplain,
and station-elevation pairs were also populatel 8@0-year SWELSs derived from a surface
generated from the corresponding JPM point data.SEime field reconnaissance data and aerial
imagery were used to model the new segments AMHAFIS profiles falling below the 500-

year SWEL. Input wave heights and periods wereigeal for 500-year wave analyses. The
source of these inputs is described in the supppproject report titledVave Setup

Methodology for the FEMA Mississippi Flood Study.

6.8 WAVE RUNUP MODELING

Slopes steeper than 1-on-10 on the transects wsigrited for calculation of wave runup. This
involved 14 transects, or less than 10 percert@tdtal. The Technical Advisory Committee for
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Water Retaining Structures (TAW) runup model wagpaeld for use as explained in the
supporting project report titledetailed Wave Analysis and Mapping Report
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Figure 6-1. Transect Location Map for Jackson County.
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SECTIONSEVEN Mississippi Hazard Zone and BFE Work Maps

7.1  INTRODUCTION

The BFE Work Maps were one of the major projecivdedbles. These were delivered to State
contractors who prepared the final maps. This@ectescribes the procedures for creating the
Work Maps. More detail on these subjects and argig®n of the related quality assurance
procedures is given in the supporting project regited Detailed Wave Analysis and Mapping
Report.

7.2 100-YEAR AND 500-YEAR FLOODPLAIN BOUNDARIES

Both the WISE Coastal Module and GeoFIRM Coastall§ ase standard GIS utilities to
spatially analyze the available terrain and SWEla@and to generate initial 1-percent- and 0.2-
percent-annual-chance (100- and 500-year) floodgdaundaries. This produced a very irregular
initial boundary, as well as many small, isolategba that were inconsistent with the prevailing
conditions in the area (e.g., dry islands withoofled areas, small ponds with no direct
hydraulic connection to a coastal flooding sour@éith the initial mapping as a guide, the final
boundaries were manually drawn.

7.3  WAVE ANALYSIS RESULTS

The BFEs for the Zone VE and Zone AE special floedard areas were determined using the
WHAFIS results. After examining the results toetatine what features were controlling
(elevation, land-use, etc.), the zones were avdramenake sure all reaches had appropriate
minimum dimensions that were within at least Orzhie of the map scale or 100 ft in width (any
reaches <100 ft were generally not included dumdp scale limitations, but sometimes 40 to 50
ft widths were accommodated). All of the resuleyevhand-checked and corrected based on
engineering judgment.

74 HAZARD ZONE AND BFE MAPPING

All hazard zone and BFE mapping followed the FEM&bfuary 200Atlantic Ocean and Gulf
of Mexico Guidelines Updatelhere was only one case, along the coast of dadReunty, in
which the primary frontal dune criteria were apglie the Zone VE mapping.

7.5 MAPPING OF THE INLAND LIMIT OF MODERATE WAVE ACTION

Flood Insurance Rate Maps currently depict Zoneawdas, or the Coastal High Hazard Area,
where high velocity flow due to wave action cansestructural damage to building foundations
and other critical elements. Damage observed fatigwumerous coastal storms over the last 15
years has shown a need to either lower the thrésbobefining the Zone VE (wave height of 3

ft or greater) or to subdivide the Zone AE in saclay to show which areas have sufficient
wave hazards to recommend more restrictive builgiagtices.

FEMA has recently elected to map an advisory linthe limit of the 1.5-ft wave height that
subdivides the Zone AE. In March 2007, FEMA issaqatocedures memorandum that
provided guidance on the identification and mapmhthe 1.5-ft wave height line, also known
as the Limit of Moderate Wave Action (LIMWA).
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To map the LIMWA, the full WHAFIS 4.0 wave profilgas analyzed, and points were plotted
along each transect where the wave height crosseitl 1

Then, like a flood zone gutter, the LIMWA was pégttvia interpolation between transects. In
runup-dominated areas, the LIMWA was placed imntetlidandward of the Zone VE to Zone
AE gutter, per the current FEMA guidance, and vied in with adjacent wave height-dominated
zone mapping. To aid in the utility of this newdébmap data layer, every effort was made to
keep the line as a continuous feature through@ustindy area, even when flood zones were at
minimum widths. The LIMWA was discontinued in inst@s when there were no Zone AE areas
(i.e., zones went directly from VE to X500). TheIMVA was truncated at the point where the
last Zone AE pinched out at the 100-year boundary.
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Acronyms

ADCIRC
BFE
BRICKA
CAT2
CHL
CHWM
C-MAN
CP

CRP
CVSE
DEM
DFIRM
ERDC
ERS-2
EST
FEMA
GAP
GIS
GOES
GWCE
HMTAP
HWM
HPO
HURDAT

IDIQ
IE

ICZ
IPET
JPM
JPM-OS
LaCPR
lidar
LIMWA

ADvanced CIRCulation

Base Flood Elevation

Betsy, Rita, Ivan, Camille, Katrina, Andredwrricane tracks
Category 2

Coastal Hydraulics Laboratory

Coastal High Water Mark

Coastal Marine Automated Network

Central Pressure of the Storm

Coastal Reference Point

Cross validation square error

Digital Elevation Model

Digital Flood Insurance Rate Map
Environmental Research and Development Center
European Remote Sensing Satellite

Empirical Statistical Technique

Federal Emergency Management Agency

Gap Analysis Program

Geographic Information System

Geostationary Operational Environmental Segell
Generalized Wave-Continuity Equation

Hazard Mitigation Technical Assistance Paogr

High Water Mark

Hurricane Protection Office

HURricane DATabase

Indefinite Delivery/Indefinite Quantity

Initial Elevation card in WHAFIS

Initial Capture Zone

Interagency Performance Evaluation Taskforce
Joint Probability Method

Joint Probability Method-Optimum Sampling
Louisiana Coastal Protection and Restor&roject
Light Detection and Ranging

Limit of Moderate Wave Action
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Acronyms

MsCIP
MSL
MWL
NAVD
NBDC
NCEP
NFIP
NGLI
NGS
NGVD
NHC
NHRD
NLCD
NOAA
NWS
ODGP
owl
PBL
QUIKSCAT
Rmax
RMS
Rp

Rp(o)

S
SAEL
SLOSH
SMS
STWAVE
SWAN
SWEL
TAW
TIN
TOPEX

Mississippi Coastal Improvement Project
Mean Sea Level

Maximum Winds making Landfall

North American Vertical Datum

National Buoy Data Center

National Centers for Environmental Prediction
National Flood Insurance Program

Northern Gulf Littoral Initiative

National Geodetic Survey

National Geodetic Vertical Datum

National Hurricane Center

National Hurricane Research Division
National Land Cover Dataset

National Oceanic and Atmospheric Administratio
National Weather Service

Ocean Data Gathering Joint Industry Project
Oceanweather, Inc.

Planetary Boundary Layer

Quick Scatterometer

Radius to Maximum Winds

Root Mean Square

Pressure Scale Radius

R, offshore

Point of Landfall

Standard Annual Exceedence Level

Sea, Lake, and Overland Surges for Hurreamadel
Surface Modeling System

Steady-State Spectral Wave Model
Simulating Waves Nearshore

Stillwater Elevation

Technical Advisory Committee for Water RetagiStructures
Triangulate Irregular Network

TOPography EXperiment
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Acronyms

TROP
TSDN
URS
USACE
USGS
Vi

WAM
WHAFIS
WISE
AP

TROPical file

Technical Support Data Notebook

URS Group, Inc.

U.S. Army Corps of Engineers

U.S. Geological Survey

Forward speed of the storm center
Wave Application Model

Wave Height Analyses for Flood Insurancedsts
Watershed Information System

Central atmospheric pressure deviation
Storm track azimuth

Storm rate
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Comparison of Simulated and Measured Surge Elevations

Table B-1. Comparison of Simulated and Measured Surge Elevations for Hurricane

Katrina.

Longitude Latitude Measured (ft) Simulation (ft)  Comparison(ft)
-89.61847 30.35083 11.00 10.48 -0.52
-89.54668 30.24011 20.10 18.18 -1.92
-89.51177 30.25189 20.40 21.86 1.46
-89.46735 30.34494 15.40 19.65 4.25
-89.44942 30.26839 23.60 24.02 0.42
-89.44931 30.26771 23.70 24.13 0.43
-89.44528 30.40367 20.00 20.39 0.39
-89.44432 30.38425 19.50 19.86 0.36
-89.41819 30.30018 21.60 21.58 -0.02
-89.40986 30.28970 22.60 23.17 0.57
-89.40985 30.31793 22.30 22.84 0.54
-89.40975 30.28971 23.00 23.17 0.17
-89.38736 30.39787 21.70 21.68 -0.02
-89.38503 30.36259 23.80 23.28 -0.52
-89.35903 30.38123 25.30 25.83 0.53
-89.35445 30.29803 22.70 25.76 3.06
-89.28464 30.32322 22.70 24.69 1.99
-89.28118 30.32760 20.90 24.71 3.81
-89.27509 30.32118 22.60 24,71 211
-89.27141 30.32836 22.20 24.74 2.54
-89.26786 30.37490 24.60 25.59 0.99
-89.26300 30.31707 25.00 24.73 -0.27
-89.26280 30.33945 24.90 2491 0.01
-89.25426 30.31538 24.60 25.28 0.68
-89.25411 30.33465 24.00 24.70 0.70
-89.25115 30.31434 25.00 25.53 0.53
-89.24968 30.32381 22.70 24.59 1.89
-89.23659 30.32795 25.50 24.55 -0.95
-89.22894 30.37507 23.50 24.83 1.33
-89.22745 30.38870 23.00 24.49 1.49
-89.22254 30.33289 23.90 24.56 0.66
-89.22022 30.35902 23.50 24.55 1.05
-89.21695 30.35964 22.50 24.46 1.96
-89.17612 30.33969 25.40 25.39 -0.01
-89.16127 30.34489 25.20 25.63 0.43
-89.15612 30.34560 25.70 25.37 -0.33
-89.13613 30.35511 25.00 25.16 0.16
-89.13138 30.35449 25.00 25.20 0.20
-89.10695 30.36459 24.30 25.26 0.96
-89.09876 30.36690 24.30 25.40 1.10
-89.09467 30.41131 18.00 16.89 -1.11
-89.09424 30.38058 18.60 16.67 -1.93
-89.08097 30.38436 18.60 16.93 -1.67
-89.08016 30.37187 24.90 24.94 0.04




Appendix B
GComparison of Simulated and Measured Surge Elevations

Longitude Latitude Measured (ft) Simulation (ft)  Comparison(ft)
-89.07725 30.42677 19.30 17.91 -1.39
-89.07594 30.41580 18.70 17.46 -1.24
-89.06319 30.42382 19.10 17.98 -1.12
-89.06202 30.37693 23.40 24.59 1.19
-89.06156 30.39267 18.00 17.47 -0.53
-89.06024 30.37756 23.90 24.68 0.78
-89.04928 30.40147 16.80 17.91 1.11
-89.04690 30.39926 17.10 17.92 0.82
-89.04425 30.38181 24.20 24.73 0.53
-89.03255 30.40000 15.40 18.20 2.80
-89.03096 30.40371 15.90 18.22 2.32
-89.02859 30.40245 16.60 18.23 1.63
-89.02734 30.38491 23.80 24.19 0.39
-89.02607 30.40919 18.00 18.47 0.47
-89.02461 30.40344 15.50 18.35 2.85
-89.01324 30.40745 18.20 18.63 0.43
-89.00694 30.43836 18.70 19.40 0.70
-89.00598 30.38851 23.60 23.88 0.28
-88.99747 30.41147 19.10 18.85 -0.25
-88.98695 30.39073 25.70 23.60 -2.10
-88.98297 30.41284 18.80 18.83 0.03
-88.97063 30.41490 19.30 19.26 -0.04
-88.93399 30.39528 22.50 22.88 0.38
-88.93223 30.43185 21.10 21.07 -0.03
-88.91872 30.46811 17.10 18.55 1.45
-88.91097 30.43344 20.10 21.32 1.22
-88.89759 30.43061 20.20 21.80 1.60
-88.89560 30.40229 20.60 20.90 0.30
-88.89559 30.40077 20.50 20.77 0.27
-88.89518 30.43213 20.10 22.09 1.99
-88.89454 30.42906 20.60 21.86 1.26
-88.89349 30.47108 14.60 17.05 2.45
-88.89258 30.47438 15.90 16.96 1.06
-88.85492 30.44341 21.40 22.28 0.88
-88.84625 30.42288 20.70 21.77 1.07
-88.83805 30.41086 21.40 21.68 0.28
-88.82693 30.42525 20.10 21.13 1.03
-88.82327 30.41988 20.10 21.06 0.96
-88.81571 30.42814 19.70 20.93 1.23
-88.81010 30.42037 19.50 20.37 0.87
-88.80866 30.40467 22.40 21.86 -0.54
-88.80293 30.43701 18.40 20.33 1.93
-88.79857 30.40025 21.60 20.81 -0.79
-88.77929 30.37213 20.40 19.86 -0.54
-88.77750 30.42183 22.00 18.91 -3.09
-88.77064 30.38672 18.80 20.17 1.37
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GComparison of Simulated and Measured Surge Elevations

Longitude Latitude Measured (ft) Simulation (ft)  Comparison(ft)
-88.76966 30.36800 19.70 19.65 -0.05
-88.76033 30.42692 16.50 17.65 1.15
-88.75815 30.36278 18.60 19.36 0.76
-88.75180 30.36080 17.60 19.25 1.65
-88.74598 30.38222 19.40 19.71 0.31
-88.73990 30.43236 17.20 11.63 -5.57
-88.72784 30.36806 19.20 19.58 0.38
-88.72324 30.44160 16.10 14.50 -1.60
-88.72278 30.44107 16.40 14.51 -1.89
-88.72278 30.44107 16.40 14.51 -1.89
-88.72179 30.44168 15.60 14.43 -1.17
-88.71905 30.44763 18.90 14.08 -4.82
-88.71194 30.34832 19.90 18.51 -1.39
-88.70924 30.35873 19.00 19.18 0.18
-88.70432 30.37692 19.40 19.45 0.05
-88.69907 30.36135 18.40 18.99 0.59
-88.63450 30.40590 14.30 14.47 0.17
-88.63219 30.40764 14.40 14.47 0.07
-88.63200 30.36482 21.10 17.85 -3.25
-88.62554 30.42165 14.00 13.43 -0.57
-88.62112 30.42380 15.20 13.40 -1.80
-88.61277 30.38915 14.40 14.68 0.28
-88.56798 30.36208 17.10 15.70 -1.40
-88.55977 30.36605 16.70 15.76 -0.94
-88.55891 30.37984 14.90 13.75 -1.15
-88.55739 30.35623 20.00 16.07 -3.93
-88.55378 30.34499 18.00 16.39 -1.61
-88.55332 30.35175 16.90 16.33 -0.57
-88.55240 30.39791 14.70 14.02 -0.68
-88.54808 30.35159 16.80 16.36 -0.44
-88.54287 30.34772 17.20 16.32 -0.88
-88.54024 30.34688 16.70 16.37 -0.33
-88.53962 30.41361 12.20 12.54 0.34
-88.53709 30.35470 16.60 16.50 -0.10
-88.53526 30.36414 16.00 16.53 0.53
-88.53315 30.34635 17.30 16.12 -1.18
-88.52309 30.34633 16.50 16.08 -0.42
-88.52187 30.35400 16.20 16.21 0.01
-88.52161 30.37373 14.40 16.60 2.20
-88.51726 30.34685 16.80 15.93 -0.87
-88.50395 30.40968 12.10 12.39 0.29
-88.48757 30.40595 11.70 14.07 2.37
-88.47990 30.41195 11.50 13.34 1.84
-88.46235 30.42889 10.60 12.48 1.88
-88.42915 30.44342 14.20 14.48 0.28




Comparison of Simulated and Measured Surge Elevations

Table B-2. Comparison of Simulated and Measured Surge Elevations for Hurricane

Camille.
Longitude Latitude Measured (ft) Simulation (ft) Comparison(ft)
-89.615567 30.238617 6.47 6.94 0.47
-89.613900 30.238917 7.67 6.85 -0.82
-89.611528 29.412755 1.84 2.71 0.87
-89.609177 30.239764 8.55 7.25 -1.30
-89.576868 30.258284 8.16 7.58 -0.58
-89.562488 30.216879 11.34 9.86 -1.48
-89.513122 30.334269 10.42 9.06 -1.36
-89.488051 30.323697 9.83 9.41 -0.42
-89.469285 30.342788 10.50 10.32 -0.18
-89.467901 30.383611 11.89 8.73 -3.16
-89.441467 30.386283 11.67 9.27 -2.40
-89.440979 30.386637 11.97 11.63 -0.34
-89.439570 30.298591 10.64 11.03 0.39
-89.439077 30.300042 11.34 11.04 -0.30
-89.425305 30.329087 13.37 12.25 -1.12
-89.424359 30.356083 14.25 13.38 -0.87
-89.424299 30.357629 13.45 13.44 -0.01
-89.423011 30.299631 11.43 12.24 0.81
-89.422902 30.298044 12.63 12.82 0.19
-89.422147 30.358417 13.85 13.50 -0.35
-89.420693 30.357326 14.55 13.54 -1.01
-89.415267 30.258922 16.34 16.24 -0.10
-89.414317 30.257500 15.17 16.32 1.15
-89.409450 30.361144 14.77 13.89 -0.88
-89.408663 30.362598 14.06 13.69 -0.37
-89.397147 30.298837 16.81 15.71 -1.10
-89.397117 30.366053 14.98 13.96 -1.02
-89.396655 30.300014 12.81 15.03 2.22
-89.394814 30.365416 16.79 14.09 -2.70
-89.382326 30.413589 12.94 12.11 -0.83
-89.380940 30.271756 18.64 17.69 -0.95
-89.379412 30.306282 14.70 14.34 -0.36
-89.378728 30.305023 15.41 14.34 -1.07
-89.374183 30.276500 19.07 18.03 -1.04
-89.360632 30.377440 18.13 17.29 -0.84
-89.359144 30.289739 19.54 18.68 -0.86
-89.359083 30.289200 18.87 18.68 -0.19
-89.350650 30.380150 18.47 17.52 -0.95
-89.348441 30.341171 17.23 16.35 -0.88
-89.345326 30.294453 19.55 18.81 -0.74
-89.344847 30.382069 19.16 17.57 -1.59
-89.343879 30.418899 13.72 12.14 -1.58




Comparison of Simulated and Measured Surge Elevations

Longitude Latitude Measured (ft) Simulation (ft) Comparison(ft)
-89.341133 30.342283 16.47 16.65 0.18
-89.333259 30.301570 20.34 18.74 -1.60
-89.330667 30.326067 21.17 16.36 -4.81
-89.327159 30.308774 21.83 18.15 -3.68
-89.327071 30.322918 16.20 16.30 0.10
-89.289650 30.304417 16.67 18.97 2.30
-89.287515 30.307308 16.64 18.71 2.07
-89.275554 30.306673 17.74 19.79 2.05
-89.259576 30.311506 19.83 20.28 0.45
-89.251179 30.313409 20.13 20.40 0.27
-89.245761 30.370008 17.20 17.61 0.41
-89.243042 30.315699 22.63 20.50 -2.13
-89.242166 30.320076 16.03 17.83 1.80
-89.239034 30.316736 22.73 20.63 -2.10
-89.231200 30.375467 16.47 17.40 0.93
-89.230531 30.375250 17.10 17.38 0.28
-89.228825 30.326181 15.73 17.11 1.38
-89.218740 30.324391 24.33 20.87 -3.46
-89.218333 30.326100 22.37 20.94 -1.43
-89.218192 30.336156 15.43 16.98 1.55
-89.217752 30.230250 15.87 16.85 0.98
-89.217279 30.329360 15.33 16.99 1.66
-89.216517 30.325150 24.07 20.87 -3.20
-89.214367 30.325617 21.67 20.89 -0.78
-89.207713 30.327741 21.23 20.91 -0.32
-89.200987 30.414969 13.60 18.33 4.73
-89.184249 30.336191 21.63 21.15 -0.48
-89.166643 30.343665 21.13 21.30 0.17
-89.153433 30.352842 22.07 22.50 0.43
-89.150013 30.347536 21.13 21.89 0.76
-89.146700 30.345197 21.97 21.01 -0.96
-89.136452 30.353914 20.73 21.39 0.66
-89.127045 30.355208 21.73 21.37 -0.36
-89.109446 30.361078 20.33 21.19 0.86
-89.093209 30.365981 20.23 21.27 1.04
-89.092642 30.412691 13.82 11.40 -2.42
-89.087397 30.432188 14.41 12.48 -1.93
-89.086183 30.380117 20.17 21.66 1.49
-89.078339 30.371206 20.93 21.06 0.13
-89.058427 30.377020 20.47 20.90 0.43
-89.056697 30.395401 12.13 12.53 0.40
-89.051131 30.379563 19.73 21.13 1.40
-89.044071 30.379845 20.63 20.55 -0.08
-89.035952 30.488298 12.59 11.28 -1.31
-89.027267 30.448635 13.61 13.68 0.07
-89.026634 30.383728 19.93 20.31 0.38




Comparison of Simulated and Measured Surge Elevations

Longitude Latitude Measured (ft) Simulation (ft) Comparison(ft)
-89.014433 30.452618 14.01 13.29 -0.72
-89.011773 30.385705 20.53 19.96 -0.57
-88.992617 30.389808 19.37 19.76 0.39
-88.989589 30.390666 20.03 19.70 -0.33
-88.976600 30.413807 14.03 13.09 -0.94
-88.976382 30.426625 13.42 13.37 -0.05
-88.967590 30.460335 11.71 13.69 1.98
-88.956307 30.392483 19.63 19.01 -0.62
-88.939103 30.459981 14.32 13.48 -0.84
-88.939102 30.425919 13.41 15.25 1.84
-88.933018 30.395373 19.63 18.65 -0.98
-88.932683 30.393150 18.97 18.53 -0.44
-88.910183 30.394795 18.63 18.18 -0.45
-88.908326 30.460237 12.71 12.57 -0.14
-88.900768 30.394382 17.63 18.06 0.43
-88.891869 30.413079 15.43 16.65 1.22
-88.891067 30.407850 15.17 16.18 1.01
-88.890746 30.422743 15.42 16.77 1.35
-88.890445 30.394217 17.23 17.86 0.63
-88.880069 30.395029 16.13 17.75 1.62
-88.866061 30.395241 15.63 17.09 1.46
-88.858065 30.394217 15.73 16.82 1.09
-88.855154 30.442950 15.82 17.56 1.74
-88.840175 30.410451 15.63 16.95 1.32
-88.831592 30.409731 15.93 17.04 1.11
-88.827221 30.418581 14.93 16.07 1.14
-88.824822 30.403440 15.93 16.88 0.95
-88.816133 30.400017 15.37 16.65 1.28
-88.765025 30.406170 14.03 15.85 1.82
-88.759456 30.379275 13.42 15.27 1.85
-88.758571 30.370390 13.31 15.06 1.75
-88.758488 30.361422 14.11 14.55 0.44
-88.743894 30.381912 14.42 14.70 0.28
-88.722015 30.441124 11.51 8.97 -2.54
-88.719973 30.365742 13.40 13.64 0.24
-88.715667 30.359235 12.79 13.30 0.51
-88.708395 30.395117 12.89 13.72 0.83
-88.688875 30.392820 12.30 13.27 0.97
-88.668494 30.390237 13.11 13.26 0.15
-88.645550 30.489825 8.42 6.11 -2.31
-88.639345 30.360366 12.80 12.09 -0.71
-88.621793 30.438119 9.24 6.95 -2.29
-88.613933 30.377089 12.82 11.68 -1.14
-88.561753 30.344925 9.65 10.36 0.71
-88.558592 30.343675 11.25 10.35 -0.90
-88.558518 30.369042 9.19 8.17 -1.02




Comparison of Simulated and Measured Surge Elevations

Longitude Latitude Measured (ft) Simulation (ft) Comparison(ft)
-88.552390 30.436072 8.75 6.63 -2.12
-88.545072 30.424612 8.55 6.54 -2.01
-88.535431 30.371175 11.89 9.74 -2.15
-88.533000 30.368383 11.27 10.21 -1.06
-88.498855 30.331305 11.45 9.70 -1.75
-88.479988 30.406000 8.64 9.27 0.63
-88.471583 30.471660 5.74 4.66 -1.08
-88.458916 30.419174 9.74 9.88 0.14
-88.453291 30.457941 5.04 4.70 -0.34
-88.436007 30.437633 7.43 7.88 0.45
-88.421937 30.442616 9.53 9.91 0.38
-88.558592 30.343675 11.25 10.35 -0.90
-88.558518 30.369042 9.19 8.17 -1.02
-88.552390 30.436072 8.75 6.63 -2.12
-88.545072 30.424612 8.55 6.54 -2.01
-88.535431 30.371175 11.89 9.74 -2.15
-88.533000 30.368383 11.27 10.21 -1.06
-88.498855 30.331305 11.45 9.70 -1.75
-88.479988 30.406000 8.64 9.27 0.63
-88.471583 30.471660 5.74 4.66 -1.08
-88.458916 30.419174 9.74 9.88 0.14
-88.453291 30.457941 5.04 4.70 -0.34
-88.436007 30.437633 7.43 7.88 0.45
-88.421937 30.442616 9.53 9.91 0.38




Appendix B
GComparison of Simulated and Measured Surge Elevations

Betsy.
Longitude Latitude Measured (ft) Simulation (ft) Comparison(ft)
-89.50018 30.33675 8.00 9.27 1.27
-89.44100 30.38663 9.50 10.52 1.02
-89.49741 30.33395 8.60 9.28 0.68
-89.48803 30.32369 8.20 9.42 1.22
-89.42537 30.32909 9.80 10.76 0.96
-89.40938 30.36123 10.50 11.54 1.04
-89.41702 30.25645 12.00 12.06 0.06
-89.35366 30.33961 11.20 11.79 0.59
-89.32965 30.30653 12.50 11.56 -0.94
-89.26892 30.37129 10.60 11.50 0.90
-89.29344 30.30822 10.80 11.22 0.42
-89.23052 30.37521 10.60 11.08 0.48
-89.20102 30.41494 10.00 9.43 -0.57
-89.14784 30.34502 12.30 10.41 -1.89
-89.09862 30.36314 10.70 10.07 -0.63
-89.09164 30.35385 10.70 9.99 -0.71
-89.02754 30.40479 9.10 8.57 -0.53
-89.02681 30.38245 9.30 9.73 0.43
-89.08744 30.43216 9.00 8.78 -0.22
-89.02726 30.44861 8.50 8.81 0.31
-89.01444 30.45262 8.50 8.67 0.17
-89.03598 30.48831 8.10 7.28 -0.82
-88.96055 30.45804 8.80 8.92 0.12
-88.90503 30.42954 8.50 8.43 -0.07
-88.89193 30.42331 9.00 8.47 -0.53
-88.89189 30.41307 9.50 8.47 -1.03
-88.90770 30.43023 8.80 8.42 -0.38
-88.88006 30.41203 8.80 8.43 -0.37
-88.96055 30.45804 8.80 8.92 0.12
-88.97660 30.41387 8.30 8.45 0.15
-88.93934 30.45880 8.30 8.95 0.65
-88.85856 30.39324 8.70 8.33 -0.37
-88.82922 30.42364 8.60 8.08 -0.52
-88.82726 30.41857 8.30 8.00 -0.30
-88.72194 30.44108 7.50 5.75 -1.75
-88.62189 30.43822 5.70 4.84 -0.86
-88.61396 30.37714 6.40 6.48 0.08
-88.56165 30.34486 6.40 6.28 -0.12
-88.54513 30.42462 5.40 4.61 -0.79
-88.55234 30.43611 5.50 4.66 -0.84
-88.47161 30.47173 4.50 3.29 -1.21
-88.45326 30.45793 4.40 3.20 -1.20
-88.44680 30.46001 4.50 3.19 -1.31

Table B-3. Comparison of Simulated and Measured Surge Elevations for Hurricane
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Rate AP>48 mb)=2.88E-4E-4 storms/km/yr
Rate AP 31-48 mb) =2.57E-4 storms/km/yr
Can treat landfall location as uniformly distribdite
Azimuth:
I. AP >48 mb, Betar(=10.229, andt =11.747)
ii. AP 31-48 mb, normal (mean=-9.9 deg=58.7 deg; truncate at90 deq)
AP: three-parameter Weibull (see Egs. 3 and 4)
i. AP>48mbAPy=48mb, U=48.6 mb, k=1.8
ii. AP 31-48 mb, U=46.6 mb, k=1.95
Ry (offshore) givem\P: lognormal
i. AP>48mb
1. mean (nmi):4062AP*"*
2. sigma (nmi):187.7AP %"
i. AP 31-48 mb
1. mean (nmi):79.58\P°%
2. sigma (nmi):36.78\P°%
Vs: lognormal
i. AP>48mb
1. mean (meters/second [m/s]); 6.6
2. sigma (m/s): 2.8
i. AP 31-48 mb
1. mean (m/s); 5.5
2. sigma (m/s): 2.5
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