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Volume IV
The Storm

This report is not intended as a final expression of the findings or conclusions of the United States Army
Corps of Engineers, nor has it been adopted by the Corps as such. Rather, this is a preliminary report
summarizing data and interim results compiled to date. As a preliminary report, this document and the
information contained therein are subject to revisions and changes as additional information is obtained.
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Executive Summary

Hurricane Katrina produced unparalleled wave and storm surge conditions for the
New Orleans vicinity. Hurricane Katrina was a very large Category 3 storm when it passed the
New Orleans area on the morning of August 29th. Twenty-four hours earlier this storm had been
the largest Category 5 and most intense (in terms of central pressure) storm on record within the
northern Gulf of Mexico. Due east of the Mississippi River delta, a deepwater National Oceanic
and Atmospheric Administration (NOAA) buoy recorded the highest significant wave height
ever measured in the Gulf of Mexico (55 ft). The large size of Katrina throughout its history,
combined with the extreme waves generated during its most intense phase, enabled this storm to
produce the largest storm surges that have ever been observed within the Gulf of Mexico
(reliable observations up to 28 ft), as determined from analyses of historical records. As another
example of Katrina’s strength in terms of storm surge, the previous highest high water mark
from Hurricane Camille was 24.6 ft, the only Category 5 storm to make landfall in the Gulf of
Mexico over the interval that records have been kept (approximately 150 years). In the vicinity
of Biloxi, Mississippi, the surge produced by Camille was 15.8 ft, the highest surge that had ever
been recorded at that location prior to Katrina. Katrina generated surges of 24-26 ft at Biloxi. In
other words, Katrina (a Category 3 storm at landfall) generated substantially higher surges than
Camille (a Category 5 storm at landfall) in the area where they both made a direct hit. Whereas
the Saffir-Simpson scale is a good predictor of wind damage from hurricanes, it is not a
particularly good predictor of the surge and wave generation potential for these storms.
Hurricane Katrina had much greater wave and storm surge generation potential than the Standard
Project Hurricane (SPH) storms used to design the hurricane protection system. In Louisiana, the
east-facing protection levees of Orleans, St. Bernard, and Plaquemines Parishes bore the brunt of
the storm’s surge, and coupled with energetic long-period wave conditions, the hurricane
protection system was overwhelmed in many places.

This volume presents the regional hydrodynamic conditions created by Katrina (waves and
water levels). Local high-resolution hydrodynamic waves and water levels at the levees and
floodwalls, as well as hydrostatic and hydrodynamic forces and loadings that the levees and
floodwalls were subjected to during the storm, are also presented. In addition to maximum
conditions, temporal variation of waves and water levels and loadings are of great interest, as are
timing and phasing of different types of loadings and forces. All conditions were evaluated. A
time line of inundation and notable project responses is presented, based on many eyewitness
accounts and analyses of information and observations.

A combination of numerical model results and measured data was used to assess the
regional-scale wave and water level conditions along the entire periphery of the hurricane
protection system. The WAM and STWAVE wave models, and the ADCIRC storm surge model,
all “workhorse” models used by the Corps of Engineers, were used to characterize the regional
wave and storm surge climate produced by the hurricane. All models needed very high resolution
to capture the complex geographical features of the system, and they were forced with high-
accuracy, data-assimilated surface wind and atmospheric pressure fields. Computations were
made on high-performance supercomputers.
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In spite of the fact that Katrina exceeded the design storm, water levels and waves roughly
corresponded to design conditions in some parts of the New Orleans area. In other parts of the
hurricane protection system, waves and water levels significantly exceeded design conditions.
Observed peak water levels at the entrances to canals along the south shore of Lake
Pontchartrain were 10.8 to 11.8 ft, which were slightly less than or at the design peak water
levels of 12.0 ft. In the Inner Harbor Navigation Canal (IHNC), north of the intersection of
IHNC with the Gulf Intracoastal Waterway (GIWW)/Mississippi River Gulf Outlet (MRGO),
there was a large gradient in observed peak water level, from 15 ft at the intersection to 11.8 ft at
the IHNC entrance to Lake Pontchartrain. In this reach of canal, peak water levels were at,
above, or below design levels, depending on location. Between this intersection and the IHNC
Lock to the south, peak water levels exceeded the design water level of 13.5 ft by as much as
2 ft. Along the east/west-oriented GIWW/MRGO channel section, peak water levels exceeded
the design value of 13.5 ft by approximately 2 ft. Along the MRGO adjacent to the St. Bernard
Parish hurricane protection levee, peak water levels were 16 to18 ft, which exceeded design
levels by as much as 5 ft. Along the east-facing hurricane protection levees in south Plaquemines
Parish, peak water levels reached 20 ft, exceeding design levels by as much as 5.5 ft. All water
levels cited in this volume are referenced to the North American Vertical Datum of 1988 (NAVD
88) 2004.65 datum. Appropriate adjustments have been made to design water levels to convert
them to this datum.

Peak significant wave height along the south shore of Lake Pontchartrain reached at least
8.7 ft, exceeding design values by about 1.0 ft. Wave periods were about equal to design values.
Along the levees adjacent to Lake Borgne, computed significant wave heights were consistent
with or less than design values, but wave periods (15-16 sec) exceeded the design wave periods
by a factor of 3. In south Plaguemines Parish maximum significant wave heights reached as high
as 10 ft and wave periods were 15-16 sec; design wave height conditions were exceeded by up to
4 ft, and design wave periods were exceeded by a factor of 2 to 3. Since both wave height and
wave period influence the potential for wave run-up and overtopping, the design wave height
and period values should be re-examined for these east-facing levee systems, as well as the west-
facing levees in Plaguemines Parish.

An analysis was performed to examine the influence of the MRGO channel on storm surge
propagation into the New Orleans vicinity. The section of waterway where the GIWW and
MRGO occupy the same channel allows Lake Pontchartrain and Lake Borgne to be hydraulically
connected to each other via the IHNC. Storm surge experienced in the IHNC and the
GIWW/MRGO section of waterway is influenced by storm surge conditions in both lakes due to
this hydraulic connection. The long northwest/southeast-oriented section of the MRGO channel
to the east of Paris Road Bridge, which seems to be the section of canal that has raised much
concern, has little influence on water levels in the IHNC and GIWW/MRGO for high storm
surge events such as Hurricanes Betsy and Katrina. It has a more important role for low surges,
less than 4 ft in amplitude, but still creates changes of less than 0.6 ft in some cases and less than
0.3 ft in most cases. The MRGO role in propagation of low-amplitude astronomical tide and
influx of higher saline water into Lake Pontchartrain has been established; the low-amplitude
tide propagates primarily through channels, of which the MRGO is one. However, during high
storm surge conditions, when the wetlands become inundated, this reach of the MRGO becomes
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much less important regarding storm surge propagation into the IHNC. A more detailed analysis
is provided in the form of a white paper on the subject (Appendix 6).

As storm effects propagated onto the large flood protection levees and into the outfall and
navigation canals, local wave and water level conditions exerted very large forces on the flood
protection system. Detailed hydrodynamic and engineering models were nested inside the model
domains used in the regional hydrodynamics to represent conditions in the vicinity of a range of
engineering structures within the New Orleans area. As part of these calculations, forces on
structures, overtopping rates, and fine-scale velocity fields were estimated for periods of interest.
At this scale of estimation, accurate specification of these forces requires a combination of very
careful detailed-scale hydrodynamic modeling and assimilation of all available observations. To
obtain the most reliable representation possible for the outfall canals, a series of digital
photographs at the northern ends of the 17th Street Canal and the IHNC, along with
interpolations of these water levels at the London Avenue and Orleans Avenue Canals, were
used as the final boundary conditions for detailed wave and water level simulations.

Fine-scale ADCIRC simulations showed that, in the absence of breaching or overtopping
within the outfall canals, even for the case of high rates of pumping into these canals, time
histories of water levels in these canals would essentially mirror those at the entrances. However,
this simple situation was not the case in the 17th Street and London Canals, where outflows via
breaching had a significant effect on water levels throughout the canals. Debris on the north side
of the Hammond Highway Bridge near the entrance of the 17th Street Canal also appeared to
have had a significant affect on water levels within this canal. The net effect of these factors is
that estimated water levels within the 17th Street Canal are about 3 feet lower than water levels
at the entrance to this canal at the peak of the storm. Since there was no major source of debris
within the London Avenue Canal and since the breaches were smaller than the breach in the
17th Street Canal, the water levels were not reduced as much within this canal, with peak
conditions about 2 feet lower than those at the entrance. A low section of levee in the Orleans
Avenue Canal acted as a weir at its southern end; consequently, once water levels exceed the
weir height (about 9.5 feet), water levels within the canal sloped somewhat from north to south.

A physical model study was conducted for the northern portion of the 17th Street Canal in
order to obtain objective estimates of wave decay in the entrance to this canal and the dissipative
effects of the hurricane proof bridges on waves propagating under these structures. Results from
this model showed that most wave energy was removed by the combination of entrance losses
and dissipation under these bridges. In the physical model wave heights over of over 8 feet that
were incident on the canal entrances at the peak of the storm were reduced to less than one foot
in the vicinity of the breach site within the 17th Street Canal. COULWAVE (Boussinesq) model
runs corroborated estimates of entrance loss effects and, once tuned to similar dissipation rates
under bridges, showed that long-period wave energy also remained quite small over the length of
the canal. Since neither the physical model nor COULWAVE includes the effects of local wind
generation, STWAVE, modified to simulate the physical model’s estimated bridge dissipation,
was exercised to investigate the effects of local wind generation inside the canal; however,
results from these runs indicate that wave heights remained under 1 to 1.5 feet in all areas of the
canal. Simulations with COULWAVE and STWAVE show that wave conditions past the first
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500 feet or so within both the London Avenue and Orleans Canals were also quite small, with
wave heights remaining less than 1 to 1.5 feet throughout these canals during the storm.

Estimated forces on the canal floodwalls are provided. As a close approximation, these forces
are similar to what would be expected if the water level at the wave crests were simply taken as
the still water level for force estimation. Maximum individual crest heights are estimated to be
about 1 foot above the still water levels in the vicinity of the breaches in the 17th Street and
London Avenue Canals. Depending on the type of failure experienced by these floodwalls,
contributions due to waves could be significant in causing gap formation in these locations.

Breaching within the IHNC occurred in locations near the junction of the GIWW/MRGO and
IHNC and south of this junction. In this area, waves entering from the north from Lake
Pontchartrain and from the east from the Gulf of Mexico are largely dissipated; however, during
peak conditions for winds out of the east (around 0400 to 0600 CDT), wave heights of 4 feet or
larger were generated within the GIWW/MRGO. These waves propagated into the IHNC and
were diffracted and reflected from side to side within this canal. Estimated wave heights are in
the 2 to 3 foot range for the area along the Lower Ninth Ward that may have breached early
around 0430. Later in the morning, around 0930, winds had rotated to where they coming from
the north, roughly aligned with the axis of the IHNC, and waves in the 2 to 3 foot range were
generated near the southern end of the IHNC.

Similar to the approach used for the canals, observational data were assimilated into water
levels along the large flood protection levees in St. Bernard Parish, New Orleans East, and
Plaguemines Parish in order to ensure the maximum accuracy possible for calculations at the
detailed scale. Mean water levels ranged from slightly below the levee crest to 2 — 3 feet above
the levee crests in the St. Bernard Parish area facing northeast along the MRGO. Overtopping
would have been extensive along the central portion of this section of levees, even without
erosion/breaching; however, extensive erosion/breaching substantially increased the rate of
discharge into this area. Results from COULWAVE show that combined wave and mean flow
velocities were higher on the back faces of levees than on the front face of the levees (the part of
the levee exposed to direct wave attack). This is consistent with observations of partially eroded
levees in this area which show much greater erosion on levee back faces in many areas where
there is no erosion on the levee front face.

Along New Orleans East levees, the mean water level appears to have been very close to the
levee crest elevation. These levees were exposed to wave overtopping for several hours on the
morning of Katrina; and significant erosion/breaching occurred. An interesting contrast was seen
along the GIWW, where water levels were also near the crest of the levee but waves were
propagating parallel to the crest of the levee rather than normal to it. In this case, even though
the wave heights were similar to those along the exposed section of levees in New Orleans East,
velocities on the back face of the GIWW levee section were about 50% lower than those
estimated for the exposed levee section. Levees along this GIWW section exhibited only minor
erosion.

In Plaguemines Parish, the major levees and floodwalls were massively overtopped and
many of these failed. Calculations with a Navier-Stokes model were used to show the
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magnitudes and distribution of forces on the vertical walls. Wave and mean flow overtopping

were extensive with jets of water propelled 6 — 12 feet beyond the crest of the floodwalls.

Participants

This report represents a combined effort by individuals from various governmental, private
and academic institutions. The following is a list of individuals that actively participated on this
project during the period October 2005 through May 2006, and directly contributed to this

report.

NAME

Regional Hydrodynamics

Bruce Ebersole
Joannes Westerink
Andrew Garcia

Kevin Knuuti

Mary Claire Allison

Brian Jarvinen
Phil Turnipseed
Robert Mason
Van Wilson
Shabbar Saifee
Lynn Mayo
Vincent Cardone
Andrew Cox
Brian Callahan
Erin Harris
Mark Powell
Shirley Murillo
Peter Dodge
John Gamache
Peter Black
Sonia Otero

Volume IV The Storm

AGENCY

USACE/ERDC-CHL

University of Notre Dame

USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
NOAA NWS (Retired)
USGS

USGS

USGS

DHS/FEMA

URS (for DHS/FEMA)
Oceanweather, Inc.
Oceanweather, Inc.
Oceanweather, Inc.
Oceanweather, Inc.
NOAA AOML HRD
NOAA AOML HRD
NOAA AOML HRD
NOAA AOML HRD
NOAA AOML HRD

University of Miami
(NOAA CIMAS)

ROLE

Co-Lead, Regional Hydrodynamics

Co-Lead, Regional Hydrodynamics

High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
High Water Marks/Hydrographs
Winds/Pressures
Winds Pressures
Winds Pressures
Winds Pressures
Winds/Pressures
Winds/Pressures
Winds/Pressures
Winds/Pressures
Winds/Pressures
Winds/Pressures

IV-5

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



Nick Carrasco

Bachir Annane

Russell St. Fleur

Eric Uhlhorn

Krystal Valde

Jane Smith
Robert Jensen
Barbara Tracy
Jeff Hanson

Ann Sherlock
Hendrik Tolman
Shintaro Bunya
Casey Dietrich
Ethan Kubatko
Hans Westerink
Jay Grossman
John Atkinson
Lyle Zevenbergen
Dusty Robinson
Anthony Alvarado
Victor Parr

Mary Cialone
Michael Tubman
David Mark

University of Miami
(NOAA CIMAS)

University of Miami
(NOAA CIMAS)

University of Miami
(NOAA CIMAS)

University of Miami
(NOAA CIMAS)

University of Miami
(NOAA CIMAS)

USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL

Winds/Pressures

Winds/Pressures

Winds/Pressures

Winds/Pressures

Winds/Pressures

Waves
Waves
Waves
Waves
Waves

SAIC for NOAA NCEP
University of Notre Dame
University of Notre Dame
University of Notre Dame
University of Notre Dame
University of Notre Dame
Ayres Associates

Ayres Associates

Ayres Associates

Ayres Associates
Consultant
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL

Waves

Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge
Storm Surge

Field Data Recovery & Timeline Analysis

USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL

Steve Maynord Field Data Recovery/Timeline
David Biedenharn

Ron Heath

Field Data Recovery/Timeline

Field Data Recovery/Timeline

V-6 Volume IV The Storm
This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



David Abraham
David Maggio
Fred Pinkard
Jim Leech
Peggy Hoffman
Steve Wilhelms
Mario Sanchez

Detailed Hydrodynamics

Don Resio
Bob Dean
Pat Lynett
Bill Dally

Stan Boc

Ray Chapman
Mary Cialone
Jennifer Irish
Nobu Kobayashi
Jeff Melby

Bill Seabergh

Jane Smith

Overview

USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL

USACE/ERDC-CHL
University of Florida

Texas A&M University

Surfbreak Engineering
Sciences Inc.

USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL
USACE/ERDC-CHL

University of Delaware

USACE/ERDC-CHL
USACE/ERDC-CHL

USACE/ERDC-CHL

Fundamental Questions to be Addressed

Field Data Recovery/Timeline
Field Data Recovery/Timeline
Field Data Recovery/Timeline
Field Data Recovery/Timeline
Field Data Recovery/Timeline
Field Data Recovery/Timeline

Field Data Recovery/Timeline

Co-Lead Detailed Hydrodynamics
Co-Lead Detailed Hydrodynamics
Boussinesq Model Applications
Data Analysis & Quality Control

Data Analysis & Quality Control
ADCIRC Model Applications
ADCIRC Model Applications
ADCIRC Model Applications
Basic Engineering Analysis
Basic Engineering Analysis

Principal Investigator — Physical
Model

STWAVE Grid Setup

This volume of the report addresses the second of the five fundamental questions: What

were the storm surge and waves used as the basis for design, and how do these compare to
the storm surge and waves generated by Hurricane Katrina? Answers to these questions will
be addressed in reverse order, characterization of wave and water level conditions experienced
during Katrina, first, followed by comparison to design values. Knowledge of storm water levels
and waves also is required to address the third fundamental question: How did the floodwalls,
levees, pumping stations, and drainage canals, individually and acting as an integrated
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system, perform in response to Hurricane Katrina, and why? This volume addresses the
following issues, which are central to system performance: run-up and overtopping, and the
static and dynamic loadings to which the levees and floodwalls in New Orleans and southeastern
Louisiana were subjected.

Description of Work

Work described in this volume is comprised of several key components, and those are listed
here and described in more detail in subsequent sections and supporting appendices: 1)
acquisition and analysis of measured data collected throughout the region (such as high water
marks, water level hydrographs, wind speed and direction, and wave energy, height, period and
direction), 2) development of surface wind and atmospheric pressure fields for Hurricane Katrina
using sophisticated techniques developed by the National Oceanic and Atmospheric
Administration (NOAA) Atlantic Oceanographic and Meteorological Laboratory’s Hurricane
Research Division (HRD) and Oceanweather, Inc. (OWI), which blend numerical meteorological
model results with an extensive set of atmospheric measurements, 3) a regional wave and storm
surge hindcast which involves application of numerical wave and storm surge models developed
by the Corps and one of its academic research partners (University of Notre Dame),

4) reconstruction of a timeline from eyewitness accounts and other information sources that
describes how water levels and inundation evolved throughout the hurricane protection system
during the storm, and 5) detailed, high-resolution hydrodynamic modeling (both laboratory scale
modeling and numerical modeling) and data analyses to define wave and water level conditions
and loadings in close proximity to the hurricane protection structures. The high resolution
hydrodynamics work utilized laboratory test facilities at the Corps’ Engineer Research and
Development Center, and numerical models developed and applied by the Corps and its
academic partners (University of Florida, Texas A&M University, and University of Delaware).

Regional Wave and Storm Surge Modeling

Detailed, comprehensive, high-resolution coastal prediction models were set up for the
southeastern Louisiana and Mississippi regions. Models employed were the “workhorse” models
used by the Corps for coastal storm prediction (WAM and STWAVE wave models and the
ADCIRC storm surge model). The models were then applied to predict time-varying water levels
and wave conditions (heights, periods, directions, energy spectra) and peak values along levees
and floodwalls fronting the various parishes, within main navigation channels, and at the
entrances to the canals situated along the southern Lake Pontchartrain shoreline. The models
were forced with surface wind and pressure fields of the highest accuracy produced by HRD and
Oceanweather, Inc. Computations were made on high-performance supercomputers located at
the Department of Defense Major Shared Resource Center in Vicksburg, MS. HRD staff who
participated in the development of hurricane wind fields stated that this was the most
comprehensive analysis of a hurricane’s surface wind fields that has ever been performed.
Because so few wave measurements were available, other wave models that are commonly used
in the coastal science and engineering community were applied to examine uncertainty in model-
derived results (the WAVEWATCH I11 basin-scale wave model, done in concert with NOAA
National Centers for Environmental Prediction staff, and the SWAN nearshore wave model,
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done in consultation with Naval Research Lab staff). Those model-to-model-to-measurement
results are included in this report.

Complimentary Roles for Modeling Results and Measurements

In the New Orleans metropolitan area, measurements and observations that captured the time
variation of water levels, including the peak, were only available at a few locations. Most water
level measurement devices failed prior to the peak of the storm. High water marks, which at best
only capture peak values but provide no information on temporal variation of water level, were
available at many locations. Many of the marks are of uncertain and questionable accuracy.
Model-derived storm water level results were used to supplement high water mark data and
observed hydrographs, and were the only source of information in certain areas. In some areas
where reliable high water marks were obtained, they were used to scale model-generated
hydrographs to try to improve the accuracy of the estimated water level hydrograph. Wave
measurements along the path of the storm were available at a few deep-water offshore locations
in the Gulf of Mexico; but shallow-water wave measurements were only available at two nearly
co-located locations in the primary impact zone, in Lake Pontchartrain (data from these sensors
are of questionable accuracy right near the storm peak). Because of the paucity of measured
wave data, wave conditions throughout nearly the entire southeastern Louisiana region were
estimated using numerical models. Measurements were used to assess the accuracy of and
uncertainty in model results. Since model results were used in so many areas where
measurements were not made or where gauges failed to capture the maximum conditions,
considerable effort was expended to compare model results with measured data and assess model
uncertainty.

Model Sensitivity Tests

A number of tests were done to examine sensitivity of model results to several key sources of
uncertainty, particularly model input and representation of the physical system: 1) uncertainty in
wind field estimates which are so crucial to wave and storm surge model accuracy, and
2) uncertainty in timing of barrier island degradation and loss of wetland vegetation cover during
the storm. Quality of model input and detail in representing the physical system are the two main
factors that influence model accuracy. Sensitivity of model predictions of waves and water levels
to these facets of uncertainty was assessed. The relative roles of tide and wave setup as
contributors to peak water levels were also assessed.

Volume Outline

The flow of this volume is as follows. A brief, very general, overview of the formative
processes behind hurricane waves and water levels is presented next. The overview provides
order of magnitude estimates for the various contributing factors to unusually high storm water
levels in southeastern Louisiana for Hurricane Katrina. This is followed by a brief summary of
the history of the storm, with a broad overview of how it evolved, in terms of intensity and track,
and how the regional storm waves and water level conditions evolved in response to the storm’s
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changing intensity and path. Next, acquisition and analysis of high water marks and observed
water level hydrograph data are described. This section includes a summary (details are provided
in Appendix 1) of the detailed effort to reconstruct hydrographs from digital pictures taken
during the storm at two key locations on the south shore of Lake Pontchartrain, where no
recorded hydrographs were available. Following that, a summary of the regional wave and storm
surge modeling is presented (this takes a broader, regional perspective). A comparison is made
between measured and computed waves and water levels produced by Katrina, and computations
and observations are compared to values that were used to design the different hurricane
protection projects throughout the region. Next, the timeline of water level changes and
inundation experienced during the storm is provided, which refers to some of the observed water
level data. The timeline sets the stage for analyses of hydrodynamic conditions and loadings
right at the structures, as well as assessment of project performance that is covered in the next
volume. Volume IV then summarizes the high-resolution hydrodynamic analysis done for
critical sections of hurricane protection levees and floodwalls, and the key breach areas. The
volume concludes with a discussion of findings and lessons learned from all work done to
characterize the storm. The main text of this volume only provides a summary of work and key
results. Considerably more detailed documentation is provided in technical appendices that are
referenced throughout the volume.

Storm Water Levels and Waves — Formative Processes

Higher-than-normal water levels and wave conditions observed during hurricanes are created
by a number of processes. Both waves and water level changes are primarily forced by the wind.
It is important to note that the forces that generate waves and water levels are non-linearly
related to wind speed. Wave generation by wind occurs in both deep and shallow water. Other
processes also can have significant influence on wave conditions in shallow water (refraction,
shoaling and energy dissipation, for example). Changes in water level due to wind occur
primarily in shallow water because the effect of wind is inversely proportional to water depth.

When hurricanes enter the Gulf of Mexico they begin to spawn shorter-period surface wind
waves (generally waves with periods of up to 20 sec) in response to the wave generation source,
which is constantly changing hurricane winds that rotate counterclockwise around the advancing
storm center. The higher the wind speed the greater the energy contained in the wave field (i.e.,
higher significant wave heights) and the greater the wave period. Wave generation potential in
storms is related to the surface wind stress (which is in turn related to the wind speed raised to
the second power). The available fetch, or the distance over which winds blow, also strongly
influences wave height and period conditions that are generated. Waves propagate outward in a
radial pattern away from the storm, throughout the deep waters of Gulf, at speeds that are greater
than the forward speed of the storm itself. Waves can propagate long distances within the Gulf.
The short-period wind waves cause the water surface to rise and fall locally with periodicities on
the order of 20 seconds or less.

During their growth and transformation from deep water to shallow water wave height and
direction can change as they begin to “feel” the bottom topography. The highest significant wave
height that can exist locally in shallow water is about 0.6 to 0.65 times the local water depth
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(higher individual waves can exist locally). This depth limitation on wave energy (limit to the
significant wave height) has been observed in many prior studies of irregular wave
transformation and breaking during severe storms. When waves propagate into an area in which
the significant wave height reaches this fraction of the water depth, significant wave breaking is
induced. When waves break, the change in momentum results in a thrust or force on the water
column, which acts to raise the local water level (a process called wave setup). The magnitude of
the wave setup contribution to storm water level was computed to be as much as 2.5 feet away
from the levees for Katrina and up to another 2 ft right at the levees, with magnitude depending
on location. Waves in shallow water also act to continually raise and lower the local water
surface with a frequency that corresponds to the wave period. The increase in elevation, above
the mean (or “still””) water level, associated with a wave crest is roughly equal to half the
significant wave height (wave height being approximately the vertical distance from wave trough
to wave crest). When waves reflect off vertical walls, local heights at the wall are increased; and
when waves break and run up a smooth levee slope the additional elevation above the mean or
“still”” water level reached by the wave uprush can be as much as 2 to 3 times the incident
significant wave height. Wave run-up is a function of wave height, wave period, levee slope and
roughness of the levee surface.

Winds also change the water level, a process called storm surge generation. Storm surge is
defined here as the abnormally high “still” water levels attributable to the presence of the storm
itself. The water level experienced during a storm is dictated not only by the storm surge but also
by the astronomical tidal variations that normally occur without the presence of a storm, but
which also occur along with a storm. The word “still” to describe the water level is used rather
loosely here, but it is intended to differentiate between the slower rise and fall of the water
surface due to the storm surge/tide that occurs over time scales of hours and the changes in water
surface that occur at much higher frequencies associated with the continuous up and down water
surface motion due to wave action which occurs over time scales of seconds and tens of seconds.

Primary contributors to storm water levels, in order of descending importance for
southeastern Louisiana are: wind; geographic/topographic controls; breaking wind waves; within
the Mississippi River between its confining levees, the river discharge; atmospheric pressure;
astronomical tide; and precipitation. Wind and geographic/topographic controls are generally
more important than all the other factors; and for severe hurricanes impacting southeastern
Louisiana, these two factors exceed the combined effects of all the other factors. The
contribution of breaking waves to storm surge was significant for Katrina. This process, call
wave setup, was described above. The other primary contributors to storm water levels are
discussed below.

Winds exert a shear stress on the water surface that pushes the water. Wind is most effective
in contributing to the development of storm surge in shallow water. The shallower the water the
more effect wind of a constant speed can have in developing storm surge. Like waves, the storm
surge generation potential of a storm is related to the surface shear stress. In the case of surge
generation, the shear stress that creates it is related to the wind speed raised to the second or third
power, a highly non-linear relationship. Broad, shallow continental shelf regions are the most
effective areas for generating storm surge. As winds push water it moves until it encounters a
coastal land mass or other obstruction where it then begins to accumulate. Indentations,
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irregularities, and pockets along the U.S. coast, which are key topographic controls, are
particularly prone to catching water pushed toward and into these geographic features by the
wind. The Mississippi River delta is a coastal land feature that acts to catch water being pushed
toward it along the Mississippi and Alabama continental shelves. Since winds in hurricanes
rotate in the counterclockwise direction, hurricanes in the northern Gulf of Mexico tend to create
winds that blow from the east in the northern Gulf. These winds from the east act to push water
toward southeastern Louisiana, toward the Mississippi River delta. As storm surge grows and
inundates the wetlands of southeastern Louisiana, the Mississippi River levees themselves
become a topographic control, acting in the same manner as the delta because the levees extend
nearly its entire length. Along the southeastern Louisiana coast, for Katrina, the storm surge
contribution due to wind and geographic/topographic controls exceeded 15 feet in places, and
along the Mississippi coast it exceeded 20 ft in places. This component of the water level can
vary greatly with location.

Mississippi River discharge can influence the storm surge within the river, which is confined
by levees. The effect can be on the order of feet depending on the magnitude of the discharge.
Discharge can be higher earlier in the hurricane season (early summer) and lower in the later
parts of the season, and the discharge will influence the storm-induced water levels within the
River. The storm surge wave can propagate great distances up the Mississippi River, depending
on the speed of the storm and its track, magnitude of storm surge at the River’s mouth, wind
speed and direction, and discharge from the upstream watershed.

Atmospheric pressure differences also affect local water level. Atmospheric pressure is the
weight of air above the water surface. At the center of hurricanes atmospheric pressure is much
lower than pressure at the periphery of the storm. This means the weight of air pushing down on
the water column is greater at the edges of the storm than it is at the storm’s center.
Consequently a slight bulge, or increase, in the water surface occurs within the storm, and the
magnitude of the bulge is greatest at the storm’s center and decreases to near zero at the storm’s
periphery. The magnitude of this atmospheric pressure effect can be as much as 1 to 2 feet in the
center of the bulge, for a severe hurricane.

Astronomical tide can have a positive or negative effect on the storm-induced water level. If
the other contributors act to produce a peak storm surge that occurs at low tide, then the peak
storm water level will be lessened; however, if the peak surge coincides with high astronomical
tide the peak storm water level will be increased. For southeastern Louisiana, this effect is rather
small because of the small astronomical tide range (ranging from about 0.5 ft in Lake
Pontchartrain to about 1.5 feet in Breton Sound).

Precipitation can increase the storm-induced water level, either by falling directly on the
local water bodies, or by falling on the adjacent watershed and then running off into the water
bodies. The effect of direct precipitation can be as much as a 1 ft contribution to the peak storm
surge, perhaps slightly more in the case of hurricanes with very high rainfall. Typically some of
the effect of direct precipitation will be felt after the storm surge peak is experienced; and often
the effect of run-off from the adjacent watershed will be experienced after the peak storm water
level has been experienced.

IV-12 Volume IV The Storm
This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



Hurricane Katrina Description and History
Storm Parameters and Track

The approximate storm track for Hurricane Katrina is shown in Figure 1. The position of the
storm center is shown with “X’s”, at particular days/times in late August 2005. All times are
referenced to UTC (Coordinated Universal Time). Table 1 shows the latitude/longitude
coordinates for the storm center, the minimum central pressure in the eye of the storm, and the
maximum sustained surface wind speed (1-min sustained wind speed at 10-m elevation), radius
to maximum winds, and the Saffir-Simpson hurricane intensity categorization (based on the
sustained surface wind speed), every three hours between the times of 0000 UTC on August 26
and 0000 UTC on August 30. The information displayed in Table 1 was produced by the HRD
and Oceanweather, Inc., as part of this investigation. The Saffir-Simpson scale, a hurricane
intensity rating scale, assigns the following categories based on sustained wind speed ranges:

Category 1: 64 to 82 knots
Category 2: 83 to 95 knots
Category 3: 96 to 113 knots
Category 4: 114 to 135 knots
Category 5: greater than 135 knots

The Saffir-Simpson scale, originally derived as a measure of potential hurricane damage, is
based solely on the maximum hurricane wind speed observed anywhere within the storm.
However, as described above, many other factors dictate the water level and wave climate
produced by a particular hurricane, aside from the maximum wind speed. These factors include:
coastline and continental shelf characteristics, storm track, central pressure, forward speed of the
storm, spatial extent and variability of the surface wind fields, phasing with the astronomical
tide, and precipitation. It is also important to note that hurricane intensity can vary considerably
throughout the life of a hurricane (Katrina is an excellent example of this; see Table 1). The
unusually high wave and water level conditions produced by a hurricane are dictated not only by
hurricane characteristics at landfall but also, and importantly, by its characteristics along its path
over open water especially as it approaches landfall.

Wind, Wave, Surge Evolution —the Big Picture

Katrina impacted Florida with hurricane intensity. Once the storm reemerged in the Gulf of
Mexico after passing over the Florida peninsula, it strengthened quickly and again reached
hurricane strength. The storm gradually intensified, and late on August 26 Katrina first became a
Category 2 storm, with maximum sustained winds reaching 83 knots. During the day on August
27, the storm tracked primarily westward at Category 2 strength, occasionally decreasing slightly
in intensity. Knabb et al. (2005) provide a more detailed summary of Hurricane Katrina’s
evolution as a storm system.
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Table 1
Hurricane Katrina Characteristics

North West Radius to Saffir-
Date/Time Latitude Longitude Central Maximum Wind Maximum Winds | Simpson
(UTC) (deg) (deg) Pressure (mb) | Speed (knots) (n mi) Scale
Aug 26 0000 | 25.799 80.289 984 67 10 Catl
Aug 26 0300 | 25.581 80.816 984 63 12 Trop Strm
Aug 26 0600 | 25.402 81.227 987 69 13 Catl
Aug 26 0900 | 25.291 81.436 983 72 12 Catl
Aug 26 1200 | 25.174 81.890 979 75 10 Catl
Aug 26 1500 | 25.035 82.282 971 75 12 Catl
Aug 26 1800 | 24.854 82.650 969 82 13 Catl
Aug 26 2100 | 24.817 82.906 965 83 13 Cat 2
Aug 27 0000 | 24.708 83.309 959 82 18 Catl
Aug 27 0300 | 24.529 83.684 954.5 87 7 Cat 2
Aug 27 0600 | 24.389 83.995 950 90 7 Cat 2
Aug 27 0900 | 24.373 84.336 945 93 6 Cat 2
Aug 27 1200 | 24.400 84.600 942 81 7 Catl
Aug 27 1500 | 24.438 85.040 942 86 23 Cat 2
Aug 27 1800 | 24.459 85.300 948 87 23 Cat 2
Aug 27 2100 | 24.645 85.484 945 87 23 Cat 2
Aug 28 0000 | 24.833 85.846 941 95 28 Cat 2
Aug 28 0300 | 24.958 86.331 939 97 19 Cat3
Aug 28 0600 | 25.217 86.797 935 113 16 Cat3
Aug 28 0900 | 25.500 87.277 915 128 16 Cat4
Aug 28 1200 | 25.747 87.721 908 139 14 Cat5
Aug 28 1500 | 26.100 88.100 907 139 16 Cat5
Aug 28 1800 | 26.347 88.661 902 138 18 Cat5
Aug 28 2100 | 26.807 88.968 903 134 15 Cat4
Aug 29 0000 | 27.198 89.212 904 124 14 Cat4
Aug 29 0300 | 27.624 89.435 908 115 18 Cat4
Aug 29 0600 | 28.132 89.590 910 108 18 Cat3
Aug 29 0900 | 28.751 89.649 917 99 31 Cat3
Aug 29 1200 | 29.479 89.575 923 102 36 Cat3
Aug 29 1500 | 30.255 89.626 932 97 20 Cat3
Aug 29 1800 | 31.043 89.640 948 84 16 Cat 2
Aug 29 2100 | 31.754 89.314 954 75 25 Catl
Aug 30 0000 | 32.729 89.042 963 51 18 Trop Strm

At about 0000 UTC on August 28 the storm turned toward the northwest and experienced
rapid intensification; it evolved from an upper Category 2 intensity storm to a Category 5 storm
in only 12 hours, a very rapid rate. Katrina attained its peak intensity at around 1200 UTC on
August 28; when the maximum sustained surface wind speed reached 139 knots. The storm
remained at Category 5 intensity, with the same maximum wind speed, for the next 6 hours as it
tracked to the northwest. At 1800 UTC on August 28, the storm was centered approximately
170 miles south-southeast of the Mississippi River mouth, headed to the northwest and still at
Category 5 strength.
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Katrina was a very large storm, in terms of its spatial extent, during its migration through the
Gulf. From the time Katrina entered the Gulf, winds along southeastern Louisiana began to blow
from the east, and they remained steady from this direction from 0000 UTC on August 26
through 1800 UTC on August 28 (nearly 3 full days). During this time surface winds along
southeastern Louisiana grew steadily in speed from 5 knots to between 30 and 35 knots. These
winds pushed water to the west along the Alabama and Mississippi continental shelves toward
the Mississippi River delta and began to inundate the coastal wetlands of southeastern Louisiana,
east of the Mississippi River. By 1800 UTC on August 28, when the storm was still 170 miles
away, water levels in Lake Borgne had reached levels that were 3 ft above normal. In response to
the high water level in Lake Borgne, Lake Pontchartrain began to fill and at this same time on
August 28, water levels in the Lake were about 1 ft above normal. At 1800 UTC on August 28,
significant wave heights east of the Mississippi River entrance had reached almost 20 ft in deep
water and about 10 ft just north of the Chandeleur barrier islands. Peak wave periods were 12 sec
at both locations.

During the next 6 hours, between 1800 UTC on August 28 and 0000 UTC on August 29
while the storm was tracking to the northwest, its intensity began to decrease; maximum
sustained surface wind speeds decreased from 139 knots to 124 knots (Category 4 intensity). At
about 0000 UTC on August 29, the storm turned to the north; and as it tracked northward for the
next 6 hours it continued to diminish in intensity. Maximum wind speed decreased to 108 knots
(Category 3 intensity) by 0600 UTC on August 29. During the 12 hours between 1800 UTC on
August 28 and 0600 UTC on August 29, water levels in Lake Borgne (at Paris Road bridge over
the GIWW/MRGO) continued to rise, reaching levels that were 5.5 ft above normal. These levels
were high enough to completely inundate much of the wetland system east of the Mississippi
River levees. Water levels along the southern shoreline of Lake Pontchartrain rose by another
2 ft to levels that were nearly 3 ft above normal. By 0600 UTC on August 29, significant wave
heights had reached almost 35 ft at a location due east of the southern tip of the Mississippi
River delta, in deep water. Just north of the Chandeleur Islands, wave heights had reached 17 ft.
Peak wave periods were nearly 15 sec at both locations. The wave gauge just north of the
Chandeleur Islands (a NOAA National Data Buoy Center buoy) failed shortly after this time.

At around 0600 UTC on August 29 (about 1:00 a.m. CDT on August 29), about 5 hours out
from landfall in Louisiana, the rate of rise of both water level and wave height increased
considerably in southeastern Louisiana. Katrina made landfall near Buras, LA, at around
1100 UTC on 29 August. At landfall, the maximum sustained wind speed was approximately
100 knots (Category 3 strength). The storm retained its large spatial extent, even as it weakened
prior to and after landfall. At approximately 1445 UTC on August 29, the storm again crossed
the coast near the Mississippi/Louisiana border. The maximum sustained wind speed at final
landfall was estimated to be 97 knots. Katrina continued to weaken, and was at Category 2
strength by 1800 UTC August 29 at which time it had moved well inland.

During the 12-hour period prior to Katrina making its final landfall, despite its decreasing
intensity, the storm pushed a considerable volume of water against the Mississippi River delta
and the east-facing levees along the Mississippi River, and in the “pocket” formed by the delta
and the Mississippi coast. The storm then pushed that volume of water northward with hurricane
strength winds toward the Mississippi coast and into Lakes Borgne and Pontchartrain as the
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storm tracked to the north. Locally, hurricane force winds from east and east-northeast in
advance of the storm center also pushed water against the east facing levees and floodwalls of
the hurricane protection system in Plaguemines, St. Bernard and Orleans Parishes. The increased
water levels in Breton Sound and Lake Borgne allowed considerable wave energy that was
generated in the Gulf to propagate over and through gaps between the barrier islands, across the
inundated wetlands, to the hurricane protection system in Plaguemines, St. Bernard and Orleans
Parishes. Local wave generation also occurred in these inundated areas.

High water levels in Lake Borgne acted to drive water into Lake Pontchartrain (because of
the water level difference between the two lakes). In addition to this filling action, locally high
winds in Lake Pontchartrain acted to tilt the water surface in the Lake, raising the water surface
up on the downwind side and lowering the water surface on the upwind side of the Lake. These
same winds created high wave conditions on the downwind side of the Lake. Winds blow
counterclockwise about the hurricane’s eye, and the storm tracked to the east of Lake
Pontchartrain. So as the storm made landfall in Louisiana, tracked north, made final landfall
again, and then continued north into Mississippi, wind direction in Lake Pontchartrain changed
steadily (winds first from the east, then northeast, then from the north, then northwest, and
finally from the west). In response to this changing wind direction, the region of maximum storm
surge and high waves translated along the southern half of the Lake, moving from west to east.

Throughout the system, the very high water levels and wave energy levels created by
Hurricane Katrina exposed the hurricane protection system to considerable hydrodynamic forces.
This section provided a general overview of how the wave and water level conditions evolved
during the storm. Appendix 5 contains a very detailed discussion of the physics of storm surge
wave propagation through the region. The focus for the rest of this volume is characterizing, in
much more detail, the water level and wave conditions along the periphery of the hurricane
protection system. Forces and loadings on the system created by those conditions are also
discussed in more detail. The hydrodynamic conditions created by Katrina are then compared to
the conditions which the projects were designed to withstand, from both regional and high-
resolution hydrodynamic perspectives.

High Water Marks and Hydrographs
Introduction

The IPET study used a combination of measured data and model-simulated data to
characterize the time varying water level conditions. Measured data fell into two categories, high
water mark measurements that capture peak water levels (with some uncertainty) and
hydrographs which capture the water level as a function of time, with more certainty. An
extensive post-storm effort was undertaken to identify and survey high water marks following
passage of the storm. While certain high water marks capture the peak water levels well, they
contain no information about the temporal variation of water level. High water marks also have
their own inherent issues of quality, uncertainty whether they in fact do reflect a peak condition,
and whether or not water surface motions due to short wind waves or other factors are reflected
in a high water mark.
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Measured hydrographs are the most reliable source of data for capturing both the temporal
variation and the maximum water level, and they were used to define conditions wherever
possible. Water level fluctuations were measured with instrumentation during the build-up stage
of the storm at a number of sites throughout the study region; however, few instruments operated
throughout the storm. Most of them failed prior to the peak. Consequently, there is little
measured data that captures peak conditions. In a few cases, photographs and other visual
observations were utilized to provide information about the temporal variation of water level to
supplement the recorded hydrographs. These constructed hydrographs proved to be extremely
valuable for characterizing conditions along the south shore of Lake Pontchartrain.

High Water Mark Acquisition and Analysis

The passage of hurricanes often results in short-period wind waves on top of the much
longer-period storm surge that creates significant entrainment of various types of debris
including vegetation, seeds, dirt, man-made trash, and dislodged building material. Depending
on local conditions, the entrained debris will deposit on or adhere to some surfaces once the peak
water level has been reached and water levels begin to fall. The deposited debris leaves what is
referred to as a high water mark (HWM) and the mark is used to quantify the magnitude of peak
water level. The highest quality marks for estimating storm “still” water levels are those that
have little or no wave effect (i.e., no influence of wave crests or wave run-up). Some HWMs are
collected where significant wave effects are present but that effect is noted. In this analysis, the
focus was on use of HWM s as indicators of storm water level, without the effects of water level
fluctuations due to wave crest or wave run-up effects. Some of the marks do provide useful
information on the extent of wave run-up.

Acquisition of HWM s following Katrina was performed by three Federal agencies, United
States Geological Survey (USGS), United States Army Corps of Engineers (USACE), and
Federal Emergency Management Agency (FEMA) (or a FEMA contractor), and the State of
Louisiana through the Louisiana State University (LSU). All four entities shared the data. Marks
identified by USACE, FEMA, and LSU were also recovered by each respective agency. Most of
the marks identified by USGS were recovered by FEMA (or a FEMA contractor). A selected
subset of approximately 50 marks identified by USGS was also recovered by USGS field crews
to confirm elevations provided by FEMA contractors.

All HWMs were reviewed and assigned a reliability rating. The reliability of each HWM is
assessed as “Excellent”, “Good”, “Fair/Poor”, or “Unknown” if there was no information
provided regarding the type of mark or setting in which it was acquired. There is no standard
method for determining HWM reliability. Moreover, assignment of reliability values to HWMs
is not a totally objective process, but by its nature involves both objective and subjective
elements. Discussion by the IPET team assigning the reliability values led to a consensus that the
mark should reflect, as closely as possible, the stable (“still””) or mean, storm water level. That is,
the physical setting where the mark was located should approximate a tide gauge stilling-well
type environment. The basis for this consensus is that storm surge models do not explicitly
include wave crest or runup effects, and one of the important uses of the HWM data is validation
and verification of surge model simulations.
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Approximately 790 HWMs were identified and recovered by the four previously identified
agencies in Louisiana and Mississippi following Katrina’s passage, excluding marks identified
and recovered within the New Orleans levee system. Of these 790 marks, approximately 95
marks (about 12%) were recovered from the interior of structures and are considered to be the
most reliable measures of the storm water level. The remaining 695 HWMs are debris lines
(wrack lines), or on the exterior of structures where they could include wave or wind-blown
water effects. It should be emphasized here that the exterior HWMs are not less valid measures
of inundation, just that they are not as accurate indicators of what is generally defined as storm
water level.

The area of southeast Louisiana including the New Orleans metropolitan area is known to be
subsiding. To provide the best vertical datum reference for leveling marks in Louisiana, the
National Geodetic Survey (NGS) was consulted. The NGS staff recommended a time-dependent
datum designated NAVD88 (2004.65) be used. The use of NAVD88 (2004.65) resulted in
vertical adjustment of network monumentation in this geographic area of between 0.4 ft and
0.7 ft. Adjustment of the vertical datum used for Mississippi HWMs was considered not required
at this time, so all HWMs in Mississippi are referenced to NAVD88 vertical datum.

Figure 2 is an example image of a HWM presentation, which includes the HWM identifier,
water surface elevation. The shape of the HWM identifier indicates the HWM reliability.
Superposition of the mark on a photographic image aids in assessment and interpretation of
HWMs in light of their geographic setting. The setting in which a high water mark was collected
is important in assessing the physical processes that might be reflected in a mark.

These HWM images were produced for the areas shown in Figures 3 and 4, which show
locations of all the individual images that were created.
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Figure 2. Sample image of the Inner Harbor Navigation Canal and Lock vicinity showing locations of
HWMs and water elevation for each mark
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Figure 3. Index map for northern set of HWM images
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Figure 4. Index map for southern set of HWM images

The images were only produced for HWMs collected in southeastern Louisiana, and for the
most part, only high water marks in unprotected areas are shown in these images. All images and
the index maps are provided in Appendix 1 that accompanies this volume.

All high water marks that were acquired as part of this investigation are provided in a
spreadsheet at the end of Appendix 1. The spreadsheet includes all high water marks collected in
Louisiana and Mississippi, in both unprotected and protected areas. Generally, there are a
number of HWM s in protected areas of Orleans, St. Bernard and Plaquemines Parishes. There
are fewer HWMs in the unprotected areas of eastern St. Bernard, Orleans and particularly
southern Plaguemines Parishes. Analysis and presentation of high water marks presented in this
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volume focus on those marks that reflect water level conditions along the outer perimeter of the
hurricane protection system, for use in analyses of the regional water level conditions.

Additional information is also provided later in this volume that compares estimates of water
level maxima to the maximum water level conditions considered in the design of the hurricane
protection projects. The results presented there reflect our present best estimates of water level
maxima using HWMs where excellent marks exist, maxima from measured hydrographs, or
maxima determined from model results in the many locations where no measured data are
available.

Water Level Hydrograph Acquisition and Analysis

Hydrograph data, as defined here, differ from High Water Mark (HWM) data in that time and
magnitude are known for water level data whereas only magnitude is known for HWM data. The
hydrograph data come from various sources including gauge data, staff readings, and surveys of
physically identifiable objects in time-tagged digital pictures. In the usual (and strict) sense of
usage, the term “hydrograph” refers to water level data from a calibrated staff or instrument
recorded either manually or automatically. Because the time sequence of events is of paramount
importance for the post-Katrina project performance studies, every available technique has been
used to depict as accurately as possible the rise, peak, and fall of storm water levels. All
hydrograph data from identified conventional gauges or calibrated staffs in the affected area
have been reviewed. Unfortunately, most gauges malfunctioned or did not survive, therefore did
not record the peak water level of Katrina. Moreover, there were no gauges at the entrances to
the 17th Street, Orleans, and London Avenue Canals, the GIWW, or the Inner Harbor Navigation
Canal (IHNC) except at the IHNC Lock which is located at the southern end of the IHNC. The
hydrograph from the IHNC Lock was derived from staff gauge readings made by a member of
the Lock operation staff.

Time-tagged digital images from the Lake Pontchartrain - New Orleans lakefront were taken
by several individuals who remained in buildings or on vessels during Katrina’s passage. Using
these images (which contained physically identifiable reference marks), logs of observations,
and nearby HWMs, hydrographs were constructed for the 17th Street Canal entrance, the New
Orleans Lakefront Airport, and the IHNC lock. The constructed hydrographs were crucial pieces
of information for characterizing the time variation of water level along the south shore of Lake
Pontchartrain during the peak of the storm. Recorded and constructed hydrographs are presented
in the following sections. Note that all elevations are presented in the time-dependent vertical
datum NAVD88 (2004.65), and all subsequent discussion will refer to elevations relative to this
vertical datum.

Observed Water Levels in Lake Pontchartrain
High Water Marks at 17th Street Canal Entrance
Figure 5 shows HWMs that were acquired at the entrance to the 17th Street Canal. This

particular site had a very high density of excellent marks. The harbor shown at the top of the
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image was the harbor where digital photos were taken and used to construct a water level
hydrograph. Analysis of the highest quality marks resulted in a best estimate for the peak water
level at the canal entrance of 10.8 ft NAVD88 2004.65. It is interesting to note that there was a
1.7-ft range reflected in the set of excellent marks, and a standard deviation of +/- 0.5 ft about
the best estimate of 10.8.

Figure 5. 17th Street Canal Entrance showing locations of HWMs and water elevation for each mark

High Water Marks at Orleans Avenue Canal Entrance

Figure 6 shows HWMs collected at the entrance to Orleans Avenue Canal. Several of the
marks along the Lakefront appear to reflect the influence of wave runup on the levees and are not
reliable indictors of the peak “still” water level. One very reliable mark along the Lakefront east
of the entrance showed an elevation of 11.8 ft NAVD88 2004.65, and a less reliable a mark
inside the canal (a debris line), which probably does not reflect much wave action, shows an
elevation 10.8 ft. These marks are consistent with those from the 17th Street Canal entrance. In
light of the trend in peak water level variation along the south shore of Lake Pontchartrain, a
gradual increase from west to east, and storm surge model results that show a similar trend, the
peak water level conditions at Orleans Avenue Canal entrance should not greatly differ from
those at the entrance to 17th Street Canal.
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Figure 6. Orleans Avenue Canal Entrance showing locations of HWMs and water elevation for each
mark

High Water Marks at London Avenue Canal Entrance

Figure 7 shows HWMs at the entrance to London Avenue Canal. Many marks were acquired,;
however, none were rated as either excellent or good (reliable) measures of the peak “still” water
level. Taken as a group, the most reliable of the marks within the more protected confines of the
canal suggest peak elevations in the range from 10.0 to 11.2 ft. These peak values are consistent
with marks from the 17th Street and Orleans Avenue Canal entrances. Several higher marks
along the exposed portions of levees seem to reflect the influence of wave runup.

High Water Marks at Lake Pontchartrain Entrance to the IHNC

Figures 8 and 9 show images to the west and east, respectively, of the Pontchartrain entrance
to the IHNC. There are several reliable marks at this location, which are consistent with each
other and show a range of peak water levels of 11.7 to 12.1 ft. Lakefront Airport is also the
location where a hydrograph was constructed from a series of digital photos. Data used to construct the
hydrograph are consistent with these HWMs. The best estimate for peak water level at this location is
11.8 NAVD88 2004.65, and it is based on numerous very reliable HWMs.
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Figure 7. London Avenue Canal Entrance showing locations of HWMs and water elevation for each
mark
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Figure 8. Lake Pontchartrain entrance to the IHNC, west side, showing locations of HWMs and water
elevation for each mark
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Figure 9. Lake Pontchartrain entrance to IHNC, Lakefront Airport, showing locations of HWMs and water
elevation for each mark

Lake Pontchartrain Hydrographs

Figure 10 shows a map of various locations in Lake Pontchartrain where measured
hydrographs were acquired or where hydrographs were constructed from digital photos.
Figure 11 shows a plot of five hydrographs recorded at gauge sites and the two constructed
hydrographs (at the entrance to 17th Street Canal and at the New Orleans Lakefront Airport). A
very detailed description of procedures used to construct the two hydrographs and all photos
used in the analysis are provided in Appendix 1. Each hydrograph in Figure 11 is also labeled
with a relative location in Lake Pontchartrain, west, central or east.

The constructed hydrographs at the 17th Street Canal and the Lakefront Airport and the
gauge hydrographs at Southshore Marina, Little Irish Bayou, Pass Manchac, and Bayou
Labranch were all established directly to NAVD88 (2004.65) via surveying. For the purposes of
this work, the Midlake Gauge was adjusted to NAVD88 (2004.65) by matching the average of
the Pass Manchac and Bayou Labranch gauge hydrographs before the storm.

Along the south shore of Lake Pontchartrain, a much more rapid rate of water level rise
began at about 1:00 a.m. CDT on August 29 (0600 UTC). At this time, water level along the
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south shore began to increase from a level of about 3 ft NAVD88 2004.65 and rose to a peak
level of about 11 to 12 ft NAVD88 2004.65 roughly 8 hours later (an average rate of rise of
approximately 1 ft per hour). The peak water level, based on the reconstructed hydrographs from
the 17th Street Canal Entrance and Lakefront Airport, was observed along the south shore of the
Lake sometime between 9:00 a.m. and 10:00 a.m. CDT on 29 August (1400 and 1500 UTC).

Figure 10. Lake Pontchartrain hydrograph locations
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Figure 11. Gauge Hydrographs and Constructed Hydrographs on Lake Pontchartrain

Lake Pontchartrain South Shore - Alongshore Variation in Peak Water Level

Figure 12 shows a plot of high water marks along the south shore of Lake Pontchartrain. The
marks are separated into three categories: USACE marks inside buildings, USACE levee debris
marks, and FEMA wrack or debris line marks, with the last two categories being essentially the
same type of mark in terms of reliability. The plot also shows a best estimate of the alongshore
variation of peak storm water level based on the highest quality HWMs. The figure clearly
shows the wide range of variability associated with less-reliable HWMs (debris lines and wrack
lines), relative to the trend that is apparent based on the marks that are considered to be the most
reliable indicators of the maximum storm “still” water level.
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Figure 12. Variation of peak water level along south shore of Lake Pontchartrain based on high water
marks

With the exception of the Williams Boulevard location, the best-estimate line is based on
USACE marks inside buildings that were rated as having excellent reliability. At Williams
Boulevard, there is a restroom on the lakefront that has all the characteristics of an excellent
stilling well. The elevation of the mark (6.5 ft) in this restroom is much lower than the levee
debris found by both the USACE and the FEMA teams. The 6.5 ft elevation is consistent with
the elevations from Hurricane Rita. Any marks on Figure 12 less than about 7.5 ft and to the east
of Bayou Labranch could reflect Hurricane Rita rather than Hurricane Katrina. The levee debris
is accepted at this location because the foreshore slope between the levee debris and the lake is
extremely flat and long that would have resulted in minor wave action at the location where the
levee debris was deposited.

Using the best estimate peak high water mark curve, the peak water level at the entrance to
the four canals along the south shore of Lake Pontchartrain were assigned the following values:
1) 10.8 ft at 17th Street Canal entrance, 2) 11.1 ft at Orleans Avenue Canal entrance, 3) 11.4 ft at
London Avenue Canal entrance, and 4) 11.8 ft at the entrance to the IHNC. Using these peak
water levels at the canal entrances along with the constructed hydrographs at 17th Street Canal
and the Lakefront Airport, hydrographs were interpolated for Orleans Avenue Canal, London
Avenue Canal, and the IHNC entrances as shown in Figure 13. These constructed hydrographs
were the best available information for characterizing the water level hydrographs at the
entrances to each of the canals, and they were used to define the time variation of water level
during Hurricane Katrina at these locations. The peak water levels occurred sometime between
0900 CDT and 1000 CDT on 29 August (1400 and 1500 UTC), but were defined to occur at
0930 CDT (1430 UTC).

Volume IV The Storm IV-31
This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



Lake Pontchartrain Canal Hydrographs- General

12 —&— NWS Midlake Gage- Observed data
11 17th Street Canal- Observed data
10 =@=| akefront Airport- Observed data

Orleans Canal- interpolated
=== ondon Canal- interpolated
=@=|HNC-interpolated

T,

z

;E'ﬂsﬂsf

Elevation, ft NAVD88 (2004.65)
N W o N
N
|
i

8/28/05 0:00
8/28/05 6:00
8/28/05 12:00 -
8/28/05 18:00 -
8/29/05 0:00
8/29/05 6:00
8/29/05 12:00 -

8/29/05 18:00
8/30/05 0:00 -
8/30/05 6:00 -

8/30/05 12:00 -

8/30/05 18:00 -
8/31/05 0:00

Date and Time, CDT

Figure 13. Constructed and interpolated hydrographs at canal entrances

Observed Water Levels along the IHNC

This section summarizes high water marks and hydrographs from self-recording gauges, staff
gauges, and digital pictures along the Inner Harbor Navigation Canal (IHNC). The variation of
peak water level along the IHNC from high water marks is also presented. Figure 14 shows a
plot of data from two self-recording gauges at 1-10 on the IHNC, a self-recording gauge at Paris
Road (1-510) on the GIWW/MRGO, staff gauge readings at the IHNC Lock, and water levels
derived from digital pictures taken at the IHNC Lock.
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Figure 14. Hydrographs on the IHNC and GIWW

During passage of Hurricane Katrina, water levels were recorded by an operator from the
staff gauge at the IHNC Lock. The operator stated that each hour, on the hour, he would read the
high and low and record an average value. Based on the recorded readings and the operator’s
statements, the gauge was being read to the nearest 0.1 ft for elevations below about 12.5 ft and
the nearest 0.5 ft while the stage was approaching the peak and wave action was significant. The
staff gauge was surveyed by the IPET datum team and the 15-ft mark was found to be equal to
an elevation of 14.3 ft NAVD88 (2004.65). All IHNC staff gauge readings were reduced by
0.7 ft to convert to NAVD88 (2004.65). The hydrograph established from these staff gauge
readings was the only hydrograph that captured the peak water level condition in the IHNC and
GIWW. Digital pictures also were taken by one of the IHNC Lock personnel, and water levels
were derived from the photos following the same procedures used to construct hydrographs for
Lake Pontchartrain. See Appendix 1 for more details.

The rate of water level rise at the IHNC Lock significantly increased, beginning at about
11:00 p.m. CDT on August 28 (0400 UTC on 29 August) when the water level was about 5 ft
NAVD88 2004.65. Peak water level at the IHNC Lock was observed at approximately 9:00 a.m.
CDT (1400 UTC) on 29 August, when the maximum hourly elevation was recorded, but the
actual peak may have occurred a little earlier. Between 11:00 p.m. on 28 August and 9:00 a.m.
CDT on 29 August, the water level rose approximately 9 ft, an average rate of 1 ft per hour.

High water marks that were rated excellent in terms of reliability were also collected in the
vicinity of the lock. However, in light of the perceived reliability of the operator who read the
staff gauge, the reading of 14.3 ft (2004.65) is considered the best estimate of the peak high
water at this location. High water mark data acquired nearby ranged from 13.2 to 13.8 ft (see
Figure 2).
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As shown in Figure 14, the USGS gauge at 1-10 on the IHNC experienced a 5-ft drop in stage
at about 4:30 a.m. CDT on August 29 when the stage was about 9.5 ft. At first, this drop was
interpreted to mean that a breach on the IHNC occurred at this time but most people doubted that
the water level dropped 5 ft. A PVC pipe holding the USGS gauge has a top elevation of about
9 ft on the staff gauge. The electronic cable holding the USGS pressure transducer inside the
PVC pipe is exposed above the top of the pipe. One possible explanation of the 5-ft drop is that
the high velocities through the railroad/l-10 bridge opening in the floodwall which did breach,
along with debris, snagged the cable and pulled the transducer up out of the pipe giving it an
apparent drop in water level. The Orleans Levee District (OLD) gauge, which is located right
beside the USGS gauge, is a float gauge that did not experience this magnitude of drop in water
level but did experience identical 7.8 ft readings at 4:00 a.m., 5:00 a.m., and 5:40 a.m. followed
by a rapid rise in 8 minutes to about 10.9 ft. The 10.9 ft reading is in agreement with the IHNC
Lock readings. The pattern of constant readings followed by a rapid rise is consistent with a float
gauge that became stuck. Because the OLD and USGS gauges are located within 10 ft of each
other, the difference in water levels between the two gauges raises concerns about readings on
both gauges after about 4:30 a.m.

The peak water level variation along the IHNC is complicated by railroad bridges that were
in the down position and had relatively low chord elevations. Low chord elevation on a bridge
refers to the lowest elevation at which the bridge structure begins to block the flow area. The low
chord elevations for bridges on the IHNC are as follows:

e Railroad bridge at Lakeshore Drive- elevation 2.4 ft
o Railroad bridge at I-10- elevation 3.5 ft
e Railroad bridge at Florida Avenue- elevation 4.1 ft

Peak water levels are also complicated by the presence of the Port of New Orleans (PONO)
floodwall that was never finished and does not tie into the USACE protection on the north end of
the PONO. In addition, some or all of the floodgates on the PONO were either not closed or only
partially closed during Katrina. Personnel of the OLD stated that these floodgates are generally
not closed because of the lack of completion of the PONO floodwall on the north end.

Figures 15, 16, and 17 show high water marks and layout of the USACE hurricane protection
along the west side of the IHNC. Figure 16 shows the layout of the PONO floodwall. In
Figures 15 and 16, at the railroad south of 1-10 on the west side, is the floodwall opening that
was sandbagged prior to Katrina and failed sometime during Katrina (the breach referenced
above). High water mark LA 1054 at 13.0 ft is close to this opening and may have been affected
by the sandbag failure. The other marks in this area of 14.2-14.4 ft are believed to better
represent water levels immediately south of the railroad bridge which is just south of the 1-10
bridge.
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Figure 15. Floodwall layout, wall elevations, and high water marks along the west side of IHNC, Lake
Pontchartrain to 1-10
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Figure 16. Floodwall layout, wall elevations, and high water marks along the IHNC, 1-10 to Florida Avenue
railroad bridge
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Figure 17. Floodwall layout, wall elevations, and high water marks along the west side of IHNC, Florida
Avenue railroad bridge to IHNC Lock

High water marks on the north side of the railroad bridge (12.5 and 12.8 ft) show about a
1.5 ft drop in water level across the bridge. The large difference in elevation on either side of the
railroad bridge might be due to head loss across the bridge. The railroad bridge was in the down
position during Katrina. Photographic evidence on the ground showed vegetation laid down
indicating high velocity through the I-10/railroad area of the IHNC.

In Figure 16, high water marks acquired east of the PONO floodwall show peaks of 15.2 at
several locations. At the junction of the IHNC and MRGO, a HWM of 15.4 ft was recorded.
High water marks on the west side of the PONO generally show values that are approximately
1 ft lower, peaks of 14.2 to 14.3 ft. The difference in peak water level across the PONO
floodwall is likely due to (1) the 1600-ft long east-west earth levee on the west side of the PONO
that was at an elevation of about 11.0 ft and experienced overtopping and breaches, and
(2) overtopping of the USACE floodwall all along the reach west of the PONO floodwall.
Overtopping of the flood walls and breaching may have created a local drawdown in water
surface and reduced the peaks west of the PONO floodwall to values closer to 14 ft.
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In Figure 17 on the south end of the floodwall, note that high water mark data are only
available at the IHNC Lock and at the south end of the PONO floodwall. The elevation drops
from 15.2 ft at the south end of the PONO floodwall to about 14.3 ft at the Lock based on the
staff gauge or about 13.8 ft based on the high water marks. As stated above, this could have been
the result of the breach into the Lower 9th Ward and/or the other breach just to the north.
Another possibility or a contributing factor could have been the head loss across the Florida
Avenue railroad bridge that was also reported to be in the down position during the storm.

Figure 18 shows the variation of peak water level along the IHNC based on high water
marks. Note the gradient in peak water level from the IHNC’s Lake Pontchartrain entrance to the
confluence of the IHNC with the GIWW/MRGO. The peak water level increases from 11.8 ft to
15.4 ft, a difference of nearly 4 ft over a rather short distance. As described below, the peak high
water at Paris Road Bridge on the GIWW/MRGO is 15.5 ft and the peak high water further to
the east along the GIWW at Chef Menteur Pass is 15.7 ft. This high peak water level gradient
within the northern section of the IHNC reflects the hydraulic connectivity present in the system
between Lake Borgne, where the storm surge was much higher (15.5 ft or more), and Lake
Pontchartrain, where the storm surge was lower (11.8 ft). The connectivity is created by the
presence of the IHNC and GIWW/MRGO channels.

High Water Marks Along IHNC
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Figure 18. Variation of peak water level along IHNC based on high water marks

Observed Water Levels along the GIWW and MRGO

High water marks collected along the GIWW and the MRGO are described in the following
paragraph. Marks are presented below, beginning at the IHNC, then moving east along the
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GIWW. The marks suggest a gradual increase in peak water level from about 15.2 to 15.4 ft
NAVD88 2004.65 at the confluence of the IHNC and GIWW/MRGO to a slightly higher value
of about 15.5 ft where the MRGO and GIWW channels diverge. A little further to the east along
the GIWW, adjacent to the Chef Menteur Pass, two excellent marks were collected in the interior
of homes that had elevations of 15.7 and 15.8 ft NAVD88 2004.65. These marks are consistent
with the trend of gradually increasing peak water level from west to east along the GIWW. The
marks that were rated either good or excellent in terms of reliability as indicators of storm water
level are indicated with asterisks.

a. LA 1004* (el 15.2 ft) - Mark is debris line on interior wall of Crane Building at
Maersk/Sealand located at the intersection of the IHNC and the GIWW/MRGO.
Structure is located on the east side of the Port of New Orleans floodwall.

b. LA 1030* (el 15.2 ft) - Mark is debris line on interior wall of Crane Building at
Maersk/Sealand located at the intersection of the IHNC and the GIWW/MRGO.
Structure is located on the east side of the Port of New Orleans floodwall.

c. LA 1260* (el 15.4 ft) - Mark is debris line on interior wall of bathroom located at the
intersection of the IHNC and the GIWW/MRGO. Structure is located on the east side of
the Port of New Orleans floodwall.

d. LA 1039* (el 15.5 ft) - Mark is located at Boh Bros construction site on the north side of
the GIWW/MRGO about 2.4 miles west of the confluence of the GIWW and MRGO.
The mark was a debris line on an interior wall of the elevated office building. On the
initial visit, the highest mark found was at 14.5 ft but it was a weak debris mark at 2.3 ft
above the floor. On a subsequent visit, a better debris line was found at 3.3 ft above the
floor giving an elevation of 15.5 ft.

e. LA 1053* (el 15.5 ft)- Mark is at the Entergy power plant that is on the north side of the
GIWW/MRGO and about 0.7 miles west of the confluence of the GIWW and MRGO.
The mark was inside a building that is at the water’s edge of the MRGO. The mark was a
debris line inside an electrical panel box.

f. LA 1093 (el 14.7 ft)- Mark is at the Entergy power plant that is on the north side of the
GIWW/MRGO and about 0.7 miles west of the confluence of the GIWW and MRGO.
Mark was debris on a chain link fence.

g. LAL1083* (el 15.7 ft) — Mark is from the interior of a home on the north side of the
GIWW, adjacent to the Chef Menteur Pass.

h. LA1090* (el 15.8 ft) — Mark is from the interior of another house in on the north side of
the GIWW, adjacent to the Chef Menteur Pass, in the same vicinity as the LA1083 mark.

High water marks collected along the MRGO are described in the following paragraph.
Marks are presented beginning at point where the GIWW and MRGO channels diverge and then
moving to the southeast along the waterway. Marks referenced here end at Shell Beach. The
marks that were rated either good or excellent in terms of reliability as indicators of storm water
level are indicated with asterisks.

a. LA 1043 (el 18.2 ft)- Located 1.1 mile southeast of the GIWW/ MRGO junction at the
Bayou Bienvenue structure. This mark is debris inside a radiator that is inside the gauge
house (Figure 19). The doors to this gauge house were damaged by the storm surge and
significant flow was passing through the gauge house. The large amount of flow through
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the gauge house and potential for wave effects within the gauge house may cause this
mark to be high.

b. LA 1044 (el 18.5 ft)- Also at Bayou Bienvenue. The mark was debris on the upper
handrail outside the gauge house in a setting that was exposed to wave activity.

c. LA 1045 (el 16.5 ft)- Also at Bayou Bienvenue. The mark was debris on the lower
handrail outside the gauge house and in a setting that was exposed to wave activity.

d. LA 1040 (el 20.8 ft)- At Bayou Dupre Structure on MRGO about 7.5 miles southeast of
the GIWW/MRGO junction. The mark was acquired inside a gauge house that was
heavily damaged, and was small amount of debris in window frame. The mark is likely
high as a measure of storm water level due to exposure to wave action inside the small
gauge house.

e. LA 1041 (el 16.8 ft)- Also at Bayou Dupre. Debris on lower guardrail. Wave influence is
expected.

f. LA 1042 (el 21.7 ft)- Also at Bayou Dupre. Debris on light standard on outside of gauge
house, and likely high to wave action.

g. LA 1155- This mark was not surveyed and was only accessible by boat since it was on
channel marker #107 (Figure 20). The marker is about 13.8 miles southeast of the
GIWW/MRGO junction and about 0.7 miles southeast of where the levee protection
leaves the MRGO. The debris on this tower was measured at 19.6 ft above the water level
at 1345 hrs on 10/17/2005. The Bayou Dupre gauge read about 1.8 ft on this same day
giving an elevation of about 21.4 ft (relative to an uncertain datum). This exposed setting
likely experienced considerable wave action. Water depth at the channel marker on the
day of the inspection was about 12 ft.

h. LA 1087* (el 18.1 ft)- Well-defined debris line inside a bedroom of a home (Figure 21)
at Shell Beach that is about 19 miles southeast of the GIWW/MRGO junction. High
water mark is 31" above second level floor.

i. LA 1088* (el 18.7 ft)- Well-defined debris line inside pantry of a different home at Shell
Beach. Of the three marks at Shell Beach, this house is closest to the MRGO.

J. LA 1089* (el 17.1 ft)- Inside a business at Shell Beach. Of the three marks at Shell
Beach, this business is farthest from the MRGO. There are two additional marks of
unknown reliability near this same mark which are very consistent with the elevation of
LA 1089 (KLA-USGS-94, el 16.9 ft, and KLAC-88-02, el 17.1 ft).
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Figure 19. Bayou Bienvenue Gauge House
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Figure 20. LA 1155 on MRGO. Debris on tower
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Figure 21. Home in Shell Beach containing high water mark LA 1087 at 31" above second level floor.

Figure 22 shows a plot of the high water mark data along the GIWW and the MRGO along
with a best estimate line. The best estimate line ends at the Entergy Plant because of uncertainty
in the role of waves in the high water marks at Bayou Bienvenue and Bayou Dupre gate houses,
the large wave component at channel marker 107, and the fact that Shell Beach is beyond the
levee protection. Of all the marks southeast of the GIWW/MRGO junction, the marks at Shell
Beach are the most reliable estimates of the peak “still” water level.

Observed Water Levels in South Plaquemines Parish

Only two reliable HWMs were acquired in South Plagquemines Parish in unprotected areas.
They were at the same location, the Empire Lock, along the Mississippi River. Elevations at
LA1077 and LA1078 were 14.2 and 14.4 ft NAVD88 2004.65, respectively (see Image 52 in
Appendix 1). These were the southernmost HWMs that were collected. There were several other
marks acquired at different locations along the Mississippi River in South Plaquemines Parish.
All others were rated as having lower reliability, and they exhibited great variability. Some of
the other higher marks were in the 15 to 17 ft range.
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Peak Water Level along GIWW/MRGO
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