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FOREWORD

This document is one of a number of technical appendices to the Mississippi Coastal Improvements
Program (MsCIP) Comprehensive Plan and Integrated Feasibility Report and Environmental Impact
Statement.

The Mississippi Coastal Improvements Program (MsCIP) Comprehensive Plan Integrated Feasibility
Report and Environmental Impact Statement provides systems-based solutions and
recommendations that address: hurricane and storm damage reduction, ecosystem restoration and
fish and wildlife preservation, reduction of damaging saltwater intrusion, and reduction of coastal
erosion. The recommendations contained in the Main Report/EIS also provide measures that aid in:
greater coastal environmental and societal resiliency, regional economic re-development, and
measures to reduce long-term risk to the public and property, as a consequence of hurricanes and
coastal storms. The recommendations cover a comprehensive package of projects and activities,
that treat the environment, wildlife, and people, as an integrated system that requires a multi-tiered
and phased approach to recovery and risk reduction, irrespective of implementation authority or
agency.

The MsCIP Study Area

The purpose of the Comprehensive Plan Report is to present, to the Congress of the United States,
the second of two packages of recommendations (i.e., the first being the “interim” recommendations
funded in May 2007, and this “final” response, as directed by the Congress), directed at recovery of
vital water and related land resources damaged by the hurricanes of 2005, and development of
recommendations for long-term risk reduction and community and environmental resiliency, within
the three-county, approximately 70 mile-long coastal zone, including Mississippi Sound and its
barrier islands, of the State of Mississippi.
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This appendix, the Main Report/EIS, and all other appendices and supporting documentation, were
subject to Independent Technical Review (ITR) and an External Peer Review (EPR). Both review
processes will have been conducted in accordance with the Corps “Peer Review of Decision
Documents” process, has been reviewed by Corps staff outside the originating office, conducted by
a Regional and national team of experts in the field, and coordinated by the National Center of
Expertise in Hurricane and Storm Damage Protection, North Atlantic Division, U.S. Army Corps of
Engineers.

The report presents background on the counties that comprise the Mississippi coastline most
severely impacted by the Hurricanes of 2005, their pre-hurricane conditions, a summary of the
effects of the 2005 hurricane season, problem areas identified by stakeholders and residents of the
study area, a summary of the approach used in analyzing problems and developing
recommendations directed at assisting the people of the State of Mississippi in recovery,
recommended actions and projects that would assist in the recovery of the physical and human
environments, and identification of further studies and immediate actions most needed in a
comprehensive plan of improvements for developing a truly resilient future for coastal Mississippi.

This appendix contains detailed technical information used in the analysis of existing and future
without-project conditions, in the development of problem-solving measures, and in the analysis,
evaluation, comparison, screening, and selection of alternative plans, currently presented as
tentatively-selected recommendations contained in the Main Report/EIS.

Each appendix functions as a complete technical document, but is meant to support one particular
aspect of the feasibility study process. However, because of the complexity of the plan formulation
process used in this planning study, the information contained herein should not be used without
parallel consideration and integration of all other appendices, and the Main Report/EIS that
summarizes all findings and recommendations.

This appendix, The Engineering Appendix, contains detailed supporting data and technical
information on the many engineering options that were considered as possible measures that could
be used in the Comprehensive Plan. Each option can be used as a stand-alone measure or in
combination with other engineering options, environmental measures or non-structural programs in
the development of alternatives for the Comprehensive Plan.

Mississippi Coastal Improvements Program (MsCIP)
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EXECUTIVE SUMMARY

Hurricanes are commonly recurring hazards for coastal Mississippi. Climatologically, the central Gulf
coast region has one of the highest rates of occurrence in the United States. The Atlantic tropical
cyclone database since 1886 indicates significant tropical storm impacts on the region occurring
about every 2-3 years, and at least category 1 hurricane impact about every 8-9 years. Development
along the Mississippi coastline with relatively low elevations in many areas has created a landscape
that is highly susceptible to storm damage. Two bays that divide the coastlines of the three counties
also aggravate the potential for inland flooding due to storm surge. The influence that landfall
location for hurricanes may impart on storm surge is based on physical reasons and dictates why
western Mississippi might register higher stages for a given hurricane than elsewhere along the
Mississippi Coast. While the central coast of Mississippi has the highest topography, major
hurricanes such as Camille in 1969 and Katrina in 2005 still produced surges that devastated this
highly developed area. The area that was completely inundated due the storm surge associated with
Hurricane Katrina is shown in Figure ES-1. Approximately half of the coast of Mississippi including
all of Harrison County has man-made beaches with high-value real estate immediately landward of
the beaches. Essentially all of the structures facing the Mississippi Sound were completely
destroyed in Katrina.

Figure ES-1. Inundated Areas of Coastal Mississippi from Hurricane Katrina Storm Surge

The Mississippi coast and its offshore chain of barrier islands is a wave-dominated coastline.
Because prevailing wind in the Mississippi barrier island and mainland areas is from the eastern
guadrants, most waves approach the shoreline at an angle and induce longshore currents that move
sediment to the west. The islands migrate west due to littoral drift at approximately 50 ft/yr. Studies

Engineering Appendix ES-1
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also show that all of the barrier islands are losing surface area due to erosion caused by a number of
factors including the impacts of major storms.

Sea level rise and land surface subsidence have been taken into account as part of this study and is
reported as “relative sea level rise” which accounts for both as a single value. The Intergovernmental
Panel for Climate Change (IPCC) ‘high’ values were selected for evaluating project performance as
the ‘higher than observed rate’ versus those predicted using EPA and NRC methods because the
IPCC values are more recent and more widely (globally) used. In a subtle departure from USACE
guidance, relative sea level rise values based on IPCC ‘expected’ (also referred to as ‘medium’ and
‘central value’) eustatic sea level rise predictions were adopted in lieu of rise computed using
extrapolated historic rates because most experts believe that the rate of sea level rise will increase
in this century and extrapolated historic rise assumes past relative sea level rise rates will persist.

With the task of developing a comprehensive hurricane damage reduction plan for the coast of
Mississippi, several issues had to be considered. First, it had to be technically feasible. The storm
damage reduction system must be designed such that it would be effective and at the same time not
destroy what it was supposed to help protect? It had to be reliable so when needed, it would do the
job it was designed for. It also needed to be cost effective. This system also had to be integrated into
other storm reduction concepts such as non-structural solutions and buy-out programs. It must also
include re-establishing some wetland areas as environmental components of the plan. The
development along the coast had some areas that were not contiguous to highly developed areas
like found in Harrison County where the entire coastline is densely developed. These outlying areas
will require individual means for any storm damage reduction. Almost any project along a coastline
has environmental concerns and this is true in Mississippi. In Jackson County, the Pascagoula River
system separates the city of Pascagoula from most of the coast to the west. This river system with
its vast marshes areas is one of the last major free-flowing rivers in the southeast and is home to an
endangered fish species. In the western portion of the state, extensive marshes create other
concerns along with the Pearl River that separates Mississippi from Louisiana. Other technical
issues also made working in this river problematic.

Review of the coastline in Mississippi using aerial photographs, topographic maps, LIDAR surveys,
and storm inundation data revealed that natural topography could play a major role in forming storm
barriers. Other features such as the offshore barrier islands, extensive beaches in many areas, and
existing beach-front roadways were also realized as having a role in formulating a storm defense
system. An existing railway track crosses the entire state near the coast and in the typical fashion of
railways, these tracks follow high ground. This same general alignment was judged to be favorable
for any type of inland barrier.

Review of the inundation maps from Katrina also revealed the extensive low-lying areas associated
with two bays that extend inland from the coast. It was apparent that any storm protection systems
would have to consider these as breaks in the line. Closing off rivers and bays with surge gates has
been used in Europe to protect inland areas and these type structures have been considered for
Mississippi.

During planning sessions with the project delivery team, a structural “Lines of Defense” concept was
drafted that started with the offshore barrier islands and progressed inland to what could be
considered the worst possible scenario with a extremely large hurricane, even worse than Katrina.
Research identified numerous methods that have been developed to provide protection from storm
surge. Along with the traditional methods of levee or structural seawall construction, many other
types of protection were reviewed. These included inflatable barriers, concrete sidewalks or
roadways that could be hydraulically rotated upwards to form a seawall, sliding panel gates, offshore
breakwaters, and many types of surge barriers to close off the bays. The lines would also provide
increasing levels of protection as you transgressed inland. It was understood that some lines would

ES-2 Mississippi Coastal Improvements Program (MsCIP)
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not provide protection from large storms. It was also evident that several areas of the coast could not
be included in continuous line of defense and would be either placed in a ring levee system or
designated to a non-structural solution.

From the planning session came five conceptual lines of defense. The general concept for this plan
was made in a project team meeting that included engineers, environmentalists, planners, and
geologists. Information from along the coastline was gathered that included large scale aerial
photography, topographic maps, navigation maps, and a large collection of pre and post-Katrina
photographs.

The first apparent feature to be considered was the offshore barrier islands that had been included in
the Mississippi Governor’'s Hurricane Recovery Plan. Designated as Line of Defense (LOD) 1, the
barrier islands have been eroded by numerous storms. In 1969, Hurricane Camille caused extensive
erosion on the islands and created a large breach in Ship Island, (see Figure ES-2). This breach
began to heal from the east as the littoral drift of sand added land mass to the west end of East Ship
Island. This large scale breaching occurred again during Katrina, eroding away all the sand that had
collected over the previous 35 years since Hurricane Camille. The post-Camille shoreline of Ship
Island was documented by the Mississippi Department of Environmental Quality. After Katrina, it was
widely expressed that if the islands had been in a pre-Camille condition, the storm surge would have
been much less along the mainland coast. This scenario was modeled to help predict what effects
the islands play in storm reduction. There are a total of seven different options included in this report
covering a wide range of possible ways to mitigate erosion of the islands.

Source — United States Geological Survey

Figure ES-2. Before and After. The aerial photograph on top shows the islands in 1997 prior to
Hurricane George in 1998. The bottom photograph shows the same view of the eroded condition
of East and West Ship Island after Hurricane Katrina. Prior to a breach during Hurricane Camille,
Ship Island was a single island, although the island has been breached prior to Camille.

Engineering Appendix ES-3
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The beaches (manmade in the 1950s) that extend along much of the coast were also considered as
a feature that could be modified to provide some level of protection by construction of dunes on the
beaches. Other projects are underway to improve some of the beaches and proposed projects would
construct small dunes on most of the beaches. Improving on these features by adding higher dunes
and/or dune vegetation was designated as LOD-2. These would not provide protection from large
storms, but would be beneficial for smaller storms and would provide recreational and environmental
benefits. Each of the three counties has beaches that fit this scenario for adding dunes. For each
county, 11 options were considered for adding some measure of dune creation. Most of the options
have versions that included adding vegetation and sand fencing as well as dunes without these
features. Eight of the options in each county have the dune placed against roadways that parallel the
beaches with the assumption that these roadways would be elevated as a separate measure. Each
of these options have a dune crest elevation less than the adjacent roadway (possibly raised in the
future under LOD-3 options) to prevent sand from constantly being blown onto the road. A photo of
the existing condition of the beaches and roads in Harrison County is shown in figure ES-3. These
options have some value as protection for the road, but more value as an ecological benefit. Two
other options include a stand-alone dune out on the beach that could provide some level of surge
defense along with ecological benefits. Each county also has an option with a wide sand berm fully
planted with sea oats, the preferred vegetation to help stabilize dunes. This option will allow the sea
oats to trap wind-blown sand and naturally build a dune with time. The dune options in all three
counties total 33 different measures that could be considered.

Figure ES-3. 2007 photograph of Biloxi Beach showing the existing beach berm and the adjacent
seawall and roadway.

As mentioned above, another existing condition along much of the coast is roadways that coincide
with the beaches. It was envisioned that raising these roadways would have minimal environmental
impact and provide the first hardened barrier to surge damage. These roadways, while not

ES-4 Mississippi Coastal Improvements Program (MsCIP)
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continuous along the coast, were designated as LOD-3. The new road elevations would not be as
high as to act as a seawall for very large storms, but like LOD-2, they would be beneficial for smaller,
more frequent storms. While different elevations were initially considered for the roadways, the
technical difficulty of raising the roads over six feet was realized. This is due to the numerous
intersecting roads, driveways, and parking areas that could not be constructed without extreme
grades. The existing beachfront roads in Hancock and Jackson have a typical grade elevation of 5.0
(NAVD88) and the general grade elevation for US 90 in Harrison County is 10.0 (NAVD88) although
it varies from elevation 7.0 to 16.0 (NAVD88) depending on the exact location. With the existing road
elevations, a top elevation of 11.0 (NAVD88) was selected for study in Hancock and Jackson County
and a top elevation of 16.0 (NAVD88) was selected for study in Harrison County for a total of three
options. It was also recognized that LOD-3 would require that a barrier be placed at the mouths of
the bays to be effective against back-flooding.

Some areas of the coast were not associated with beaches or existing roadways that allowed for a
continuous defense line. When including environmental and/or technical reasons, these areas could
only be viewed as stand-alone projects such as ring levees. These areas included five communities
in Jackson County and one in Hancock County. For discussion purposes, these were also included
in LOD-3. Each of the conceptual ring levees have been evaluated for construction at two elevations,
20.0 and 30.0 (NAVDB88). The costs also included interior drainage, pumping stations, gates for
roadways and overtopping protection. Some sites also have one or more alternate alignments. The
alternate alignments were selected to lessen the impacts on wetlands, lessen the intensity of wave
action or to decrease the construction costs versus adding non-structural solution areas. With all ring
levee elevations and alternate alignments, there are 24 different options for further consideration.

Further inland, an existing railroad grade provided a levee-like barrier to storm surge from Katrina in
some areas, (see Figure ES-4). This railway extends all the way across the State crossing both St.
Louis Bay and Biloxi Bay. In Harrison County, the railway parallels the coastline just a few blocks
inland. Using a parallel, high-ground alignment as the railway system, an inland barrier was
envisioned that could be constructed to such an elevation as to protect from a large storm surge,
even larger than Katrina. Like LOD-3, this system would require that the bays be closed off with
barriers from surge to be effective. As LOD-4, this barrier was studied at elevations up to the
maximum storm surge or maximum possible intensity (MPI) storm that could be predicted based on
simulated hurricane events. These selected elevations are 20.0, 30.0 and 40.0 (NAVD88). Possible
options for LOD-4 include omitting the surge barrier across St. Louis Bay. This would require that
LOD-4 be terminated o the east side of the bay. An alternate alignment to satisfy this option was
selected at Menge Avenue in Pass Christian where the LOD-4 levee could be extended northward to
higher ground. This option would also leave the town of Bay St. Louis without any type of surge
protection. If this alternate alignment is used, Bay St. Louis hurricane defenses could be included as
a ring levee with an option under LOD-3. Many alignments for project termination on the western and
eastern sides of the state were considered before one that was selected, mostly due to technical and
environmental reasons. This system would not cross the Pearl River on the western side of the state
nor the Pascagoula River in Jackson County. Including all the different elevations and alignments for
LOD-4, there are a total of 22 options including the six options for the surge gates.

Engineering Appendix ES-5



Figure ES-4. The CSX Railway parallels the coast and its embankment acted as a low
levee-like storm surge barrier in some areas.
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As maximum protection from the largest storm surge event, the limits of surge predicted from the
MPI event was transposed to maps. This location of this line was shifted as refinements were made
in the storm surge modeling. While actually a non-structural measure, it was designated as LOD-5. It
would be an area north of any potential surge damage that would be recommended to local
governments for location of critical infrastructure such as hospitals and emergency facilities.
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10 Figure ES-5. The surge limits of a computer simulated Maximum Possible Intensity
11 hurricane based on early data and later refined modeling efforts
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To proceed with initial cost estimates, various components of the structural options were
conceptually designed to the selected elevations described in previous paragraphs. The initial
elevations selected for each component of the lines of defense are assumed to bracket a wide range
of potential storms with corresponding surge elevations. Using these preliminary designs, rough
order of magnitude cost estimates were completed for each of the structural options. These cost
estimates can used to develop cost curves for future use to estimate rough estimates after final
design elevations are selected. With these cost curves, future studies can also select varied levels of
protection based on risk assessments as well as taking into account future estimates of sea level
rise.

At this phase of the plan formulation process, there were no assessments made for HTRW
investigations nor remediation costs based on the vast number of properties potentially involved and
the uncertainties associated with project footprints. Also, the cost of escalation will be addressed as
projects are selected to proceed to feasibility level of design. The identification of a major HTRW site
within a project footprint could certainly have a cost impact, but none are known to exist at this time.
Likewise, depending on the time that a project is funded for further study to feasibility level, the
effects of escalation could be a major factor based on fuel costs or other items that can change
drastically outside the usual inflation rate.
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PART 1. GENERAL

1.1 Guidance

1.1.1 Engineer Regulations

ER 1105-2-101, “Planning - Risk Analysis for Flood Damage Reduction”, 3 January 2006
ER 1110-1-12, “Engineering and Design - Quality Management”, 1 June 1993
ER 1110-1-1300, “Cost Engineering Policy and General Requirements”, 26 March 1993

ER 1110-1-8156, “Engineering and Design - Policies, Guidance, and Requirements for
Geospatial Data Systems”, 1 August 1996

ER 1110-1-8159, “Engineering and Design - DrChecks”, 10 May 2001

ER 1110-2-1150, “Engineering and Design -Engineering and Design for Civil Works Projects”,
31 August 1999

ER 1110-2-1302, “Engineering and Design - Civil Works Cost Engineering”, 31 March 1994

ER 1110-2-1403, “Engineering and Design - Studies by Coastal, Hydraulic, and Hydrologic
Facilities and Others”, 1 January 1998

ER 1110-2-1405, “Engineering and Design - Hydraulic Design for Local Flood Protection
Projects”, 30 September 1982

ER 1110-2-1407, “Engineering and Design - Hydraulic Design for Coastal Shore Protection
Projects”, 30 November 1997

ER 1110-2-1453, “Engineering and Design - Criteria for SPH and PMH Wind Fields”,
20 March 1981

ER 1110-2-2902, “Engineering and Design - Prescribed Procedures for the Maintenance and
Operation of Shore Protection Works”, 30 June 1989

ER 1110-2-8152, “Engineering and Design - Planning and Design of Temporary Cofferdams and
Braced Excavations”, 31 August 1994

ER 1110-2-8159, “Engineering and Design - Life Cycle Design and Performance”,
31 October 1997

ER 1165-2-27, “Water Resources Policies and Authorities - Establishment of Wetland Areas in
Connection with Dredging”, 18 August 1989

ER 1165-2-27, “Water Resources Policies and Authorities - Establishment of Wetland Areas in
Connection with Dredging”, 18 August 1989

1.1.2 Engineer Technical Letters

ETL 1110-2-256, “Engineering and Design - Sliding Stability for Concrete Structures”,
24 June 1981

ETL 1110-2-286, “Engineering and Design - Use of Geotextiles Under Riprap”, 25 July 1984
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ETL 1110-2-299, “Engineering and Design - Overtopping of Flood Control Levees and
Floodwalls”, 22 August 1986

ETL 1110-2-307, “Engineering and Design - Flotation Stability Criteria for Concrete Hydraulic
Structures”, 20 August 1987

ETL 1110-2-343, “Engineering and Design - Structural Design Using the Roller-Compacted
Concrete (RCC) Construction Process”, 31 May 1993

ETL 1110-2-347, “Engineering and Design - Control Methods for Salinity Intrusion in Well
Stratified Estuaries and Waterways”, 31 May 1993

ETL 1110-2-367, “Engineering and Design - Interior Flood Hydrology”, 31 March 1995

ETL 1110-2-556, “Risk-Based Analysis in Geotechnical Engineering for Support of Planning
Studies”, 28 May 1999

ETL 1110-2-569, “Engineering and Design: Design Guidance for Levee Underseepage”,
01 May 2005

1.1.3 Engineer Manuals

EM 1110-1-1000, “Engineering and Design - Photogrammetric Mapping”, 01 July 2002
EM 1110-1-1004, “Engineering and Design - Geodetic and Control Surveying”, 01 June 2002
EM 1110-1-1005, “Engineering and Design - Topographic Surveying”, 31 August 1994

EM 1110-1-1802, “Engineering and Design - Geophysical Exploration for Engineering and
Environmental Investigations”, 31 August 1995

EM 1110-1-1804, “Engineering and Design - Geotechnical Investigations”, 1 January 2001
EM 1110-1-1904, “Engineering and Design - Settlement Analysis”, 30 September 1990
EM 1110-1-1905, “Engineering and Design - Bearing Capacity of Soils”, 30 October 1992

EM 1110-1-2909, “Engineering and Design - Geospatial Data and Systems”, Original document -

1 August 1996. Change 1 - 30 April 1998. Change 2 — 1 July 1998.

EM 1110-2-301, “Engineering and Design - Guidelines for Landscape Planting and Vegetation
Management at Floodwalls, Levees, and Embankment Dams”, 1 January 2000

EM 1110-2-1003, “Engineering and Design - Hydrographic Surveying”, 01 Jan 02
EM 1110-2-1100, “Coastal Engineering Manual - Part | - I\V”, 30 April 2002
EM 1110-2-1100, “Coastal Engineering Manual - Part V", 31 July 2003

EM 1110-2-1204, “Engineering and Design - Environmental Engineering for Coastal Shore
Protection”, 10 July 1989

EM 1110-2-1413, “Engineering and Design - Hydrologic Analysis of Interior Areas”,
15 January 1987

EM 1110-2-1607, “Engineering and Design - Tidal Hydraulics”, 15 March 1991

EM 1110-2-1614, “Engineering and Design - Design of Coastal Revetments, Seawalls, and
Bulkheads”, 30 June 1995

Mississippi Coastal Improvements Program (MsCIP)
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e EM 1110-2-1619, “Engineering and Design - Risk-Based Analysis for Flood Damage Reduction
Studies”, 1 August 1996

e EM 1110-2-1810, “Engineering and Design - Coastal Geology”, 31 January 1995

e EM 1110-2-1902, “Engineering and Design - Slope Stability”, 31 October 2003

e EM 1110-2-1913, “Engineering and Design - Design and Construction of Levees”, 30 April 2000
e EM 1110-2-3105, Mechanical and Electrical Design of Pumping Stations

1.2 History of Tropical Cyclones

1.2.1 Introduction

Tropical cyclones are commonly recurring hazards in coastal Mississippi. Climatologically, the
central Gulf coast region has one of the highest rates of occurrence in the United States. The
Atlantic tropical cyclone database since 1886 indicates significant tropical storm impacts on the
region occurring about every 2-3 years, and at least category 1 hurricane impact about every 8-9
years. However, the record since 1886 has severe limitations in assessing a longer temporal
perspective on tropical cyclone activity. Historical records enable reconstruction of tropical cyclones
that extend back to the eighteenth century. Meteorological records afford a detailed and continuous
reconstruction at yearly resolution back to the mid 1800'’s.

1.2.2 Historical Data

All available historical data has been utilized in the present study. First, tropical cyclone occurrences
were compiled for each year from the HURDAT database from 1851-2005, counting each storm
believed to be of hurricane intensity when it was centered within 75 miles of the Mississippi Coast.
Similarly, a compilation of early nineteenth century hurricanes (1800-1850) was utilized (Bossak,
2003). This database relied primarily upon the landmark work of Ludlum (1963). All storms prior to
1800 were compiled from Ludlum (1963). For the period 1800-1870, only minor adjustments were
made from a detailed examination of early instrumental records, diaries, and newspapers.

1.2.3 Results

A chronological listing of all known Hurricanes to affect Mississippi from 1711 to 2005 is given in
Table 1.2-1. The resultant time series is shown in Figure 1.2-1. For the period of record, 66 tropical
cyclones were identified as being of hurricane intensity Examination of the series reveals an obvious
discontinuity in storm frequency circa 1840. This is simply a statistical artifact, as many tropical
cyclone events prior to this time must have been unreported due to sparse population and lack of
communication. Not until daily Meteorological observations were initiated by U.S. Army Post
Surgeons at New Orleans in 1838, and near Mobile in 1840, can we be certain that all hurricanes
were accounted for.

Temporal analysis of the tropical cyclone record, smoothed by 9-year running frequencies, indicate
decadal variability in the historical past exceeding that of modern times. In particular, the 1850-1880
period was extraordinarily active. It was followed by another active period from 1910-1930. Much of
the twentieth century...1930-1990...was conspicuous for relative inactivity. Indeed, it was this era
that is the most anomalous period in the entire record.

Engineering Appendix 3
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Table 1.2-1.
Hurricanes Affecting Mississippi Coast (1715-2005)

Year Landfall Estimated Storm Category at Landfall
1715 n.d. Dauphin Island (1)/Unknown
1722 Sept. 22-23 New Orleans (1)
1733 Mobile Q)
1736 Pensacola (1)
1740 Sept. 22 Mobile (1) The Twin Mobile Hurricanes of 1740
1740 Sept. 29 Mobile (1) Second Mobile Hurricane
1746 n.d. Ala.-Miss.-La. (1)
1752 Nov. 3 Pensacola (1)
1758 n.d. N.W. Florida ()]
1760 Aug. 12 Pensacola (1)
1772 Aug. 30-Sept. 3 Fla.-La. (1)
1778 Oct. 7-10 Fla.-La. (1)
1779 Aug. 18 New Orleans (1)
1780 Aug. 24 New Orleans (1)
1794 Aug. 31? Louisiana (1)
1800 Aug New Orleans 1
1806 Sept. 17 New Orleans 1
1812 June 11-12 Louisiana 1
1812 Aug 19 New Orleans 3
1819 July 27-28 Bay St. Louis 3/4
1821 Sept. 15-17 Bay St. Louis 3
1822 July 7-8 Biloxi 1
1823 Sept. 12-14 La.-Ala. 1
1831 Aug. 17-18 New Orleans 3/4
1837 Oct. 3-7 La.-Fla. 2
1852 Aug. 25 Pascagoula 3
1855 Sept. 15-16 Bay St. Louis 3
1856 Aug. 10-11 New Orleans 4
1859 Sept. 15 Mobile 1
1860 Aug. 11 Biloxi 3
1860 Sept. 14-15 Biloxi 2
1860 Oct. 2-3 Houma, La. 2
1867 Oct. 4-5 La.-Fla. 2
1868 Oct. 3-4 La.-Fla. 1
1869 Sept. 5 New Orleans 1
1870 July 30 Mobile 1
1877 Sept. 21 La.-Fla 1
1879 Aug. 31-Sept.1 New Orleans 2/3
1880 Aug. 26-30 Pensacola 1
1882 Sept. 10 Pensacola 3
1887 Oct. 19 Port Eads, La. 1
1888 Aug. 19-20 New Orleans 1/2
1893 Sept. 7-8 Grand Isle, La 1/2
1893 Oct. 2 Pascagoula 3
1901 Aug. 15 Gulfport 1
1906 Sept. 27 Pascagoula 3
1909 Sept. 20 New Orleans 3
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Table 1.2-1.
Hurricanes Affecting Mississippi Coast (1715-2005) (continued)

Year Landfall Estimated Storm Category at Landfall
1915 Sept. 29 New Orleans 2/3
1916 July 5 Pascagoula 3
1916 Oct. 18 Perdido Key 3
1917 Sept. 28 Pensacola 2
1920 Sept. 21 Houma, La. 2
1923 Oct. 15 Houma, La 1/2
1926 Aug, 26 Houma, La 2
1926 Sept. 21 Perdido Key 1/2
1932 Sept. 1 Mobile 1
1940 Aug.6 La.-Tx. 1
1947 Sept. 19 New Orleans 2
1948 Sept. 4 New Orleans 1
1956 Sept. 24 Port Eads/ Ft. Walton 1
1960 Sept. 15 Gulfport 1
1964 Oct. 3 Franklin, La 1
1965 Sept. 10 New Orleans 3
1969 Aug. 17 Bay St. Louis 5
1979 July 5 Grand Isle 1
1979 Sept. 12 Mobile/Pascagoula 3
1985 Sept. 2 Biloxi 3
1988 Sept. 9 New Orleans 1
1995 Aug. 3 Pensacola 3
1995 Oct. 4 Navaree, Fla. 3
1997 July 19 Mobile 1
1998 Sept. 28 Biloxi 2
2004 Sept. 16 Pensacola 3
2005 July 6 Grand Isle, La. 1
2005 July 10 Navarre, Fla. 2
2005 Aug. 29 Bay St. Louis 3

o O b~ w

oo

The most active hurricane years were 1860 and 2005, with three hurricanes each. Since 1800, major
Hurricane impact (category 3 or greater) is clearly evident in 1812, 1819, 1852, 1855, 1860, 1893,
1906, 1909, 1915, 1916, 1947, 1969, 1985, and 2005.

The small but extremely intense Bay St. Louis Hurricane of July 27-28, 1819 and the nearly identical
Category 5 Hurricane Camille of August 17-18, 1969 were the most intense storms of record.
Hurricanes Camille (1969) and Katrina (2005) produced the largest known tidal surge.

1.2.4 Conclusion

Tropical cyclones affecting coastal Mississippi appear to have been somewhat more frequent in the
historical past than during the present human lifetime. Only during the last decade have we seen a
significant upswing in the frequency of occurrence. Six major hurricanes struck the Mississippi coast
during the 1800°s with seven major storms in the 1900’s. Only hurricane Katrina of 2005 has made
landfall as a major hurricane during the 21st Century. Thus, there is no evidence that land falling
hurricanes in Mississippi are becoming more intense.

6 Mississippi Coastal Improvements Program (MsCIP)
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1.2.5 References

Bossak, B. H., 2003: Early 19th Century U.S. Hurricanes: A GIS Tool and Climate Analysis, Florida
State University Department of Meteorology.

Ludlum, D.M., 1963: Early American Hurricanes, American Meteorological Society, Boston, MA.

1.3 Tide Gage Stage-Frequency Analysis

The annual percent chance exceedance stage relationship, referred to as the ‘stage-frequency
curve,’ is the single most important descriptor of a community’s flood risk. The relationship describes
the annual probability, expressed in percent, of a given stage (i.e. water surface elevation) being
equaled or exceeded and is relied heavily upon for purposes of the National Flood Insurance
Program, for the development and evaluation of flood damage reduction measures, for
understanding and communicating annual and long-term risk, amongst others.

Historically, tide gage data have been used almost exclusively to describe the entirety of a given
stage-frequency curve in a given coastal area. The shortcoming of this approach is that it tends to
mask the true risk in the vicinity of the gage. The reasons for this are many, but perhaps the most
important is related to the observation that, while the occurrence of strong hurricanes in a given
coastal region is not probabilistically rare, the probability of a particular gage site taking a direct hit
from one of those strong hurricanes is more rare. A more accurate representation of the true risk for
severe hurricanes then can only be obtained over a long period of meteorological and water level
observations (a century is not long enough) or through refined statistical analysis of storms and
effects modeling efforts.

Present needs have required that a great deal of effort be placed on developing statistical methods
and modeling approaches to improve our present understanding of severe hurricane risk. A Risk
Assessment Group, led by scientists at the Engineer Research and Development Center (ERDC) in
Vicksburg, MS, was assembled in the aftermath of Hurricane Katrina to develop such statistical and
modeling methods (Ref. 1) for the Gulf of Mexico region, and those methods have been used for this
program (ERDC modeling efforts are described in Chapter 2). Those efforts were focused on what
might be called an extreme storm subset of the tropical storm/hurricane population. While their
products and findings are many, one of their most important products was the development of 4%
(1in 25), 2% (1 in 50), 1% (1 in 100), 0.2% (1 in 500), and 0.1% (1 in 1000) annual chance stage
exceedance estimates for numerous locations in the vicinity of coastal Mississippi. These estimates,
combined with probabilistic analysis results of historic observed tide levels, were joined to create
composite (i.e. consisting of both observed data and hydrodynamic modeling results) stage-
frequency curves for planning subunits in coastal Mississippi. These in turn were used for a host of
MsCIP design and evaluation efforts.

This chapter describes the available historic tide stage data and the development of that data into
stage-frequency curves. The curves were compared to an historic stage-frequency curve and to
ERDC model data at the location of the gage sites are displayed.

1.3.1 Background

The US Army Corps of Engineers Mobile District (CESAM) maintains a network of tide gages along
the Gulf Coast from Gulfport, MS eastward to Carrabelle, FL. Gage locations are shown in

Figure 1.3-1. Hurricane Katrina made landfall at the Louisiana-Mississippi State line August 29, 2005
and generated record storm surge along the Mississippi and Alabama coast. Preliminary high water
mark (HWM) data values from FEMA indicate surge ranging from 28 ft at Bay St. Louis to 11.5 ft at

Engineering Appendix 7



O b wWwN -

©O© 00 N O™

10

12
13
14
15
16

17
18

19
20
21
22

Mobile, AL. The following are Mobile District tide gages along the Mississippi and Alabama coast
with long term records; Gulfport, MS (42 years), Biloxi, MS (123 years) Pascagoula, MS (65 years),
Dauphin Island (42 years) and State Docks (65years). A graphical frequency analysis was
performed on the observed historical annual peak water (tide) levels to estimate the still water storm
surge return interval.

Water levels recorded at the gage sites are collected in a stilling well to minimize effects from wave
height and wave run-up. In cases where the tide gage was destroyed or malfunctioned, the
maximum water level was obtained from a high water mark measured in a nearby enclosed
structured.

Each tide gage is installed to support our navigation coastal dredging program. Consequently the
gages are installed near the navigation projects such as harbors, ports, federal docks, and shipping
channels. The gages are operated and maintained by the Mobile District Engineering Division,
Hydraulics & Hydrology Branch. Mobile District archives the data for legal reasons and makes it
available to the public upon request. Monthly and annual reports of the tide levels are generated,
archived and made available upon request. The gages are accurate to +/- 0.1 foot. There is limited
quality control of the tide data.

Figure 1.3-1. Mobile District Tide Gage Network

When a hurricane is forecast to strike the Gulf Coast, CESAM personnel are dispatched to remove
recorded data from coastal gages and ensure that the gages are working properly. All equipment is
removed from gage sites in areas of forecasted direct storm path 1-3 days before landfall. Therefore,
removing the proper gage is dependent on the accuracy of the hurricane path and surge forecast.

8 Mississippi Coastal Improvements Program (MsCIP)
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Two gages were removed in Mississippi and one in Alabama on 28 August 2005, one day before the
projected H. Katrina landfall. Water levels along the Gulf Coast for the time period during the storm
are available at 16 gages and partial record from 5 gages. A total of 9 CESAM gages were
destroyed and 2 gages were damaged by the hurricane. Figure 1.3-2 shows the status of the gages
shortly after H. Katrina.

Figure 1.3-2. Hurricane Katrina Impact on Tide Gages

There are 7 active CESAM tide gages along the Mississippi Coast gages as shown in Figure 1.3-3.

Figure 1.3-3. CESAM Mississippi Coast Tide Gages

Engineering Appendix 9
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1.3.2 Methodology

EM 1110-2-1415 (Ref. 2) recommends using graphical analysis for stage (elevation) frequency
computations. The Corps of Engineers computer program Flood Frequency Analysis (FFA) was
selected to compute the graphical plotting positions. Historical data was incorporated into the
graphical analysis using the procedures outlined in Bulletin 17B (Ref. 3). The median plotting
position formula was selected to derive probabilistic plotting positions because it corrects for the bias
caused by small sample sizes.

Care was taken to select a uniform data set for the frequency analysis. Each event represents the
peak water level for each January-December calendar year. There are a few years with less than 12
months of recorded data; in most cases this is due to a gage malfunction or damage from a storm
event. The data set includes the effects of subsidence and sea level rise and no attempts have been
made to adjust the data to account for these factors. Of these, subsidence is more important in that it
affects the datum of the gage and thus the absolute water surface elevation estimate. Future
analysis by this office will research the necessary adjustments. Each of the three gages has been
relocated within the period of record. No adjustments were required because of the close proximity
of relocations. In cases where the gage was destroyed by a severe storm, a still water high water at
or near the gage used to represent the peak elevation for that storm event.

Historic data is information before the collection of systemic record. The account is often described
in newspaper article, personal accounts from a witness or an investigation by some agency or entity.
Historic data is very useful for locations with relative short period of record and use to extend the
period of systemic record. The use of historic record can improve the frequency estimate.

The population includes annual peaks that result from storm surge and normal tidal fluctuations.
There are years were multiple storms caused storm surge above normal high tide. Only the
maximum recorded for each year used in the analysis. Partial duration frequency analysis was
eliminated because of limited available daily data for the full period of record.

Gulfport has 43 year, 1963-2005, on continuous systematic record. Well documented historic values
for the years 1915, 1926, 1947, 1948, 1955-1957, and 1960 are included in the analysis. Biloxi has
111 years, 1882-1885 and 1896-2005, of continuous systematic record. Pascagoula has 66 years,
1940-2005, of continuous systematic record. The historic record of annual maximum stages is
shown in Table 1.3-1 and presented graphically in Figures 1.3-4 through 1.3-6.

1.3.2.1 Presentation of Data
Table 1.3-1.
Mississippi Coast Historic Annual Stages at Mobile District Tide Gages
Gulfport (1963) Pascagoula (1940) Biloxi (1882)
Gage Gage Gage
Storm Date Height, ft. | ft. NAVD Height, ft. | ft. NAVD Height, ft. | ft. NAVD
Sep 1882 9/10/1882 2.42
27Sep1906 1906-Sep-27 6.05
20Sep1909 1909-Sep-20 10.43 4.48
12Aug1911 1911-Aug-12 4.49
14Sep1912 1912-Sep-14 351
29Sep1915 1915-Sep-29 9.13 9.05
05Jul1916 1916-Jul-05 4.20
28Sep1917 1917-Sep-28 8.61 2.66
21Sep1920 1920-Sep-21 5.57
10 Mississippi Coastal Improvements Program (MsCIP)




Gulfport (1963) Pascagoula (1940) Biloxi (1882)
Gage Gage Gage
Storm Date Height, ft. | ft. NAVD Height, ft. | ft. NAVD Height, ft. | ft. NAVD
150ct1923 1923-Oct-15 11.96 6.01 !
21Sep1926 1926-Sep-21 6.13 |1 3.95
Sep 1932 1932-Sep 9.16 3.21
Oct 1932 1932-Oct 9.33 3.38
July 1933 1933-Jul 9.16 3.21
Sep 1933 1933-Sep 9.74 3.79
Jun 1934 1934-Jun 8.98 3.03
T.S.Jun 1939 | 1939-Jun 9.05 3.10
26Sep1939 1939-Sep-29 9.5 3.55
1940-Aug-06 3.71 10.4 4.45
12Sep1941 1941-Sep-12 3.38 9.52 3.57
06Sep1945 1945-Sep-06 5 9.1 3.15
1947-Sep-08 2.68 6
19Sep1947 1947-Sep-19 1413 |1 7.48 26 1 16.88 10.93 26
04Sep1948 1948-Sep-04 6.13 |1 4.08 5.73
1949-Sep-04 3.98 459
Baker 1950-Aug-30 3.73 3.66
Barbara 1954-Jul-29 2.43 9.1 3.15
Brenda 1955-Aug-01 3.18 4.00
26Augl1955 | 1955-Aug-26 6.13 |1 2.83 3.67
1956-Jun-13 3.48 10.78 4.83
Flossy 1956-Sep-24 413 |t 3.18 9.39 3.44
Audrey 1957-Jun-27 3.36 3.75
T.S Ester 1957-Sep-18 6.63 |1 2.63 4.77
Ethel 1960-Sep-15 513 |1 458 5.25
Helda 1964-Oct-04 5.14 4.27 4.13 476
Betsy 1965-Sep-09 1083 |27 6.48 14.64 8.69
Debbie 1965-Sep-29 6.8 3.93 2.92 6
Camille 1969-Aug-17 1981 |2 11.37 1133 |2 1569 |2
Felice 1970-Sep-15 3.01 3.14 2.43 2.39 8.94 2.99
Fern 1971-Sep-05 2.68 2.54 2.37 2.33
Edith 1971-Sep-16 3.35 3.21 2.08 2.04 3.63
Carmen 1974-Sep-08 4.95 481 3.98 3.94 4.60
Babe 1977-Sep-06 3.9 3.76 5 s
Bob 1979-Jul-11 6.13 463 5.75
Frederic 1979-Sep-12 3.43 5.86 4.03
Elena 1985-Sep-02 5.56 5.58 6.16
Juan 1985-Oct-28 6.63 5.39 5.96
Bonnie 1986-Jun-23 2.73 2.45 2.83
Gilbert 1988-Sep-08 4.90 3.10 4.06
Florence 1988-Sep-10 4.67 3.11 6.39
Chantal 1989-Jul-31 3.13 2.31 3.48
Andrew 1992-Aug-26 4.02 3.18 3.90
TS Dean 1995-Jul-28 3.70 2.83 3.52
Erin 1995-Aug-04 2.68 2.84 3.04

Engineering Appendix
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Gulfport (1963) Pascagoula (1940) Biloxi (1882)
Gage Gage Gage

Storm Date Height, ft. | ft. NAVD Height, ft. | ft. NAVD Height, ft. | ft. NAVD
Opal 1995-Oct-04 3.05 2.65
Josephine 1996-0Oct-05 3.47 2.74 3.47
Danny 1997-Jul-19 4.25 2.98 3.87
Earl 1998-Sep-02 3.30 3.16 3.52 3.00
Georges 1998-Sep-28 7.18 8.44 8.18
T.S. Helen 2000-Nov-24 3.75 3.08 3.48
T.S. Allison 2001-Jun-11 4.56 3.98

T.D. Edward | 2002-Sep-06 413 4.09 3.45 3.57
T.S. Hanna 2002-Sep-14 5.14 4.65 4.64 4.00 4.16
Isidore 2002-Sep-26 8.26 777 5.83 6.99
Lili 2002-Oct-04 3.79 3.30 3.96 4.88
T.S. Bill 2003-Jul-10 4.6 411 341 412
Ivan 2004-Sep-16 5.28 4.79 6.80 4.36
T.S. Matthew | 2004-Oct-10 4.88 4.39 3.66 3.02 4.32 3.80
T.S. Cindy 2005-Jul-06 6.16 5.67 5.83 5.97
Dennis 2005-Jul-10 3.63 3.14 3.33 2.99
Katrina 2005-Aug-29 24.30 16.68 23.93
Storm Count 45 51 65

1 Report on Hurricane Survey 5  No Record Gage Malfunctioned

2 High Water Mark at Gage Site 6  No Record gage destroyed

3 No Record gage vandalized 7  Partial Record, gage malfunction

4 Gage Removed before landfall, HWM at gage site

12 Mississippi Coastal Improvements Program (MsCIP)
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Figure 1.3-5. Biloxi, MS Annual Maximum Water Level
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Figure 1.3-6. Pascagoula, MS Annual Maximum Water Level

1.3.3 Results

1.33.1 Graphical Stage-Frequency Analysis

A graphically fit (by eye) curve was drawn through the median plotting positions of the historic data
for each gage site. Results for selected annual probabilities of occurrence are shown in Table 1.3-2.
Comprehensive results are shown in tabular format with observed data in Tables 1.3-3 through
1.3-5. The computed Weibull plotting position is shown in those tables for reference only. Figures
1.3-7 through 1.3-9 show results presented graphically against an historic stage frequency curve.
The historic curve (shown in red on the figures) was developed to represent the entire Mississippi
Coast and published in a Mississippi Coast hurricane survey published by Mobile District in 1965
(Ref. 4). The hurricane survey curve was developed based on observed tidal data. That curve pre-
dates some of the most intense surge-producing hurricanes to have struck the vicinity of Mississippi
in the modern record: H. Betsy (1965), H. Camille (1969), H. Georges (1998), and H. Katrina (2005).
The result is that, in the 40 years of record, one’s impression of what the 1 in 100 chance annual
stage might be according to these methods has increased dramatically, and at Gulfport that stage
has nearly doubled. This observation reinforces the idea that the length of period of record is an
important consideration, and that just a few historically significant events can dramatically impact the
risk picture. Similarly, the tabulated results in Table 1.3-2 clearly show the influence that landfall
location may impart on the stage frequency curve. While there are physical reasons why western
Mississippi might register higher stages for a given hurricane than elsewhere along the Mississippi
Coast, if H. Camille and H. Katrina landed more centrally there, the stage-frequency relationship
would likely have been somewhat more uniform for low annual chance events at the three gages.
This also demonstrates the need to combine gage data with statistical and modeling efforts to
improve stage-frequency estimates.
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Table 1.3-2.
Results from Graphical Frequency Analysis

Annual Percent Pascagoula Biloxi Gulfport
Chance Exceedance Stage Stage Stage
50 3.3 3.7 4.3
20 4.0 45 6.1
10 6.0 5.7 6.9
5 7.9 7.6 9.4
2 12.5 12.6 18.8
1 17.1 19.1 23.1

Period of record: Pascagoula 1916-2005, Biloxi 1882-2005, Gulfport 1941-2005.
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Elevation in Feet, NAVD '88 Datum
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Figure 1.3-9. Pascagoula, MS Frequency Curve

Table 1.3-3.

Gulfport, MS Annual Peaks

Gage Height ft. Weibull Plotting | Median Plotting
Year NAVD Rank | Position (FFA) Position (FFA) | Storm
2005 24.30 1 1.09 0.77 Katrina (2005)
1969 19.81 2 2.17 1.86 Camille (1969)
1947 14.13 3 3.26 2.95 Sep 19, 1947
1965 10.83 4 4.35 4.05 Betsy (1965)
1915 9.13 5 5.43 5.14 Sep 29, 1915
2002 7.74 6 6.99 6.71 Isidore (2002)
1998 7.18 7 9.03 8.76 Georges (1998)
1957 6.63 8 11.06 10.8 TS Ester (1957)
1985 6.63 9 13.09 12.85 Juan (1985)
1926 6.14 10 15.12 14.89 Sep 21, 1926
1948 6.13 12 19.19 18.98
1979 6.13 11 17.16 16.94 Bob (1979)
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Gage Height ft.

Weibull Plotting

Median Plotting

Year NAVD Rank | Position (FFA) Position (FFA) | Storm

1955 6.12 13 21.22 21.03

1973 5.46 14 23.25 23.08

1960 5.13 15 25.28 25.12 Ethel (1960)
1988 4.90 16 27.32 27.17 Gilbert (1988)
1970 4.85 17 29.35 29.21

1984 4.83 18 31.38 31.26

1974 4.81 19 3341 33.3 Carmen (1974)
1986 4.78 20 35.44 35.35

2004 4.76 21 37.48 37.39 Ivan (2004)
2001 4.56 22 39.51 39.44 TS Allison (2001)
1971 4.36 23 41.54 41.49

1972 4.36 24 43.57 43.53

1964 4.27 25 45.6 45.58 Helda (1964)
1997 4.25 26 47.64 47.62 Danny (1997)
1983 4.18 27 49.67 49.67

1999 4.18 28 51.7 51.71

1990 4.14 29 53.73 53.76

1956 4.13 30 55.77 55.8 Flossy (1956)
1991 4.13 31 57.8 57.85

2003 411 32 59.83 59.89 TS Bill

1992 4.02 33 61.86 61.94 Andrew (1992)
1980 3.93 34 63.89 63.99

1967 3.87 35 65.93 66.03

1987 3.83 36 67.96 68.08

1977 3.76 37 69.99 70.12

2000 3.75 38 72.02 72.17 TS Helen

1976 3.71 39 74.05 74.21

1995 3.70 40 76.09 76.26 TS Dean (1995)
1993 3.62 41 78.12 78.3

1994 3.49 42 80.15 80.35

1996 3.47 43 82.18 82.39 Josephine (1996)
1975 3.36 44 84.22 84.44

1966 3.35 45 86.25 86.49

1981 3.23 46 88.28 88.53

1982 3.20 47 90.31 90.58

1989 3.13 48 92.34 92.62

1978 3.06 49 94.38 94.67

1968 2.96 50 96.41 96.71

1963 2.75 51 98.44 98.76
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Table 1.3-4.
Biloxi, MS Annual Peaks

Gage Height Weibull Plotting | Median Plotting
Year ft. NAVD Rank | Position (FFA) Position (FFA) | Storm
2005 23.93 1 0.89 0.63 Katrina (2005)
1969 15.69 2 1.79 1.53 Camille (1969)
1947 10.93 3 2.68 2.42 Sep 19, 1947
1915 9.05 4 3.57 3.32 Sep 29, 1915
1965 8.69 5 4.46 422 Betsy (1965)
1998 8.18 6 5.36 5.12 Georges (1998)
2002 6.99 7 6.25 6.01 Isidore (2002)
1988 6.39 8 7.14 6.91 Florence (1988)
1985 6.16 9 8.04 7.81 Elena (1985)
1906 6.05 10 8.93 8.71 Sep 27, 1906
1923 6.01 11 9.82 9.61 Oct 15, 1923
1973 5.85 12 10.71 10.50
1979 5.75 13 11.61 11.40 Bob (1979)
1948 573 14 12.50 12.30 Sep 4, 1948
1920 5.57 15 13.39 13.20 Sep 21, 1920
1960 5.25 16 14.29 14.09 Ethel (1960)
1972 5.12 17 15.18 14.99
1956 4.83 18 16.07 15.89 Jun 13, 1956
1957 4,77 19 16.96 16.79 TS Ester (1957)
1964 476 20 17.86 17.68 Helda (1964)
1919 4.64 21 18.75 18.58
1974 4.60 22 19.64 19.48 Carmen (1974)
1949 459 23 20.54 20.38 Sep 4, 1949
1934 4.57 24 21.43 21.27
1984 4.56 25 22.32 22.17
1983 453 26 23.21 23.07
1911 4.49 27 24.11 23.97 Aug 21, 1911
1909 4.48 28 25.00 24.87 Sep 9, 1909
1940 4.45 29 25.89 25.76 Aug 6, 1940
1992 4.45 30 26.79 26.66
1999 4.38 31 27.68 27.56
2004 4.36 32 28.57 28.46 Ivan (2004)
1961 4.34 33 29.46 29.35
1945 4.26 34 30.36 30.25
1916 4.20 35 31.25 31.15 Jul 05, 1916
2003 412 36 32.14 32.05 TS Bill (2003)
1987 4.10 37 33.04 32.94
1933 4.05 38 33.93 33.84
1971 4.03 39 34.82 34.74
1950 4.00 40 35.71 35.64 Baker (1950)
1966 3.96 41 36.61 36.54
1905 3.95 42 37.50 37.43
1926 3.95 43 38.39 38.33 Sep 21, 1926
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Gage Height

Weibull Plotting

Median Plotting

Year ft. NAVD Rank | Position (FFA) Position (FFA) | Storm

1993 3.93 44 39.29 39.23

1997 3.87 45 40.18 40.13 Danny (1997)
1932 3.80 46 41.07 41.02

1990 3.80 47 41.96 41.92

1991 3.76 48 42.86 42.82

1970 3.72 49 43.75 43.72

1955 3.67 50 44.64 44,61 TS 26Aug1955
1996 3.66 51 45.54 45,51

1927 3.65 52 46.43 46.41

1952 3.61 53 47.32 47.31

1941 3.58 54 48.21 48.20

1935 3.56 55 49.11 49.10

2001 3.56 56 50.00 50.00

1939 3.55 57 50.89 50.90 Sep 26, 1939
1928 3.52 58 51.79 51.80

1995 3.52 59 52.68 52.69 TS Dean (1995)
1912 351 61 54.46 54.49 Sep 14, 1912
1967 3.51 60 53.57 53.59

1918 3.50 62 55.36 55.39

1989 3.48 63 56.25 56.28

2000 3.48 64 57.14 57.18 TS Helen (2000)
1953 3.47 65 58.04 58.08 Florence (1953)
1986 3.47 66 58.93 58.98

1914 3.45 67 59.82 59.87

1994 3.44 68 60.71 60.77

1898 3.42 70 62.50 62.57

1900 3.42 71 63.39 63.46

1931 3.42 69 61.61 61.67

1946 3.40 72 64.29 64.36

1980 3.38 73 65.18 65.26

1951 3.37 74 66.07 66.16

1938 3.33 75 66.96 67.06

1954 3.28 76 67.86 67.95

1897 3.23 77 68.75 68.85

1908 3.17 78 69.64 69.75

1930 3.16 79 70.54 70.65

1944 3.15 80 71.43 71.54 Sep 10, 1944
1929 3.07 81 72.32 72.44

1937 3.07 82 73.21 73.34

1942 3.07 83 74.11 74.24

1943 3.05 84 75.00 75.13

1982 3.05 85 75.89 76.03

1921 3.02 88 78.57 78.73

1958 3.02 86 76.79 76.93

1975 3.02 87 77.68 77.83

1922 2.96 89 79.46 79.62
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Gage Height Weibull Plotting | Median Plotting
Year ft. NAVD Rank | Position (FFA) Position (FFA) | Storm
1959 2.95 90 80.36 80.52 TS Irene (1959)
1936 2.87 91 81.25 81.42
1963 2.86 92 82.14 82.32
1976 2.85 93 83.04 83.21
1981 2.83 94 83.93 84.11
1924 2.79 95 84.82 85.01
1907 2.77 96 85.71 85.91
1913 2.75 97 86.61 86.80
1904 2.70 98 87.50 87.70
1896 2.66 99 88.39 88.60
1917 2.66 100 89.29 89.50 Sep 28, 1917
1903 2.59 101 90.18 90.39
1968 2.54 102 91.07 91.29
1910 2.50 103 91.96 92.19
1899 2.48 104 92.86 93.09
1882 2.42 105 93.75 93.99 Sep 10, 1882
1884 2.40 106 94.64 94.88
1925 2.35 107 95.54 95.78
1962 2.34 108 96.43 96.68
1902 2.30 109 97.32 97.58
1885 2.07 110 98.21 98.47
1901 2.07 111 99.11 99.37
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Table 1.3-5.
Pascagoula, MS Annual Peaks

Gage Height ft. Weibull Plotting | Median Plotting
Year NAVD Rank | Position (FFA) Position (FFA) | Storm
2005 16.69 1 1.49 1.05 Katrina (2005)
1969 11.33 2 2.99 2.56 Camille (1969)
1998 8.45 3 4.48 4.07 Georges (1998)
1947 7.77 4 5.97 5.57 Sep 19, 1947
2004 6.81 5 7.46 7.08 Ivan (2004)
1965 6.49 6 8.96 8.58 Betsy (1965)
1979 5.87 7 10.45 10.09 Frederic (1979)
2002 5.84 8 11.94 11.60 Isidore (2002)
1985 5.59 9 13.43 13.10 Elena (1985)
1972 5.35 10 14.93 14.61
1960 4.59 11 16.42 16.11 Ethel (1960)
1964 4.14 12 17.91 17.62 Helda (1964)
1948 4.09 13 19.40 19.13 Sep 4, 1948
1949 3.99 14 20.90 20.63
2001 3.99 15 22.39 22.14 TS Allison (2001)
1974 3.95 16 23.88 23.64 Carmen (1974)
1970 3.90 17 25.37 25.15
1961 3.89 18 26.87 26.66
1984 3.80 19 28.36 28.16
1983 3.77 20 29.85 29.67
1950 3.74 21 31.34 31.17 Baker (1950)
1940 3.72 22 32.84 32.68 Aug 6, 1940
1980 3.62 23 34.33 34.19
1987 3.62 24 35.82 35.69
1993 3.54 25 37.31 37.20
1956 3.49 26 38.81 38.70
1945 3.46 27 40.30 40.21
1971 3.44 28 41.79 41.72
1967 3.42 29 43.28 43.22
2003 3.42 30 44,78 4473 TS Bill (2003)
1941 3.39 31 46.27 46.23 Sep 12, 1941
1957 3.37 32 47.76 47.74 Audrey (1957)
1992 3.37 33 49.25 49.25 Andrew(1992)
1996 3.37 34 50.75 50.75
1986 3.33 35 52.24 52.26
1952 3.24 36 53.73 53.77
1955 3.19 37 55.22 55.27 Brenda (1955)
1953 3.14 38 56.72 56.78
1988 3.12 39 58.21 58.28 Florence (1988)
1991 3.12 40 59.70 59.79
2000 3.09 41 61.19 61.30 TS Helen(2000)
1978 3.01 42 62.69 62.80
1990 2.97 43 64.18 64.31
1989 2.96 44 65.67 65.81
1973 2.95 46 68.66 68.83
1951 2.94 47 70.15 70.33
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Gage Height ft. Weibull Plotting | Median Plotting

Year NAVD Rank | Position (FFA) Position (FFA) | Storm
1966 2.93 48 71.64 71.84

1994 2.93 49 73.13 73.34

1975 2.90 50 74.63 74.85

1958 2.89 51 76.12 76.36

1959 2.89 52 77.61 77.86

1963 2.85 53 79.10 79.37

1982 2.84 54 80.60 80.87

1995 2.84 55 82.09 82.38 TS Dean (1995)
1946 277 56 83.58 83.89

1999 2.77 57 85.07 85.39

1954 2.74 58 86.57 86.90

1976 2.66 59 88.06 88.40

1981 2.55 60 89.55 89.91

1944 247 61 91.04 91.42

1977 2.47 62 92.54 92.92

1954 2.74 58 86.57 86.90

1976 2.66 59 88.06 88.40

1981 2.55 60 89.55 89.91

1944 2.47 61 91.04 91.42

1.3.3.2 Composite Stage-Frequency Curves

As mentioned in Section 1.3, these probabilistic graphical analysis results were joined with
hydrodynamic and statistical model results to create composite stage-frequency curves used for a
host of MsCIP design and evaluation efforts as discussed throughout this report. This section
presents ERDC modeling results at the location of the USACE gages with those results obtained by
probabilistic analysis of gage data and shows how they were combined to form composite stage-
frequency curves.

Figure 1.3-10 shows stage-frequency components obtained through probabilistic analysis of historic
gage data at Gulfport with ERDC results for the same location. ERDC results were obtained from the
results of hydrodynamic modeling of severe storm events and statistical analysis of hydrodynamic
model output as described in Chapter 2. These results are referred to as ‘synthetic,’ as they were not
explicitly developed from observed data, and represent the best estimate of stage for a given annual
chance of occurrence. Uncertainty bands® for these best estimates were computed and are used in
the analyses supporting the MsCIP program. Figure 1.3-11 shows the joined, or composite, stage
frequency curves with uncertainty at 2 standard deviations. The curves were joined graphically. This
figure was obtained from the HEC-FDA model, in which one hundred feet has been added to stage
for computational purposes; the data are otherwise consistent. Similar figures are presented as
Figures 1.3-12 through 1.3-15 for both the Biloxi and Pascagoula gage locations.

A more detailed discussion on the development and adaptation of composite stage-frequency
information to the flood damage evaluation purpose is provided in section 2.16.

! Uncertainty computations are discussed in sections 2.9 and 2.16.
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Figure 1.3-10. Graphical and Synthetic Stage-Frequency Curve Components at Gulfport
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Figure 1.3-11. Composite Stage-Frequency Curve, Gulfport
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Figure 1.3-12. Graphical and Synthetic Stage-Frequency Curve Components at Biloxi
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Figure 1.3-13. Composite Stage-Frequency Curve, Biloxi
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Figure 1.3-14. Graphical and Synthetic Stage-Frequency Curve Components at Pascagoula
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Figure 1.3-15. Composite Stage-Frequency Curve, Pascagoula
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1.4 Typical Wind, Wave, Water Level, Current, and
Sediment Transport Conditions

The Mississippi Sound extends from Mobile Bay, Alabama, to the east to Lake Borgne, Louisiana, to
the west. The Sound is a mostly unstratified brackish water body approximately 81miles long, 6.8 to
15 miles wide, and 820 square miles in area. The Sound has a mean depth of 10 ft Mean Low Water
(MLW) and more than 99% of it is shallower than 20 ft MLW. The Sound extends about nine miles
north to south from the Mississippi mainland coastline to a series of low, typically sandy barrier
islands on the edge of the coastal shelf which marks the Gulf of Mexico.

1.4.1 Winds

Prevailing winds for the Mississippi coast are produced by two pressure ridges which dominate
weather conditions: the Bermuda High, centered over the Bermuda-Azores area of the Atlantic and
the Mexican Heat Low centered over Texas during warm months. Prevailing winds are
predominately from the east and south east during spring and summer months, and from the east
and north east during fall and winter months. The strongest winds are recorded in February and
March with the exception of storm and May through October hurricane conditions. Hurricane wind
fields and their effects on storm surge and waves are an area of particular concern for this study and
are discussed at length in Chapter 2 of this appendix.

1.4.2 Waves

Wave intensity of the Mississippi Sound is typically low to moderate. Fetch and depth limited waves
within the sound average less than 1 ft in height. Breaking wave heights along the shoreline of the
barrier islands average about 3 ft with periods of five to eight seconds. Hurricane and storm
conditions, and strong winter cold fronts can produce significant surges and much larger wave
conditions at the coast and barrier islands. Wave phenomena due to hurricanes are discussed in
detail in Chapter 2 of this appendix.

1.4.3 Tides

The mean tidal range near the Mississippi Sound shoreline is approximately 1.5 ft. Although the tidal
range caused by astronomical forces is relatively small, atmospheric pressure variation and,
particularly, winds can induce larger variations. Strong winds blowing from the north can force water
out of the sound and result in current velocities of several knots in the passes. The reverse occurs
with winds blowing from the southeast, which forces water shoreward toward the Mississippi
coastline. The tidal variation in the Mississippi Sound and adjacent waters is typically diurnal (one
high tide and one low tide daily) though mixed tides (two high tides and two low tides) occur a few
days out of the month. The average tide cycle is 24.8 hours which is slightly less than one lunar day.
Mobile District has a long tide level monitoring history in Mississippi as discussed in section 1.3. The
long period of record provides for an interpretation as to the relative rate of sea level rise as
discussed in section 1.6.

1.4.4 Currents

The general circulation patterns in the Mississippi Sound are primarily induced by tides and winds,
with freshwater inflows having secondary influences. The currents caused by the tide diverge and
split the Mississippi Sound into two distinct areas. Horn Island Pass and the area north of the pass is
the natural dividing point for tidal currents. Currents from this area to Lake Borgne generally flow into
the Sound through the Barrier Island Passes and flow westward on the flood tide. During ebb tide,
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the flow is eastward and out of the Sound. From Horn Island Pass to Mobile Bay, currents flow in
through the Barrier Island Passes and eastward on the flood tide, and reverse westward and out of
the sound during ebb tide. Strong winds blowing from the north can force water out of the sound and
result in current velocities of several knots in the passes. The reverse occurs with winds blowing
from the southeast, which forces water shoreward toward the Mississippi coastline. Typical tidal
currents range between 0.5 to 1.0 ft/s.

1.4.5 Sediment Transport

The Mississippi coast is a wave-dominated coastline. Because prevailing wind in the Mississippi
barrier island and mainland areas is from the eastern quadrants, most waves approach the shoreline
at an angle and induce longshore currents that move sediment to the west. The islands migrate west
due to littoral drift at approximately 50 ft/yr. There are a variety of structures, such as outfalls, port
facilities, and sand enclosures along the Mississippi mainland coastline that divide the shoreline into
closed littoral cells. For annual average wave conditions, the beaches may shift due to specific storm
event but remain largely in equilibrium. For higher wave conditions there appears to be a tendency
for sand to bypass the structures. Small shoreline structures such as outfall pipes produce minor
localized perturbations in the coastline with accretion on the east sides of the structures indicating a
westward littoral drift, however, longshore processes have minimal influence on the beaches in
comparison to the cross-shore processes that exert primary control on shoreline response. The
Mississippi River and several rivers along the northern border direct silt and clay into the sound.
Salinity-induced flocculation of these very fine sediments induces settling and results in the
continuous infilling of the sound. The high sediment load also produced elevated turbidity levels,
giving the water of the Mississippi Sound its characteristically brownish appearance.

1.5 Geologic Setting and General Geophysical
Investigations

1.5.1 Geologic Setting and Physiography

The coastal area of Mississippi is part of the Gulf Coastal Plain that extends from Florida westward
to Texas. Coastal plains are generally characterized by gently sloping sedimentary formations that
dip towards the coast line. The Gulf Coastal Plain is also affected by the Mississippi Embayment
which is a trough that underlies the Mississippi River delta. This trough extends inward from the
coast and is gradually subsiding near the coast under the sediment load that is being transported by
the Mississippi River and deposited at the mouth of the river. Subsidence along this trough has
changed the dip of formations that make up the coastal plain of Miocene an older age to a somewhat
southwesterly direction. Of interest to this study are the three counties that front the Mississippi
Sound. The Sound is a narrow, east-west; shallow body of water that separates the mainland from
barrier islands that lie 10 to 15 miles offshore and the Gulf of Mexico southward of the islands.
These counties, east to west, are Jackson, Harrison, and Hancock.

The Geologic Map of Mississippi (Moore, 1976), published by the Mississippi Geological Survey
identifies three strata or formations that underlie the three subject counties. These include the
alluvial/coastal deposits of Holocene age, the Citronelle formation of Pliocene/Pleistocene age, and
the Pascagoula/Hattiesburg formation of Miocene age. Later and more detailed work (Otvos, 1986,
1992 and 2005) has further defined the various formations and provided information as to their
depositional environment. This work also provides information concerning the barrier islands which
lie off the coast of Mississippi. Some of this later work also addressed the presence of or lack of
sand and other sediments along the coast, in the Mississippi Sound and near the barrier islands.
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Within the Mississippi Sound, Holocene aged deposits form thin, muddy, strata that cover the older
Pleistocene formations. These include alluvial, estuarine, and lagoonal-bay deposits. Sampling
studies have shown the strata to contain particle sizes from colloidal to sand size depending on the
energy associated with its depositional environment (Upshaw, Creath and Brooks, 1966).

Closer to the coast, late Pleistocene sea level changes associated with global glacial action caused
a transgressive-regressive sequence that reworked sand along the coast. The last glacial period
created a coastline near the edge of the continental shelf. As the ice began to melt, the associated
sea level rise and wave action began to form the exposed sand into barrier islands with
replenishment to this system coming from the east associated with sediments from the Apalachicola
River that contribute to the barrier islands in northwest Florida westward into Alabama along
Dauphin Island. A predominant wave action from the southeast creates a westward littoral drift that
replenishes the sand to the beaches and inlands as well as causing a westward drift to some of the
islands In Mississippi. The transgressive-regressive sequence has reworked sand and other
sediments along the coast that has resulted in three formations that correlate from the alluvium
along the coast to the barrier islands. These formations are the Prairie, Biloxi, and Gulfport
formations. The Gulfport and Prairie formations are generally very sandy and have some economic
value because of the sand. A generalized geologic map of the Mississippi coast based on these
studies is shown in Figure 1.5-1, (after Otvos, 1997). The Prairie formation is found just landward of
the coast in all three counties and the Gulfport formation is found along the beaches and barrier
islands.

Figure 1.5-1. Generalized Geologic Map of Coastal Mississippi (After Otvos, 1997)

The Plio/Pleistocene Citronelle formation outcrops northward of the late Pleistocene formations.
Utilizing outcrop, boring and fossil data from numerous locations, the Citronelle formation has been
characterized as upland, alluvial/fluvial deposit that covers much of the study area. It consists
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predominantly of silt and sand with some gravelly deposits. The source of the sand came from rivers
that drained to the Gulf coast. Where paleo-streams and rivers have been incised into the underlying
Miocene formation, Citronelle has formed thicker sequences than its general sedimentary deposits
that cover much of the three counties.

The northern portions of the three counties contain limited outcrops of the Miocene aged
Pascagoula/Hattiesburg formation. This formation contains inter-bedded clay, silt, and sand and is
exposed along river valleys that have incised through the younger Citronelle formation which
overlies it in the study area.

Collectively, the formations that outcrop within the study area provide vast quantities of useful
construction material that includes high quality sand, sandy clays and clay. The nature of the various
options discussed in this document will require all of these types of materials and the availability of
these materials commercially throughout the area will benefit any project costs. Other than limited
locations that fall within river channels or the bay bottoms, the geologic formations are expected to
provide good foundation conditions. The areas within the river channels and bay bottoms will require
deep geotechnical exploration to define local conditions, however the presence of major highway
bridges and train trestles indicate that suitable deep foundations can be designed.

The study area is located within the East Gulf Coastal Plain physiographic province. There are two
major physiographic regions in the Mississippi coastal region. The Gulf Coast Flatwoods form an
irregular belt through the southern half of the three-county region. This belt consists mainly of wet
lowlands and poorly drained depressions, with some higher, adequately-drained areas. The second
physiographic region, the Southern Lower Coastal Plain, is rolling and gently undulating, interior
uplands. Elevations range from sea level along the coast in Hancock, Harrison, and Jackson
Counties to about 420 feet above sea level. The slope of the land surface is generally oriented to the
south. The area is underlain by a thick sequence of sedimentary deposits dipping to the south and
west.

1.5.2 Historical Offshore Sampling and Geophysical Exploration

Historical Offshore Sampling and Geophysical Exploration - To support any nourishment of sand
along the mainland and on the barrier islands, extensive deposits of beach quality sand will be
required. The sand will have several physical requirements that include color, grain size, and particle
shape. Starting in the 1950s, literature contains extensive information about the sediments and
shallow strata in the Mississippi Sound and along the shoreline. These studies supported sediment
studies, the construction of beaches in Harrison and Jackson County as well as investigations for
proposed bridges out to the barrier islands. The Mississippi Office of Geology, Coastal Geology
Section, within the Mississippi Department of Environmental Quality maintains extensive records of
the borings and sampling that have occurred in the area of the Mississippi Sound,
(http://geology.deq.state.ms.us/coastal). There is also an abundance of information available from
the Gulf Coast Research Laboratory (Otvos, oral comm.) located in Ocean Springs, MS. Another
source of data exists with the US Geological Survey office located in St. Petersburg, Florida. Vast
amounts of acoustic profiles are contained within their files in analog format. (Oral communication,
Flocks, 2006) These profiles include the areas within Mississippi Sound, around the barrier islands,
and southward out into the Gulf.

Extensive additional information is also stored in archives at the United States Geological Survey,
but not in a user friendly format. These records include thousands of miles of acoustic profiles that
exist as analog data recorded on scrolls. Through cooperation with the Mineral Management
Service, efforts are underway to have these records transferred to a digital format that can be
incorporated into a GIS type database. Of particular interest to this study is the St. Bernard Shoals
that lie about 45 miles south of the barrier islands. St. Bernard Shoals is now a series of submerged
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barrier islands that existed when the sea levels were much lower. It is believed that large quantities
of high quality sand exists in the Shoals that could be used for the restoration of beaches and dunes
both on the barrier islands and the mainland beaches.

1.5.3 Proposed Offshore Geophysical Exploration

Proposed Offshore Geophysical Exploration - Additional acoustic profiling is proposed for off-shore
areas within Mississippi Sound and in some areas south of the barrier islands. These surveys will
help identify sand deposits that could be used or re-nourishment of the islands and to provide data
on the shallow strata between the islands. Some of the area is within the boundaries of the Gulf
Islands National Seashore and work within these boundaries must be approved by the National Park
Service. Acoustic profiling is based on a source of acoustic energy that is generated and acoustic
reflections from that noise that are collected after bouncing off firm subsurface strata. The method
used to perform the survey consists of towing the energy source and hydrophones behind a boat
along traverse lines. The speed of the signal is measured and digitally recorded after it passes
through the upper, softer strata, is reflected off the firmer sub-bottom and returns to hydrophones
which act as receivers. This measured speed has a correlation to different types and thicknesses of
sediments. The exact location of the reflected signal is constantly recorded during the process using
GPS technology. Using data from a grid pattern, an isopach or 3-dimentional interpretation will be
completed to estimate the volumes of available sand. Areas to be surveyed were selected from prior
investigations that indicated large, extractable deposits of sand. This was based both on prior
acoustic profiling and sampling. To ensure the resolution is sufficient to allow for proper interpolation,
the proposed grid pattern will have a spacing of 500 feet while paralleling the coast and 1000 feet
while operating perpendicular to the coastline. The areas proposed for the geophysical survey are
shown in Figure 1.5-2.

Figure 1.5-2. Proposed Areas for Geophysical Surveys

In addition to the acoustic profiles, the bottom of the selected study areas will be surveyed with side-
scan sonar. This procedure locates any abrupt change in the bottom contour that may indicate
debris, shipwrecks, or even vegetation growing on the bottom. This will prevent damaging dredging
equipment if debris is found within the zones selected for borrow areas or damaging vegetation that
has high value to marine life.

During the geophysical survey, some locations will be selected to obtain actual samples of the
sediments to provide accurate correlation between the interpretations and actual conditions. The
contractor that performs the geophysical survey will obtain these samples during the operation.
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These samples will also provide for a general analysis of grain size distribution, particle shape, and
color. All of these are important in selecting the borrow areas prior to placing the sand on beaches.

The results of the geophysical surveys will be used to estimate both location and quantities of the
required sand. After the acoustic profiling is completed, the next phase will be a more complete
exploration program that will verify the results of the geophysical survey. This phase will consist of
taking numerous Vibracore samples which provide a continuous sample from the sound/gulf bottom
to a depth of 20 feet. The spacing of these holes will be sufficient to ensure that the extracted sand
meets all quality specifications from a given location.

1.5.4 Tectonic and Seismic Considerations

Tectonic and Seismic Considerations - Numerous studies have been made concerning subsidence
around the mouth of the Mississippi River. General thoughts have attributed the subsidence to the
sediment loading of the lower delta as the river enters the Gulf of Mexico. Other studies have
concluded that recent faulting has occurred associated with both subsidence along the coast and
uplifting in the coastal plain (Bowen, 1990). While this low order faulting in soft sediments produces
no significant seismic events, associated displacements must be considered even if very small.
Computed subsidence of first-order benchmarks has concluded that the Mississippi coast had a
subsidence rate of 5 mm/year during the later half of the 20" century and continues to subside,
(Shinkle and Dokka, 2004). These rates are the subject of much discussion among various agencies
due to the fact that the primary benchmarks may not be stable thus influencing the results any
surveys. The need to update the benchmarks to provide accurate elevation data is recognized by the
National Geodetic Survey. Mississippi’s subsidence has been factored into the relative sea level rise
based on over eighty years of observation at three tide gauges along the coastline, Gulfport, Biloxi
and Pascagoula. The relative sea level rise is based on both actual changes in sea level and any
subsidence combined into a single value. This change would be what the casual observer would
notice over time along the coast. The relative sea level values will be considered in all designs.

1.5.5 On-shore Borrow Areas

Coastal Mississippi, On-shore: There are a large number of commercial sources for different types of
soil along the three coastal counties of Mississippi. Depending on the project, these sources may be
utilized for construction of levees, beach nourishment and dune restoration. Deposits of sand found
in the Prairie formation may be of beach quality and have potential use for beach nourishment along
the mainland beaches. The presence of the Prairie and Citronelle formations in much of the study
area can provide necessary reserves for construction of levees. The sands included in these
formations can also be evaluated for beach restoration. These sources are permitted by the
Mississippi Department of Environmental Quality which publishes a list of permit holders. A review of
the listed sources shows that Jackson County has 14 operations, Harrison County has the most with
63 sources and Hancock has 33 sources. These locations are shown in Figure 1.5-3. Not all the
listed sources are believed to be active operations. At the present time, no information is available
on specific soil properties such as classification, gradations or color, all of which will be important
characteristics if used for beach nourishment. This information will be collected before any material
is selected for use. Attempts will be made to contact each of the listed operators to compile a current
list of sources that will provide an estimate of reserves, operational output, and more specific
information on the material that is actually produced. A review of the permitted size (acreage) of
most of the operations indicates that their individual site reserves may be less than one million cubic
yards, but collectively contain vast quantities of material. Many of the sources list specific information
as to what type of material that they produce while some of the permits do not indicate the type of
formation that is being mined other than a general statement such as “dirt”. A list of the permitted
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1 sources for Jackson, Harrison and Hancock Counties are shown in Table 1.5-1, 1.5-2, and 1.5-3,
2 respectively.

4 Figure 1.5-3. Location of Permitted Mining (Borrow) Operations in Coastal Mississippi Counties
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Table 1.5-1.
Permitted Borrow Areas in Jackson County

County Operator Permit # Permitted Acres Material
Jackson Bright N/A 20 sand and clay
Jackson Ward P02-037 35 sandy clay
Jackson Hence P04-019 25 clay and sand
Jackson Blain P83-002 6 sand
Jackson Yates P-87-045T 29 sand and clay
Jackson Jackson C P91-061 10 sand and clay
Jackson Mellette P92-054 19 sand clay
Jackson Talley P93-020 24.8 dirt
Jackson Graham P93-029 20 sand and clay
Jackson Dees P94-036 6 dirt
Jackson Dees P95-058 16 dirt
Jackson Jackson C P96-014 19.5 soil clay fill
Jackson Mellette K P98-057 30 clay & sand
Jackson Ward P98-063 60 sandy clay
Table 1.5-2.

Permitted Borrow Areas in Harrison County
County Operator Permit # Permitted Acres Material
Harrison  Waits N/A 40 fill dirt
Harrison Fore N/A 40
Harrison Blacker N/A 49.6 soil
Harrison Dirt works P00-020 9.7 sand
Harrison Anchor P00-065 20 fill dirt
Harrison Dirt works P01-014A 21.98 dirt/clay
Harrison Williams D P02-004 25.6 dirt
Harrison Edwards P02-007 12.7 dirt, sand and gravel
Harrison ~ Wallace T P02-018 53 dirt
Harrison ~ Wallace T P02-045 40 dirt
Harrison fore P03-010 38.2 dirt and sand
Harrison Edwards P03-044 7 sand, gravel and dirt
Harrison TCB P03-046 20 clay/sand
Harrison Lamely D P04-006A 25 clay, sand
Harrison Edwards P04-017AA 225 sand and dirt
Harrison Du Pont P04-036 38 clay
Harrison Wetzel P04-37 5.6 sand
Harrison Fore P04-043A 46.17 sand
Harrison Fore W.C.LLC P05-005 40.02 sand
Harrison Fore W.C.LLC P05-006 40.4 sand
Harrison Saunders P05-007 14.2 clay, sand
Harrison Fore W.C.LLC P05-010 44.23 sand
Harrison ~ Warren Paving P05-025 14.5 dirt
Harrison Dirt P06-002 15 dirt
Harrison Cams P80-022 20 fill dirt
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Table 1.5-2.
Permitted Borrow Areas in Harrison County (continued)

County Operator Permit # Permitted Acres Material
Harrison Griffin P81-030T 8 fill dirt
Harrison Fore P87-027 28 sand and clay
Harrison Blackmer P87-029T 8 clay/sand
Harrison Dirtworks P87-048T 5 fill dirt
Harrison Mid C P88-012 20 fill material
Harrison  Gulf P88-025T 12 sand and gravel
Harrison Fore P88-027 30 sand and clay
Harrison Fore P88-027A 76 sand and clay
Harrison Parker P89-007 5 fill dirt
Harrison Cams P89-019 10 sand clay
Harrison Lamey D P89-022 5 fill dirt
Harrison Ladner P90-023 6.5 sand and gravel
Harrison TCB P90-024T 4 sand and gravel
Harrison Ray P92-014 10 soil/borrow
Harrison Parker P92-066 3 dirt

Harrison Holden P92-079T1 45 dirt

Harrison Blackmer P92-089 12 clay/sand fill
Harrison Twin P92-093 10 clay/sand fill
Harrison Ladner P93-009 6 sand and gravel
Harrison Holden P93-012 8 sand and clay
Harrison Holden P93-041 194 sand-clay
Harrison Lamey D P93-051 10 fill dirt
Harrison Breeland P93-064T 32 fill dirt
Harrison Dubuison P93-113 0.7 sand clay
Harrison Newells P94-035 115 clay sand gravel
Harrison Holden P94-064T1 4 fill material
Harrison Blackmer P95-018 28 sandy clay
Harrison Holden P95-073 20 clay, sand-clay
Harrison Dirtworks P95-080T 7 fill dirt
Harrison Fore P P95-082 3 sand and gravel
Harrison Fore P P95-083 3 sand and gravel
Harrison Holden P96-022T1 8 dirt

Harrison Fore C P96-047 30 sand and clay
Harrison Parker P96-067 3 dirt

Harrison Holden P97-021 15 clay and sand clay
Harrison ~ Twin P98-048 35 sand and gravel
Harrison Prince P98-055 10 sand and clay
Harrison  Wallace T P99-052T 22 sand clay
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Table 1.5-3.

Permitted Borrow Areas in Hancock County

County Operator Permit # Permitted Acres Material
Hancock  Gibson P00-034 4 fill dirt
Hancock  Boudin P00-058 10 sand/clay/fill
Hancock  Phillips Tru P02-016 40 sand and clay
Hancock  Fore P02-027 37.25 dirt and sand
Hancock  Cuevas P02-058 4 clay gravel
Hancock  B&C P03-011A 12 dirt and sand
Hancock  Henley C P03-028 8.75 clay and sand
Hancock DK Agg P04-007 40 sand and gravel
Hancock DK Agg P04-008 20 dirt/clay
Hancock  Frierson P04-012 6 sand and clay
Hancock  Larry Nicks P05-001 12 sandy clay
Hancock  Phillips Tru P05-003 25 sand and dirt
Hancock  Knight P86-016 1 sand and gravel
Hancock Fore P92-024 20 borrow/soil
Hancock  TCB P93-022 25 sand clay
Hancock  SCI P93-033 13.1 borrow
Hancock  Fore P93-048 29 fill dirt
Hancock Fore P93-048 N/A fill dirt
Hancock  Ladner P P93-079 15 sand and clay
Hancock  Haas P93-110 16.3 sandy clay
Hancock  Frierson P95-012 4 dirt

Hancock  Fore P95-047T 10 sand and sandy clay
Hancock  Henley C P96-008 3.7 clay/sand
Hancock C&G P96-064 5 dirt/sand
Hancock  Ladner R P97-023 3 fill dirt
Hancock  Pittman P-97-032 46 sand and clay
Hancock  Fricke's P97-044 6 sand and sandy clay
Hancock  Fore S P-97-045T 20 sand and gravel
Hancock  Thigpen P98-017 9 sand and gravel
Hancock  Fore P98-064T 10 sand/clay/fill
Hancock  Fricke’s P98-065 8.7 sand, sandy clay
Hancock ~ Moran P99-021 315 fill dirt
Hancock  Thigpen P99-034 14 sand and gravel

Some projects along the coast are already under design as interim projects and will require sand for

beaches. These projects are located in all three coastal counties and the in-place quantities are as

follows:

e Jackson County, Pascagoula Beach - 270,000 cubic yards sand
e Harrison County Beach - 681,000 cubic yards sand
e« Hancock County, Bay St, Louis Seawall - 159,000 cubic yards sand

All of these projects are limited in scope and could be easily supported by local on-shore commercial
operations or sand deposits that have located just offshore. These offshore sand deposits are limited
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in size and may be due to past beach construction and nourishment projects where the sand was
eroded from the beach due to storms and wave action.

1.5.6 Offshore Borrow Areas

To provide the sand necessary to rebuild or nourish the beaches on the barrier islands, large
guantities of quality sand must be located. The inventory of these sand resources has been the
subject of many studies. Within the Seven Point Hurricane Recovery Strategy developed by the
Governor of the State of Mississippi, one is restoring the barrier islands of the coast of Mississippi to
a pre-hurricane Camille footprint. This is addressed in this appendix as Option A under the Barrier
Islands. This will involve establishing islands of a size similar to a pre-Camille condition with
allowances made for migration of the islands over time. This includes an estimated 30 percent loss
of volume during placement due to the losing finer sand particles in the outwash. All of these areas
may be contained within the littoral drift zone that transports sand along the chain of barrier islands.
The impacts of transferring this sand within the littoral drift zone will be evaluated through sediment
transport models. Some of these areas also are within the boundaries of the Gulf Islands National
Seashore which extend one mile from the shores of Petit Bois, Horn, and Ship Island. Other than
close to the mainland and island beaches, most areas within the Sound are expected to have muddy
Holocene deposits overlying any sand deposits. These deposits may render the sand unusable
without segregation of the different materials prior to being placed along the beaches.

At the present time, four areas have been selected for acoustic profiling near the barrier islands to
assist in identifying potentially useful deposits of sand. An initial quantity of 66,000,000 cubic yards
of sand has been estimated for use on the barrier islands as the quantity of sand for restortation to a
pre-Camille footprint as described above and would be the target for this survey. During hurricane
Katrina, the breach of Ship Island was widened to approximately three to four miles. This breaching
also occurred during Hurricanes Fredrick and Camille with a low sand spit reforming over time. This
erosion and other lesser amounts of erosion on the other islands has scattered sand on an area of
unknown extent. Much of this sand may still remain in the littoral drift zone. It may eventually be
transported where it could be naturally deposited on a beach. However, this process is slow and will
not aid in storm protection for a very long period of time. Identification of these sand deposits and
using them to restore the island would provide a more timely protection for the coast during lower
intensity storms.

If the islands were restored to the pre-Camille footprint, the restoration of Ship Island will be the
largest single project requiring up to 30,000,000 cubic yards of excavated sand. This volume is
roughly based on restoring the breach to an island width of 2,000 feet (including submerged portion)
for the full length of the breach and bringing sand dunes to at least elevation 20 feet (NAVD 88) with
a 10 foot existing water depth. This height will allow better protection against breaching during future
low intensity storms (Otvos, oral comm. 2006). Based on previous work (Otvos, 1975/76 and
Upshaw, Creath, and Brooks, 1966) which involved sampling and sub-bottom profiling, four areas
have been selected for exploration using acoustic profiling and vibracore sampling. This procedure
has been previously described in Proposed Off-shore Geophysical Exploration and the proposed
areas are shown in Figure 1.5-2. Three of the areas are located either partly or wholly within the
boundaries of the Gulf Islands National Seashore and any work within these boundaries must be
coordinated with the National Park Service. These boundaries include Petit Bois, Horn and Ship
Islands. Petit Bois and Horn Islands are also designated as Wilderness Areas by the Park Service
and receive a higher level of protection than Ship Island.

Review of the samples that were collected during these and other studies also indicate that sand
deposits underlie some of the Holocene deposits within the Mississippi Sound. The use of these
sands for beach nourishment would be dependant on segregation and removal of the overlying
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muddy Holocene sediments. The Holocene sediments may have some value for use in the creation
of marshes and wetlands that could be considered if the underlying sands were needed to complete
a project. An example of this condition exists about two miles south of Deer Island. In a boring
referenced as Hole 785 and reported by Otvos (1985), the bottom of the Sound was recorded at 9.0
feet. From 9.0 to 13.3 feet the sample was described as muddy medium sands, poorly sorted.
Underlying this muddy sand, the samples showed medium sand from 13.3 to 16.7 feet and very to
well/moderately sorted, fine sand from 16.7 to 27.1 feet.

As one might expect, much of the quality sand deposits are within the littoral drift zone of the barrier
island chain. This high energy environment provides a sorting process that allows for deposition of
sand while preventing finer grained sediments from being deposited. While not removing the sand
from the littoral drift zone, the process of relocating of sand from any given area within the drift zone
and transporting it to another area within the zone must be considered. Using the same reference as
above (Otvos, 1985), a boring taken within the littoral drift zone between Horn and Ship Inland,
Boring S-6, the upper eleven feet of sediment to be well to moderately well sorted medium sand with
additional sand units below.

Prior studies of the St. Bernard Shoals (Oral Communication, USGS, 2006) are probably the best
source of the sand, although additional studies and sampling will be required to ensure the
sediments meet the quantity and quality requirements. St. Bernard Shoals are a series of
submerged barrier islands located south of the existing islands (see Figure 1.5-4) and are believed
to contain substantial quantities of high quality sand, more than enough to supply the quantity
needed for any use at the barrier islands. The US Geological Survey is presently compiling historical
data on offshore sand deposits that will include the St. Bernard Shoals area. This study will also
include some sampling of selected areas.

Figure 1.5-4. Map Showing the Location of St. Bernard Shoals
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1 1.5.7 Inland River System Sand (Dredged Material)

2 After the construction of inland waterways in Alabama and Mississippi, maintenance dredging is

3 sometimes required to maintain the channel depths and alignments. This material is typically moved

4  to disposal areas along the banks of the river where it accumulates in diked areas. Figure 1.5-5

5 shows an aerial view of one of the sites. Dredging of some of the areas along the river produces

6 large quantities of sand that have potential use for beach nourishment. An inventory of current

7  disposal sites indicates that approximately 30,000,000 cubic yards of sand may be available.

8 Information on available sand on these two river systems is shown in Tables 1.5-4 and 1.5-5. Only

9 disposal sites that contain a minimum of 100,000 cubic yards of sand were included in the inventory.
10  Ofinterest to this study are disposal sites that are located along the Black Warrior — Tombigbee
11  River system and the Tennessee — Tombigbee Waterway. Figure 1.5-10 shows the relationship of
12  these disposal areas to the project sites along the Mississippi coast. The range of haul distances (by
13 water) to the barrier islands western extent varies from 163 to 500 miles. Material from these sites
14 could easily be transported by barge down the river system for use along the beaches. The cost to
15  store this type of dredged material is high and it has recently been estimated that removing the sand
16  from the existing disposal areas would save the Government over $100,000,000 at today’s cost.
17

18 Figure 1.5-5. Sunflower disposal area on the Tombigbee River with large quantities of
19  sand available for use on coastal projects in Mississippi

20 Table 1.5-4.
21 BWT Dredge Material Disposal Areas Over 100,000 CY
Access/ Access/ Est Material Placed
Site River Mile  Acquisition Land River To Date(CY)
C 78.2 Easement No Yes 1,500,000
D-1 82 Easement No Yes 515,000
E 86 Easement No Yes 250,000
E-2 87 Fee No Yes 110,000
F 88.5 Easement No Yes 315,000
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Table 1.5-4.
BWT Dredge Material Disposal Areas Over 100,000 CY (continued)

Access/ Access/ Est Material Placed
Site River Mile  Acquisition Land River To Date(CY)
| 91.5 Easement Yes Yes 260,000
J 96 Easement No Yes 140,000
N 103.5 Easement No Yes 1,400,000
R 105 Fee No Yes 130,000
X-2 108 Fee No Yes 205,000
X 108.2 Easement No Yes 1,500,000
X-4 108.4 Fee No Yes 810,000
Z 108.6 Easement No Yes 1,250,000
CA-1 191.3 Easement Yes Yes 135,000
BA 297 Easement No Yes 300,000
AD 299.2 Easement No Yes 440,000
AE 300.4 Easement No Yes 465,000
AF 307 Easement No Yes 1,600,000
AG 313 Easement No Yes 1,020,000
BE 324 Easement Yes Yes 160,000
BD 329 Easement No Yes 170,000
TOTAL 12,675,000
Table 1.5-5.
TTW Dredge Material Disposal Areas Over 100,000 CY
Access/ Access/ Est Material Placed To
Site River Mile  Acquisition Land River Date(CY)
D-20 243.5 Easement Yes Yes 721985
D-24 2495 Easement Yes Yes 196392
D-25 250.6 Easement No Yes 257137
D-29 256.5 Easement Yes Yes 127014
D-30A 257.3 Easement Yes Yes 750654
D-30B 257.7 Easement Yes Yes 195291
D-31A 259.3 Easement Yes Yes 298684
D-31B 260.3 Easement Yes Yes 231121
D-33 263.1 Easement No Yes 1825225
D-36 265.4 Easement Yes Yes 900317
G-13 287.8 Easement No Yes 242129
G-14 289.4 Easement Yes Yes 622745
G-15 290.5 Easement No Yes 710754
G-18 2954 Easement Yes Yes 249803
G-20A 297.6 Fee No Yes 209650
G-21 299.8 Fee No Yes 1653977
G-22 301.8 Easement No Yes 116938
G-24 303.6 Easement No Yes 244175
G-25A 304.8 Easement Yes Yes 694172
G-26 305.7 Easement Yes Yes 295961
AL-7 317.3 Easement Yes Yes 109131
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Table 1.5-5.
TTW Dredge Material Disposal Areas Over 100,000 CY (continued)

Access/ Access/ Est Material Placed To
Site River Mile  Acquisition Land River Date(CY)
AL-9 320.4 Easement No Yes 334863
AL-13 326.4 Easement Yes Yes 1274697
AL-14 328.2 Easement Yes Yes 271563
AL-16 333.6 Easement Yes Yes 130691
C-14 350 Easement Yes Yes 575875
C-18 352.1 Easement No Yes 140864
C-19 353.3 Easement Yes Yes 1049792
C-20B 355 Easement Yes Yes 148024
AB-6 362.3 Easement No Yes 270663
AB-9 364.3 Easement Yes Yes 116522
AB-12 365.9 Easement Yes Yes 3171722
AB-13 366.5 Easement Yes Yes 448743
PE-3 410.2 Easement No Yes 195636
PE-4 411.1 Easement No Yes 122290
TOTAL 18,905,200

Because of the shortage of additional disposal areas, the Corps of Engineers’ Operations Division
has contracted for several studies on the beneficial use of the sand. Some of these studies have
been targeted at using the sand for beach nourishment, (Thompson Engineering, 2001). Using sand
samples from some of the inland disposal areas along the Black Warrior — Tombigbee River, a
series of analyses were conducted on the samples. For comparison purposes, several samples of
actual beach sand and from the littoral drift zone from coastal Alabama were taken and subjected to
the same tests. These tests included grain size distribution (gradation), color and roundness. The
results of the tests indicated that some of the samples may be suitable for beach nourishment. The
sand from the river was typically a finer grain size that the beach sand with the predominant river
size being a fine sand while the beach sand was mostly medium sand. It was also noted that the
beach sand was slightly more rounded than the river sand.

One factor that warranted further analysis was the color difference of the river sand as compared to
the beach sand. All of the river sand had a brown tint described as “very pale brown” or “light yellow
brown”. This compared to the beach sand samples which were described as “pale olive, white or
light grey”. These colors were assigned along with evaluations for hue, value and chroma from a
Munsell Soil Color chart which provides a standard method of assigning color to soils. The report
also noted that beach sand came from a higher energy environment where any staining due the
depositional environment may have been removed by abrasion due to wave action. It also noted that
the sand might undergo bleaching from the ultraviolet radiation from the sun if the color was caused
by a mineral staining. To test these conditions that may change the color of the sand, a series of
tests were conducted on samples from the same areas that were used during the initial analyses,
(Thompson, 2002). The samples were subjected to two tests. The first involved actual bleaching of
the samples using a chemical oxidizer, hydrogen peroxide, for different periods of time. These tests
did indicate that the bleaching process was detectable after 72 hours. Other tests were conducted to
simulate the process of wave action causing an agitation of the particles which may remove any
mineral coating or staining along with exposure to ultraviolet light. This process was conducted for
144 hours without a notable difference in color.
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Other studies on the dredge disposal areas by the Bureau of Mines, U.S. Department of the Interior
were conducted to characterize the sand for use as an aggregate in making concrete (Smith, 1995).
While these tests were not directed at use of the sand for beach nourishment, they did supply
information on chemical and physical characteristics of the materials from several locations. These
tests provided data that shows the sand to be clean, mostly fine grained, quartz sand with little of no
fines, to be non-toxic based on Toxic Characteristic Leachate Procedure (TCLP) and to contain very
little heavy minerals. All of these tests would indicate the material would be safe to place on a beach.

Review of the documents referenced above indicated that the color issue was not resolved and this
would be an important factor in the use of the sand on the barrier island beaches. The methods
employed, beaching and agitation with exposure to ultraviolet light, were not considered to be
effective in removal of what is suspected to be the basis of the color on the sand grains, amorphous
iron oxide more commonly referred to as rust. Hydrogen peroxide is a common household bleaching
agent that is effective in oxidation of organic matter, but would not effect iron oxide through chemical
removal. The same is true for the effects of ultraviolet light on iron oxide. The idea of using agitation
would be the most effective of the methods attempted if the color was a coating on the mineral
grains, but the test, as conducted, was not conclusive.

With the renewed interest in the possibility of using the sand as a source of material for the littoral
zone associated with the Mississippi barrier islands, the disposal areas warranted further study.
Again the color of the sand is a concern that has been raised by the National Park Service who has
control of the Mississippi Barrier Islands. This concern has both aesthetic and environmental
aspects. Aesthetically, the beaches on the barrier islands are composed of relatively white sand.
Numerous studies have indicated that the primary source of this sand is an Appalachian origin
probably associated with river systems discharging onto the Continental Shelf of present-day Florida
(Stone and Others, 2004). This sand is transported westward from the discharge of the river into the
Gulf of Mexico. Transport of this sand along the prevailing littoral current has created the white
beaches and barrier islands that extend from the mouth of the river in Florida westward across
Alabama to Mississippi.

Looking at the color differences of the sand along this system reveals a definite change as shown in
Figure 1.5-7. The sample on the left was taken from sand dredged from the Chattahoochee River
which is a major tributary of the Apalachicola River. This sampling location is approximately 150 river
miles above the Gulf. The middle sample was taken from Disposal Area 39 on the Apalachicola
River approximately 37 river miles above the Gulf. The sample on the right was taken from the south
beach of Petit Bois Island in Mississippi. Note the change progressive change in color from brown to
tan to white.

Geochemical processes could account for the consistent staining of the sand grains while in the river
system. As the sand entered the Gulf’s littoral system, changes in the geochemical process would
not allow additional staining of the sand and any removal of the coating would allow the underlying
sand grain to display its true color. The mechanical process of abrasion would occur both in the river
system and the littoral system, but if the iron oxide staining was continuously reoccurring in the river
system, the resulting color would remain. As the sand grains entered a different geochemical
environment where re-staining did not occur, it would account for the difference where the color was
a coating. Review of selected sand samples taken from the Black Warrior—Tombigbee River system
disposal areas the reveal the same general color that is characteristic of the Chattahoochee-
Apalachicola River system. Figure 1.5-8 is a photograph of five samples that include the same
samples used in Figure 1.5-7 plus two additional samples, one from the Black Warrior River and
another from the Tombigbee River. Note the similarities in color of the Apalachicola River (fourth
from left), the Black Warrior (third from left and marked BWT North Star), and the Lower Princess
(second from left, Lower Tombigbee River).
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Figure 1.5-6. Littoral zone (white beaches and islands) along Central Gulf Coast extending from
Bay County, Florida (top of picture) to Mississippi Barrier Islands (lower left), looking east

Figure 1.5-7. Samples of sand taken from (left to right) Chattahoochee River Mile 150, Disposal
Area #39 on the Apalachicola River, and Petit Bois Island
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Figure 1.5-8. Samples of sand taken from (left to right) Chattahoochee River Mile 150, Disposal
Area #39 on the Apalachicola River, North Star disposal area on the Black Warrior River, Lower
Princess disposal area on the Tombigbee River, and Petit Bois Island in Mississippi

Assuming that the previous testing was not effective at removing the iron oxide staining on the sand
grains, a different bench-top test was performed. If iron oxide is only a coating on the sand grains
and occurs as a stain, abrasion would be effective in the removal. The addition of a week acid would
also aid in keeping the iron oxide from re-coating the sand grains as it is being removed. For the
experiment, | used a small “rock tumbler” of the type used to polish small stones. Into the chamber of
the rock tumbler was added a small quantity of sand obtained from the Lower Princess disposal area
on the Tombigbee River, enough water to just cover the sand and a tablespoon of “Zud”. Zud is a
household cleaning product that is composed of oxalic acid and abrasives. Oxalic acid is a weak
acid commonly used to remove rust stains. Zud contains about 10% oxalic acid and 90% fine
abrasives. The tumbling chamber was closed and placed the tumbler. An electric motor spins the
chamber which allows the contents to tumble. This process would mimic the process of sand grains
being transported along the littoral zone with the sand grains being abraded as they strike each
other. In the almost infinite volume of water in the Gulf, any iron stain that was removed would not
re-coat the sand, but be diluted away. This process started on 4 October 2007 and concluded 10
October 2007. The tumbler did not run over the included long weekend, but did operate for about 4
days. At the completion of the tumbling process, rinse water was added and decanted several times
until the turbidity levels dropped and the fines were removed. The remaining sand was air dried and
placed in a clear plastic bag for comparison with sand from the same parent sample. As shown in
Figure 1.5-9, the results of the experiment are quite dramatic. The tumbled sand lost most of the tan
color and is approaching white. This supports the process that occurs with the tan sand from the
Apalachicola River system becoming the white sand so familiar to beach-goers along the central
Gulf Coast.

Engineering Appendix 47



w N

© 0o ~NOoO 01 &~

10

11

Figure 1.5-9. Samples of sand taken from (left to right) North Star disposal area on the Black
Warrior River, Lower Princess disposal area, and “Tumbled Lower Princess disposal area”

Adding the sand into the littoral system along the gulf coast should provide the proper geochemical
and mechanical processes to remove the iron staining and provide the quality of sand that is desired
as it is transported along the littoral drift zone which contain the Mississippi Barrier Islands. Littoral
zone placement will also allow additional sorting by the currents and rounding of the sand grains
through continued abrasion during transport. Additional research and testing will be conducted to
ensure that these processes will in fact provide sand that is compatible with the existing sand in the
barrier island system.
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Figure 1.5-10. Inland Disposal Areas that Contain Economic Deposits of Sand
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1.6 Sea Level Rise

Systematic long-term tide elevation observations suggest that the elevation of oceanic water bodies
is gradually rising and this phenomenon is termed ‘sea level rise.’ The rate of rise is neither constant
with time nor uniform over the globe. Present estimates of recent (over about the last 100 years)
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global average, or eustatic, sea level rise are varied but the average value is about 2 millimeters per
year. Sea level is rising due to global warming, and there is uncertainty as to the future rate of sea
level rise, how much sea level will rise at any particular location, what the primary drivers of global
warming really are, and whether the rate of rise will be relatively constant or accelerate. Regardless
of these uncertainties, with 60 percent of the world’s population, and 53 percent of the US
population, living near the shoreline (Reference 1), sea level rise is a phenomenon which requires
society’s sustained attention and requires planning with consideration to the needs and protection of
future generations.

Sea level rise may be viewed in different ways. ‘Eustatic’ sea level rise refers to estimates of the rate
of sea level rise applied uniformly over the earth’s oceanic water bodies. This is an interesting
concept and useful for communicating an averaged rate, but because sea level rise is not uniform
over the globe, it is not perhaps the most useful concept from a local or regional engineering point of
view. Eustatic sea level concepts are usually associated with studies of pre-historic sea level and
predictions of future sea level behavior but have been used in the Gulf Coast region in forensic
studies of modern coastal subsidence rates (Ref. 2).

‘Relative’ sea level rise (RSL) at a given location is the change in mean sea level at that location with
respect to an observer standing on or near the shoreline. It is determined by fitting a linear
relationship to monthly mean or annual mean sea level, either of which is computed from tide gage
observations. The slope of the fitted line gives the rate of sea level rise at the location of the tide
gage. The computed rate includes the rate of subsidence or uplift of the location upon which the tide
gage is founded, and thus the computed RSL rates may be extended locally or regionally to areas
with similar geotechnical and tidal conditions.

The National Research Council (NRC) alternatively defines relative sea level change as “the
difference between eustatic (global) sea level change and any change in local land elevation”

(Ref. 3). This definition is in keeping with the previous interpretation in that local vertical land motion
is represented in the change estimate, however, it seems to equate eustatic sea level change to the
local absolute sea level component of that change, whereas the previous interpretation makes no
such assumption. In practice, the distinction is often ignored because, excepting at the poles where
sea level rise would be expected to be higher than an average eustatic value, there are no
consistent relationships between eustatic sea level rise and sea level rise at any particular location.

Corps of Engineers Planning Guidance Notebook (Ref. 4) states that potential relative sea level rise
should be taken into consideration for coastal or estuarine projects at the feasibility level of study
and recommends, given the uncertainty of future sea level rise estimates, preference be given to
developing strategies that are robust over the entire range of potential sea level rise rates versus
those that perform well only over a limited range of potential sea level rise rates. The guidance
states that, at a minimum, project performance would be evaluated based on extrapolation of the
observed historic rate and should also consider a higher rate than that historically observed. The
guidance specifies, in the absence of more current, definitive information, that Curve 3 of the 1987
NRC study (Ref. 2), a curve presented as a high forecast rate of rise, be used as the eustatic
component in estimating the locally ‘higher than observed’ rate.

It is necessary then to determine (a) the observed historic relative rate of sea level rise along the
Mississippi Gulf Coast, (b) the observed and/or forecast rates of subsidence there, and (c) the Curve
3 rate and, if available, other updated, definitive estimate of eustatic sea level rise that may be
extended to the Mississippi coast. The following sections describe these determinations.

MsCIP studies are interpreting the guidance as requiring estimates of the magnitude of sea level rise
for the expected project life beginning at the base year. Early on in the study, this time period was
set at 2005-2100, but has since been revised to 2012 through 2011 (100 years). A number of
engineering activities had been well underway or substantially completed by the time the project
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lifetime window had been revised and as such the relative sea level rise values used for those
activities were not revised to the period 2012 to 2100. It will be shown that the difference in selected
sea level rise predictions accorded these time windows is small and would not be expected to
materially change one’s impression of project performance in and of itself.

1.6.1 Mississippi Coast Relative Sea Level Rise

Apparently, no long-term Mississippi coast tide gage records had been used to quantify relative sea
level rise since 1947. Mississippi is the only Gulf Coast state for which this is true.

The National Oceanic and Atmospheric Administration (NOAA) is responsible for monitoring,
forecasting, and publishing U.S. tide data. In 2001, NOAA published RSL estimates for all of its
National Water Level Observation Network (NWLON) tide gage stations with records equaling or
exceeding 25 years (Ref 5). Twenty-five years is considered the minimum record from which
reasonably reliable sea level rise rates might be determined. There were no NWLON stations in
Mississippi meeting this criterion and no RSL estimates were published.

The Permanent Service for Mean Sea Level (PSMSL) was established in 1933 at the Proudman
Oceanographic Laboratory, Liverpool, England and collects and interprets sea level data from
approximately 2,000 tide stations world-wide. The PSMSL regularly updates RSL estimates for most
locations they monitor; one of these is the NOAA station at Bay Waveland Yacht Club (USGS station
no. 8747437), though the period of record at that station is considered too short to provide a reliable
estimate of RSL.

Mobile District has long-term tide gages at Gulfport (USACE station no. 02481341), Biloxi
(02480351), and Pascagoula (02480301). A 1947 report of the Mobile District Engineer submitted to
Congress for the Harrison County Beach Erosion Control Study reported, based on 49 years of
record at the Biloxi gage, that annual mean stage was *“rising gradually and is nhow approximately 0.3
of a foot higher than at the turn of the century.” RSL was computed for these and other stations for
present purposes by using the method of least squares to fit a linear relationship to the monthly
mean tide level (MTL). Monthly MTL is the average of the daily high and low water observations. The
resultant rate was multiplied by 12 to arrive at the average annual RSL rate. Annual MTL values (the
average of a calendar year's monthly MTL values) were also fit for comparison to RSL rates
computed using monthly data. This method is similar to that employed by NOAA and the PSMSL,
though there are differences. Monthly data were not weighted by the number of days in each month
in computing the annual MTL. Records for years missing more than 3 months of data were
discarded to minimize seasonal bias. The differences are not of significance here.

Computed RSL rates and the standard error of rates, in millimeters per year, spanning coastal
Mississippi are presented in Table 1.6-1. Computed RSL rates from the Permanent Service for Mean
Sea Level (PSMSL) web site, from NOAA's report (Ref. 5), and from Mobile District, USACE are
shown for comparison. Large discrepancies in the rates are mostly attributable to the period of
record analyzed; in general, rates computed from longer records are considered superior. Smaller
discrepancies are due to differences in methods used to compute the rates.

Neither NOAA nor PSMSL had estimated rates for the Mississippi tide gages at Gulfport, Biloxi, nor
Pascagoula. This is probably because these gages have historically been owned and operated by
the Corps of Engineers, though the Corps turned the Biloxi gage over to NOAA (USACE continues
to collect data from that gage) in September of 1999.

2 s reported in U.S. House of Representatives Document No. 682, 80" Congress, 2" Session, 1948. ‘Annual Mean
Stage’ is therein defined as the average of all hourly tidal readings in a calendar year (8,760 readings might be
obtained in one year) and is analogous to ‘annual mean sea level.’
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The Gulfport and Biloxi gages are in Harrison County. The Pascagoula gage is in Jackson County.
Long-term gage data is not available for any locations in Hancock County, but data from short-record
gages at Waveland Yacht Club (Y.C.) and Waveland were analyzed and are presented in

Table 1.6-1 but application of those results is not recommended due to the short periods of record at

these sites.
Table 1.6-1.
Relative Sea Level Rise Rates in the Vicinity of Coastal Mississippi
USACE based on
Monthly Average Data Annual Average Data
MTL MSL MTL MSL
PSMSL (2006) NOAA (2001) mm/yr. + - std. error
Grand Isle, LA 9.52 +/- 0.37 9.85 +/- 0.35
Record 1974-2003 (52 yrs.) 1947-1999
Bay Waveland Y.C., MS | 16.31 +/- 7.83 NA 5.40+/-0.17 | 521 +/-0.16 | 4.65+/-2.04 | 4.44 +/-2.06
Record 1987-1992 (5 yrs.) 1979-1992 1979-1992
Waveland, MS N/A 8.05 +/-9.28* | 9.33 +/-0.42 | 10.58 +/- 0.41
1997-? 6 yrs. 1997-2005
Gulfport, MS N/A N/A 1.70 +/- 0.04 N/A 1.96 +/- 0.7 N/A
Record 1964-1999 1964-2002
Biloxi, MS N/A N/A 4.73 +/- 0.04 N/A 2.26 +/- 0.26 N/A
Record 1960-98 1928-76, *79-98
Pascagoula, MS N/A N/A 2.9 +/-0.04 N/A 3.72 +/-0.30 N/A
Record 1960-97 1940-97
Dauphin Island, AL 3.31 +/- 0.62 2.93+/-0.59 | 3.07+/-0.04 | 3.08 +/-0.04 | 2.96 +/-0.52 3.01 +/-0.55
Record 1967-2003 1966-97 1967 22;72 13@,_016 80, 1967-'68, "72 123,_016 80, '82-'97,
Pensacola. FL 2.12 +/-0.17 2.14 +/- 0.15
Record 1924-2003 (78 yrs.) 1923-*99

*NOAA (2004) TR NOS/NGS 50.

Table 1.6-2 shows what were adopted, based on length of record, as the RSL rates for the vicinity of
USACE gages in Mississippi. The computed rate for Biloxi, taken in conjunction with the 0.3 feet
observed rise from 1900-1947 (1.94 mm/yr), suggests a 20" century relative sea level rise there of
between 7.8 to 9.3 inches. These values may be compared to those computed by NOAA (Ref. 5) for
all Gulf of Mexico tide stations with records exceeding 25 years in length shown in Table 1.6-3. The
RSL rates computed for the Mississippi stations are lower than the average of all Gulf station values
and consistent with those for coastal Florida and the southwestern Texas coast.

Table 1.6-2.
Relative Sea Level Rise as Indicated by USACE MS Coast Gages

Lo

cation

Rise in mm/yr

Std. Error of Rise

Gulfport, MS

Bil

Record

oxi, MS
Record

Pascagoula, MS

Record

1.70 0.04
1964-1999
2.26 0.26
1928-’76, *79-98
3.72 0.30
1940-°97
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NOAA's National Geodetic Survey published (Ref. 2) estimated relative vertical displacement rates
for areas including the Mississippi Gulf Coast in 2004. The rates were estimated by adjusting historic

Relative Sea Level Rise Rates at Various Gulf Coast Gages

Table 1.6-3.

Record MSL Trend Std. Error

Station Name First Year Length (mmlyr) (mm/yr)
Key West 1913 87 2.27 0.09
Naples 1965 35 2.08 0.43
Fort Meyers 1965 35 2.29 0.45
St. Petersburg 1947 53 2.4 0.18
Clearwater Beach 1973 27 2.76 0.65
Cedar Key 1914 86 1.87 0.11
Apalachicola 1967 33 1.53 0.58
Panama City 1973 27 0.3 0.64
Pensacola 1923 77 2.14 0.15
Dauphin Island, AL 1966 32 2.93 0.59
Grand Isle, LA 1947 53 9.85 0.35
Eugene Island, LA 1939 36 9.74 0.63
Sabine Pass, LA 1958 42 6.54 0.72
Galveston Pier 21, TX 1908 92 6.5 0.16
Galveston Pleasure Pier, TX 1957 43 7.39 0.53
Freeport, TX 1954 46 5.87 0.74
Rockport, TX 1948 52 4.6 0.41
Port Mansfield, TX 1963 35 2.05 0.75
Padre Island, TX 1958 37 3.44 0.56
Port Isabel, TX 1944 56 3.38 0.27

Average 49.2 4.00

Weighted Average 4.06

Median 42.5 2.85

From Ref. 5.

Mississippi Coast Subsidence

first-order leveling runs according to the estimated historic elevation of a Louisiana tide gage
benchmarks in Louisiana. The elevation of said benchmark at the time of the historic leveling

surveys was estimated by assuming it was subjected to an averaged eustatic sea level rise of 1.25
mm/year. This value is comparable to the 1.20 mm/year given in NRC’s document for 20" century
eustatic sea level rise. The leveling data were then adjusted to estimate their true elevations at the
time of the surveys; the elevation of a given point in one year was then compared to the elevation of

the same point during a following survey many years later, which gave an estimate of the rate of

subsidence. Results for surveys generally following the east-west alignment of the CSX railway line

across Mississippi are shown in Figure 1.

Figure 1.6-1 gives estimated subsidence rates for the periods 1955 to 1971, 1971 to 1977, and 1977
to 1993. The figure suggests that Mississippi coast subsidence varies from about -2 mm/year to -9
mm/year and that the average subsidence is on the order of -6 mm/year (negative values imply that

the ground is subsiding). It is interesting that series of the Mississippi portion of the comparison
appear to be reflections of each other, though the reason for this is not apparent. The average
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subsidence rate, approximately 6 mm/year, of the railway line near the coast exceeds the RSL rates
(1.7 to 3.7 mm/yr) determined from tide gage data.
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From Ref. 2 Appendix 4.
Figure 1.6-1. Biloxi, MS to New Orleans, LA Subsidence Rates for Periods Indicated in Years

If equal confidence is given to both the RSL rate and the subsidence data, one must conclude that
eustatic sea level in the Gulf of Mexico is not rising, but falling; this is doubtful. Therefore, it appears
that either the gage data is erroneous, the subsidence estimates are flawed, or both. While it is most
likely that neither the subsidence estimates nor the RSL estimates are infallible, the RSL rates are
generally consistent with those observed elsewhere along the Gulf Coast, excepting those areas in
Louisiana which are known to subside at abnormally large rates. This suggests that, while
subsidence is probably occurring in Mississippi, tide gage data suggest that it may be occurring over
much of the Mississippi coast at a rate that is consistent with Gulf Coast locations not associated
with Mississippi River Delta formations. Also, since the question as to why subsidence estimates,
taken in conjunction with tide gage data, suggest that sea level is dropping, as opposed to rising,
remains unresolved, there is at present no clear rationale nor means to employ these subsidence
estimates for purposes of estimating future RSL.

1.6.2 Projected Sea Level Rise

Table 1.6-4 shows extrapolated RSL for the period 2005-2100 based only on the rates derived from
historic USACE station records (Table 1.6-2). The total relative rise predicted for the 95 year period
is consistent with that suggested by Biloxi gage records over the 20" century.

Table 1.6-4.
Relative Sea Level Rise Assuming Observed Rates Persist, 2005-2100
Gulfport Pascagoula Biloxi
meters feet meters feet meters feet
0.16 0.53 0.35 1.16 0.21 0.70
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1.6.2.1 National Research Council (NRC) Methods

Corps of Engineers guidance recommends Curve 3 of the NRC report (Ref. 3), or more definitive
information, be used as the eustatic component of RSL for future high scenario estimates.

The NRC produced three curves, Curves 1, 2, and 3, which might be thought of as low, medium, and
high rate of rise estimates due to climate change and are reproduced here as Figure 1.6-2. These
curves were developed based on studies published between 1983 and 1986 and assume in global
eustatic sea level of 0.5 meters, 1 meter, and 1.5 meters, respectively between 1986 and 2100. The
curves are a function of time squared and thus suggest that the rate of sea level rise will increase
into the future, though as of 2001, no such increase had been detected (Ref. f). The suggestion that
sea level rise rates will increase in the future is common to all reports reviewed. These curves yield
high, medium, and low eustatic sea level increases of 0.47 m., 0.95 m., and 1.44 m. (1.54 ft., 3.13 ft.,
4.72 feet) respectively for the period 2005 to 2100. Relative sea level rise for a given location at the

4.0

# Hottman (1983 high

* Hettman (1383) mid-high
2.0 = ¥Glagler velume sstimate of Polar Board
mmmmmmn:: axpansion » NRC (1988b) high
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Figure 1.6-2. Eustatic Sea Level Rise Scenarios (Figure 2-2 from NRC, 1987)
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year 2100 would be arrived at by adding these values to the locally predicted subsidence, where the
local subsidence would be the observed (or estimated rate where observations were not available)
subsidence rate multiplied by the time span (in this case, 2100-2005 = 95 years). The document
implies that local subsidence rates might be estimated by subtracting 1.2 mm/year (the assumed
rate of global eustatic sea level rise) from RSL rates computed from tide gage data.

Relative sea level rise estimates for the period 2005 to 2100 at the locations of coastal Mississippi
USACE tide stations using NRC methods are shown in Table 1.6-5. The values in the table have
been computed converting the gage RSL rates to subsidence rates by subtracting 1.2 mm/year as
suggested by the NRC. The total rise given in this table for Curve 3 is five to eight times those
predicted by extrapolation of rates computed from historic gage data (Table 1.6-4).

Table 1.6-5.
Relative Sea Level Rise Estimates by NRC (1987) Methods, 2005-2100
Gulfport Pascagoula Biloxi
Basis meters feet meters feet meters feet
Curve 1 0.51 1.69 0.71 2.32 0.57 1.86
Curve 2 1.00 3.28 1.19 3.91 1.05 3.46
Curve 3 1.49 4.88 1.68 5.51 1.54 5.05

1.6.2.2 Environmental Protection Agency (EPA) Methods

The EPA (Ref. 6) estimated future eustatic sea level rise and also attempted to identify the
probability distribution of this rise occurring. The EPA report is the only report reviewed which has
attempted to assign probabilities to the sea level rise phenomenon. The one percent, mean, and
99 percent non-exceedance eustatic sea level rise estimates for the time interval 1990 to 2100 are
-0.01 m. (-0.03 ft.), 0.34 m. (1.11 ft.), and 1.04 m. (3.41 ft.). Estimates are also provided by EPA for
the years 2050 and 2200. As with the other eustatic sea level rise forecasts discussed in this
document, the estimates account for only those changes in sea level which might be attributed to
climate change.

The EPA report recommends a simple procedure for estimating regional sea level rise based on
their eustatic sea level rise estimates. The procedure is to add a normalized projection to the current
(observed) relative rate of sea level rise as given by the following equation:

Local (t) = normalized (t) + (t -1990) x trend Eqgn. 1.6-1
Where: Local (t) is the projected local rise in sea level in some future year t.
Normalized (t) is the normalized eustatic rise given by Ref. 6 Table 9-1.

Trend is the observed trend at a representative gage location.

The ‘normalized’ eustatic rise value was developed by EPA in order to avoid double-counting the
effects of the historic contribution of climate change, which are inherent in the observed trend value;
double-counting would occur were future projections made using the predicted (as opposed to the
normalized) eustatic sea level rise values in this equation. This concern over double counting does
not come into effect if the predicted eustatic sea level rise contribution were to be combined with a
known local subsidence rate.

EPA methods were used to develop sea level rise estimates for the period 2005 to 2100 for the
vicinities of the USACE tide gages at Biloxi, Gulfport, and Pascagoula. The 50% and 99% non-
exceedance eustatic normalized sea-level rise predictions were used in conjunction with the
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historically observed rates for this purpose. Results are shown in Table 1.6-6. These values
compare favorably to values give by NRC Curves 1 and 2 but are, as a rule, much lower than those
given by Curve 3 (see Table 1.6-5). The 50% values are approximately 0.7 to 0.8 feet higher than
those predicted by historical rates alone (see Table 1.6-4).

Table 1.6-6.
Relative Sea Level Rise Estimates by EPA (1995) Methods, 2005-2100
Location m feet
Gulfport 50% 0.39 13
99% 0.99 3.2
Biloxi 50% 0.44 14
99% 0.98 3.2
Pascagoula 50% 0.60 2.0
99% 1.18 3.9

1.6.2.3 Intergovernmental Panel for Climate Change (IPCC) Methods

The Climate Change 2001 document (Ref. 7) by the IPCC is the most current and comprehensive
publication available for this effort regarding the science of climate change and its implications for
sea level rise. An updated IPCC climate change report is due in May of 2007 but due to the MsCIP
schedule it arrives too late to be of use for estimating future sea level rise, though a summary of the
findings of that report, released in early 2007, suggest that the global eustatic sea level rise central
value estimate has not changed significantly.

The full suite of IPCC sea level rise projections is shown in Figure 1.6-3. The projections result from
over 35 climate change scenarios, run in a number of different global circulation models. The
projections represent the contribution of climate change to global average sea level rise. The IPCC
predicts eustatic sea level rise of 0.09 to 0.88 m between 1990 and 2100 with a central value of 0.48
meters. The central value averaged over this time period is 4.36 mm/year, which is two to four times
the average rate suggested by 20" century Mississippi Coast tide gage data.

In Figure 1.6-3:

e The black outer lines describe the range of all model estimates, including sensitivity to land ice
withdrawal, sedimentation, and other assumptions.

e The lightly-shaded region shows the range from 35 scenarios tested in all circulation models.
e The darkly-shaded region shows the range of the average of those scenarios.

e The colored lines represent the computed average from each demonstration model, which are a
subset of the 35 scenarios.

The values shown in Figure 1.6-3 are lower than those suggested in the earlier NRC study, and
similar to those in the EPA publication. Since publication of the NRC document, estimates of the
magnitude of future global warming have been cut in half, and this resulted in a reduction of the
range of estimates of future sea level rise. The IPCC document suggests this reduction is primarily
due to improvements in technology, improvements in the understanding of pollutant behavior
(particularly aerosols), and revised pollutant discharge forecasts.
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From Ref. 7 Figure 11.12.
Figure 1.6-3. IPCC Global Eustatic Sea Level Rise Estimates

The IPCC does not prescribe how these global eustatic sea level rise estimates might be adapted to
estimate future local relative sea level rise. Like the EPA before it, the IPCC acknowledges double-
counting as a valid issue, but does not provide normalized sea level rise estimates for use with their
eustatic sea level rise estimates, nor do they provide explicit instructions for adapting their predicted
sea level rise values to specific locations. The IPCC report does, however, suggest that the
approach advocated in EPA’s report might be used.

Comparison of EPA’s normalized and non-normalized eustatic sea level rise estimates (Tables 9-1
and 7-4, respectively, Ref. 6) reveal that EPA estimates the 20" century climatological contribution
to sea level rise at 0.82 mm/year. This contribution is essentially constant throughout the range of
EPA’s probable sea level rise estimates. This value is reasonably consistent with IPCC’s central
value (c.v.) estimate of said contribution at 0.7 mm/year (Table 11.10, Ref. 7). Since EPA has
applied a constant normalizing rate adjustment, it may be argued that the IPCC'’s estimate of 0.7
mm/year might be used in the same manner to normalize IPCC'’s estimate and facilitate use with
RSL rates obtained from gage data.

Therefore, future estimates of local sea level rise over the interval 2005 to 2100 might be obtained
using IPCC values as follows:

Local rise = [(IPCC 2100 — IPCC 2005) — n*(2100-2005)] + (2100-2005) * trend Eqgn. 1.6-2
Where: IPCC is the projected eustatic rise in sea level for the given year, from Figure 3 herein.
Trend is the observed trend at a representative gage location.

n is the normalizing factor = 0.7 mm/yr.
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The normalization function is shown in brackets on the right-hand side of Equation
1.6-2.

Results of this method applied to the vicinity of the USACE gages are shown in Table 1.6-7.

Table 1.6-7.
Relative Sea Level Rise Estimates using IPCC Predictions, 2005-2100
Location m feet
Gulfport c.v. 0.54 1.8
high 0.96 3.2
Biloxi c.v. 0.60 2.0
high 1.02 33
Pascagoula c.v. 0.74 2.4
high 1.16 3.8

1.6.3 Relative Sea Level Rise Summary

Corps of Engineers Planning Guidance Notebook (Ref. 4) states that potential relative sea level rise
should be taken into consideration for coastal or estuarine projects at the feasibility level of study
and recommends. At a minimum, project performance would be evaluated based on extrapolation of
the observed historic rate and should also consider a higher rate, based on NRC Curve 3 or more
definitive data, than that historically observed.

‘High,” ‘medium,’ and ‘low’ eustatic sea level rise estimates as given in the NRC in 1987 and more
recent authoritative reports by the EPA (1995) and IPCC (2001) reports are summarized below in
Table 1.6-8. The values in the table are eustatic values only and do not reflect local nor historic
trends at the Mississippi Coast. While the three methodologies differ slightly, they commonly adjust,
according to each agency’s prediction of climate change effects, extrapolated historic local relative
sea level rise. In other words, the only difference in the predicted RSL for each scenario at each
location is that portion of rise attributed to possible effects of climate change. The table shows that
the climate-driven component of sea level rise estimates has dropped substantially since publication
of the NRC report, primarily due to advances in global fluid dynamics modeling technology and
revised pollutant discharge estimates.

Table 1.6-8.
Comparison of Eustatic Sea Level Rise Predictions, 1990-2100
Low, in m. (ft) Medium, in m. (ft) High, in m. (ft)
NRC! (1987) 0.47 (1.53) 0.95 (3.13) 1.44 (4.72)
EPA? (1995) -0.01 (-0.03) 0.34 (1.11) 1.04 (3.41)
IPCC® (2001) 0.09 (0.29) 0.48 (1.57) 0.88 (2.89)

Notes: 1. NRC (1987) curves 1, 2, and 3 respectively. 1%, 50%, and 99% non-exceedance probabilities, respectively. From
Ref. 6 Table 7-3. 2. Low and high values represent the extreme range with uncertainty and the medium value is the ‘central
estimate.’

The observed historic relative rates of relative sea level rise along the Mississippi Gulf Coast were
determined from long-term USACE tide gage data and are summarized in Table 1.6-2. The rates are
typical of RSL rates determined from other long-term Gulf of Mexico tide and lower than rates
observed in Louisiana and eastern Texas.
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Extrapolation of historically observed Mississippi coast RSL rates results in a relative sea level rise
of 0.5 to 1.2 feet for the period 2005 to 2100. Extrapolation of observed rates is inconsistent with the
climate change community view, held since at least the early 1980’s, that sea level rise will
accelerate in the 21% century. The USACE Mississippi coast gage data have not been interrogated
to detect RSL rise acceleration for present purposes.

Subsidence rates and magnitudes have been estimated for the MS Coast but the estimated rates,
weighed in consideration of RSL rates derived from tide gage data, do not seem to support the
generally accepted view that sea level is rising. The reason this is so cannot at present be resolved
and therefore the subsidence estimates were not used in favor of RSL rates determined from tide
gage records to estimate future sea level rise.

Future relative sea level rise estimates were developed using NRC, EPA, and IPCC projections. The
IPCC estimates are the most current available. The findings are summarized in Table 1.6-9 and
rounded to the nearest 0.1 feet.

IPCC'’s ‘high’ values compare to within 0.1 feet of those computed using EPA’s 99% non-
exceedance values, while IPCC'’s central value (c.v.) estimates are slightly higher than those yielded
using EPA’s 50% (mean) normative sea level rise values. The ‘high’ and c.v. are similar to values
yielded using NRC'’s Curve 1 (‘low’) and Curve 2 (‘expected’; see Table 1.6-5).

The IPCC 2001 predictions were the most current and definitive available. The IPCC ‘high’ values
were selected for evaluating project performance as the ‘higher than observed rate’ versus those
predicted using EPA and NRC methods because the IPCC values are more recent and more widely
(globally) used. In a subtle departure from USACE guidance, relative sea level rise values based on
IPCC ‘expected’ (also referred to as ‘medium’ and ‘central value’) eustatic sea level rise predictions
were adopted for present study purposes in lieu of rise computed using extrapolated historic rates
because most experts believe that the rate of sea level rise will increase in this century and
extrapolated historic rise assumes past relative sea level rise rates will persist.

Table 1.6-9.
Comparison of Computed Relative Sea Level Rise Estimates, 2005-2100
Gulfport Pascagoula Biloxi

High! Expected? High' Expected? High' Expected?
Basis m. (ft) m. (ft.) m. (ft) m. (ft.) m. (ft) m. (ft.)
Extrapolated - 0.16 (0.5) - 0.35(1.2) - 0.21 (0.7)
NRC (1987) 1.49 (4.9) 1.00 (3.3) 1.68 (5.51) 1.19 (3.9) 1.51 (5.0) 1.05 (3.5)
EPA (1995) 0.99 (3.2) 0.39 (1.3) 1.18 (3.9) 0.60 (2.0) 0.98 (3.2) 0.44 (1.4)
IPCC (2001) 0.96 (3.2) 0.54 (1.8) 1.16 (3.8) 0.74 (2.4) 1.02 (3.3) 0.60 (2.0)

Values in bold are adopted.

Notes: 1. NRC Curve 3; EPA 99% non-exceedence; IPCC upper-bound. 2. NRC Curve 2; EPA 50% non-exceedeence; IPCC
‘central value’.

It was mentioned earlier that the project lifetime evaluation period had been revised from 2005 —
2100 to the 100-year period 2012 through 2111 after the time had passed for which RSL revisions
might have been able to have been incorporated into related engineering efforts. RSL estimates
were generated for the revised time frame using the IPCC predictions and compared to the adopted
results from the 2005-2100 time frame as in Table 1.6-10. The project lifetime shift results in about
0.2 feet (2.4 inches) difference which is believed to be insignificant for present purposes.
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Table 1.6-10.
Comparison of Adopted RSL 2005-2100 Versus Computed 2012-2111 RSL

Gulfport Pascagoula Biloxi
High' Expected? High! Expected? High! Expected?
Time Frame m. (ft) m. (ft.) m. (ft) m. (ft.) m. (ft) m. (ft.)
2005-2100 0.96 (3.2) 0.54 (1.8) 1.16 (3.8) 0.74 (2.4) 1.02 (3.3) 0.60 (2.0)
2012-2112 1.01(3.3)  0.60(2.0) 1.21 (4.0) 0.81 (2.6) 1.05 (3.5) 66 (2.2)

Values in bold are adopted.
Notes: 1. IPCC upper-bound. 2. IPCC “central value’.

1.6.4 Relative Sea Level Rise Application

Plan formulation has identified three RSL scenarios to be evaluated over the project lifetime:

(1) existing sea level; (2) ‘expected’ sea level rise, and (3) ‘high’ sea level rise. Existing sea level
was selected primarily for exploratory comparative economic analysis of damage attributable to sea
level rise in and of itself, which can be inferred by comparing storm damages due to storm surge at
existing sea level against storm damage due to storm surge at some higher sea level. Note that
there is no accompanying expectation or recommendation that any storm damage reduction system
or element would be formulated or proposed based on a future sea level as it exists today. Expected
relative sea level rise is interpreted to be that prediction based on IPCC'’s ‘central value’ eustatic sea
level rise, and ‘high’ sea level rise was adopted based on the upper bound of IPCC’s scenario
testing results. Results are consistent with the level of detail appropriate for present needs but
should be viewed as a ‘first cut’ at identifying historic and predicted relative sea level rise in the
vicinity of coastal Mississippi.

The effects of sea level rise are many. From a practical standpoint, it is impossible to thoroughly
explore all ramifications of sea level rise. Sea level rise implications will be tested in economic terms
using the Hydrologic Engineering Center's Flood Damage Analysis (HEC-FDA) software, and the
Engineer Research and Development Center’'s BeachFX program; these efforts are discussed in
Chapter 2 of this Engineering Appendix, and related plan formulation considerations are discussed
in the main body of this report. Flood damage evaluations will also be performed in HEC-FDA over a
50-yr planning period to test the sensitivity of economic damages to the assumed project lifetime;
computed relative sea level rise values using IPCC (2001) eustatic sea level rise predictions for this
purpose are shown in Table 1.6-11. Coastal levee construction cost and levee protection
implications are also discussed in Chapter 3 of this report.

Table 1.6-11.
Computed 50-year Relative Sea Level Rise Estimates, 2005-2055
Gulfport Pascagoula Biloxi
High Expected High Expected High Expected
m. (ft) m. (ft.) m. (ft) m. (ft.) m. (ft) m. (ft.)
Extrapolated - 0.09 (0.3) - 0.19 (0.6) - 0.11 (0.4)
IPCC (2001) 0.40 (1.3)' 0.26(0.9)> |0.60(2.0)* 0.46 (1.5)* |0.46(1.5"'  0.32(1.0)?

Notes: 1. IPCC upper-bound. 2. IPCC “central value’.

Future design and evaluation efforts will require that these relative sea level rise predictions be
updated, as (a) the IPCC published updated climate change effects documents in May of 2007 and
(b) there are opportunities to improve local relative sea level rise estimation and prediction methods
versus the status quo methodologies presented herein.
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PART 2. LONG-TERM ENGINEERING SOLUTIONS

2.1 Long-term Engineering Solutions

With the task of developing a hurricane damage reduction plan for the coast of Mississippi, several
issues had to be considered. First, it had to be technically feasible. Could a storm damage reduction
system be designed that would be constructible and at the same time not destroy what it was
supposed to help protect? It had to be reliable so when needed, it would do the job it was designed
for. It also needed to be cost effective. This system also had to integrate into other storm reduction
concepts such as non-structural solutions such as buy-out programs and re-establishing some areas
as environmental components of the plan. The development along the coast had some areas that
were not contiguous to highly developed areas like found in Harrison County where the entire
coastline is densely developed. These outlying areas may require individual means for any storm
damage reduction. Almost any project along a coastline has environmental concerns and this is true
in Mississippi. In Jackson County, the Pascagoula River system separates the city of Pascagoula
from most of the coast to the west. This river system in one of the last major free-flowing rivers in the
southeast and is home to endangered fish. In the western portion of the state, extensive marshes
create other concerns along with the Pearl River that separates Mississippi from Louisiana. Other
technical issues also made working in this river problematic. Another issue that was voiced early in
this project was the population did not want a high structural seawall along the coast. The concern of
losing the view of the water and beaches was repeated consistently in public meetings.

Review of the coastline in Mississippi using aerial photographs, topographic maps, LIDAR surveys,
and storm inundation data revealed that natural topography could play a major role in forming storm
barriers. Other features such as the offshore barrier islands, extensive beaches in many areas, and
existing beach-front roadways were also realized as having a role in formulating a storm defense
system. An existing railway track crosses the entire state near the coast and in the typical fashion of
railways, these tracks follow high ground. This same general alignment was judged to be favorable
for any type of inland barrier.

Review of the inundation maps from Katrina also revealed the extensive low-lying areas associated
with two bays that extend inland from the coast. It was apparent that any storm protection systems
would have to consider these as breaks in the line. Closing off rivers and bays with surge gates are
used in Europe to protect inland areas and these type structures could be considered for Mississippi.

During planning sessions with the project delivery team, a structural “Lines of Defense” (LOD)
concept was drafted that started with the offshore barrier islands and progressed inland to what
could be considered the worst possible scenario with a extremely large hurricane, even worse than
Katrina. Research identified numerous methods that have been developed to provide protection from
flooding. Along with the traditional methods of levee or structural seawall construction, many other
types of protection were reviewed. These included inflatable barriers, concrete sidewalks or
roadways that could be hydraulically rotated upwards to form a seawall, sliding panel gates, offshore
breakwaters, and many types of surge barriers to close off the bays. The lines would also provide
increasing levels of protection as you transgressed inland. It was understood that some lines would
not provide protection from large storms. It was also evident that several areas of the coast could not
be included in continuous line of defense and would be either placed in a ring levee system or
designated to a non-structural solution.

In the early stages of the study, it was understood that the results of proposed storm surge modeling
would not be available to the designers. These studies would be used to develop new stage-
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frequency curves to predict a wide range of storm surge for the entire cost of Mississippi based on a
large suite of storms. This modeling effort would also provide a prediction of the largest hurricane
surge event that is considered possible along the coast of Mississippi. This storm, labeled the
Maximum Possible Intensity (MPI) event would be used to define a line, based on ground surface
elevation that a storm surge would not exceed.

O b wWwN -

From the planning session came five conceptual lines of defense. The general concept for this plan
was made during project delivery team meetings that included engineers, environmentalists,
planners, and geologists. Information from along the coastline was gathered that included large
scale aerial photography, topographic maps, navigation maps, and a large collection of pre and post-
10  Katrina photographs. As this discussion progressed, a color illustration, shown in Figure 2.1-1, was
11  drawn that evolved into the five lines of defense that is the foundation to the structural aspect of this
12 study. A refined version by a graphic artist, Figure 2.1-2, was completed based this initial sketch.
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13

14 Figure 2.1-1. Graphic developed during initial planning sessions that visualized a “Lines of
15 Defense” approach
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Figure 2.1-2. Artist’s conceptual drawing based on the initial vision for Lines of Defense (Dawkins,
2006)

The first apparent feature to be discussed was the offshore barrier islands that had been included in
the Mississippi Governor’s recovery plan. Designated as LOD 1, the barrier islands have been
eroded by numerous storms. In 1969, Hurricane Camille caused extensive erosion on the islands
and created a large breach in Ship Island. After Katrina, it was widely expressed that if the islands
had been in a pre-Camille condition, the storm surge would have been much less along the
mainland coast. It was decided to model that scenario to help predict what effects the islands play in
storm reduction.

The beaches (manmade in the 1950s) that extend along much of the coast were also considered as
a feature that could be modified to provide some level of protection by the inclusion of dunes on the
beaches. Other projects were underway to improve the some of the beaches and proposed projects
would construct small dunes on most of the beaches. Improving on these by studying dunes at crest
elevations of 10.0 (NAVD88) and 15.0 (NAVD88) was designated as LOD-2. These would not
provide protection from large storms, but would be beneficial for smaller storms and would provide
recreational and environmental benefits.

Another existing condition along the coast is roadways that coincide with the beaches. It was
envisioned that raising these roadways would have minimal environmental impact and provide the
first hardened barrier to surge damage. These roadways, while not continuous along the coast, were
designated as LOD-3. Elevations of 12.0 (NAVD88), 18.0 (NAVD88) and 24.0 (NAVD88) were
initially selected for study. It was also recognized that LOD-3 would require that barrier be placed at
the mouths of the bays to be effective.

Some areas of the coast were not associated with these beaches and existing roadways or for
environmental and/or technical reasons could only be viewed as stand alone projects such as ring
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levees. These areas included six communities in Jackson County and one in Hancock County. For
discussion purposes, these were also included in LOD-3 and would be studied at the same
proposed elevations.

Further inland, the existing railroad grade had provided a levee-like barrier to storm surge from
Katrina in some areas. Using the same high-ground alignment, an inland barrier was envisioned that
could be constructed to such an elevation as to protect from a large storm surge, even larger than
Katrina. Like LOD-3, this system would require that the bays be closed off from surge to be effective.
As LOD-4, this barrier was to be studied at elevations of 24.0 (NAVD88), 32.0 (NAVD88) and 40.0
(NAVD88). Many alignments were considered before one that was recommended due to technical
and environmental reasons. This system would not cross the Pearl River on the western side of the
state nor the Pascagoula River in Jackson County.

For the highest level of protection from the largest storm surge event, the limits of surge predicted
from the MPI event was transposed to maps and while a non-structural measure, it was designated
as LOD-5. It would be an area north of any potential surge damage that would be recommended for
location of critical infrastructure such as hospitals and emergency facilities.

Figure 2.1-3 represents a section extending from the barrier islands to the MPI line.

Figure 2.1-3. Conceptual section that includes five lines of defense extending from the barrier
islands inland to the upper limits of the maximum possible intensity (MPI) hurricane

The proposed alignments for the LODs in each of the three coastal counties are shown in Figures
2.1-4,2.1-5 and 2.1-6.
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Figure 2.1-4. Line of Defense Alignments in Hancock County

Figure 2.1-5. Line of Defense Alignments in Harrison County
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Figure 2.1-6. Line of Defense Alignments in Jackson County

The following discussions provide more detailed descriptions of the evolutions of each of the Lines of
Defense from the initial concepts. Since this study generally did not provide feasibility level of
design, there is still components that must be completed during “engineering and design” activities
as shown in the cost estimates. This will include the completion of geotechnical investigations on the
options that are carried forward. Part of the geotechnical work will be the verification of the different
borrow areas including both onshore and off-shore sources.

2.1.1 First Line of Defense — Barrier islands

The coastline of mainland Mississippi is bordered on the south by the Mississippi Sound, a shallow
body of water that separates the coast from four barrier islands that lie 10 to 15 miles to the south.
These barrier islands are located along a littoral drift zone that moves sand westward creating three
elongated islands and then to the westward most Cat Island where littoral currents are not as well
defined. As shown in Figure 2.1-7, the islands are near several navigation channels. From east to
west, the islands are Petit Bois, Horn, Ship, and Cat. Ship Island has been breached by prior
hurricanes and now is actually two small islands, West Ship Island and East Ship Island, with a
shallow sand bar between the two. Figure 2.1-8 shows the effect of recent hurricanes on Ship Island.

Since Hurricane Camille in 1969, the breach in Ship Island has existed with varying amounts of
natural rebuilding between later storms as documented by the Mississippi Department of
Environmental Quality, (Schmid and Yassin). The western ends of both Petit Bois and Ship Islands
have migrated to the edge of navigation channels and the continuing littoral drift of the sand into the
channels is causing an artificial termination of the migration. A new island has emerged on the west
side of the channel from Petit Bois Island, created from the dredged sand coming from island that is
disposed of on the west side of the channel.
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Figure 2.1-7. The Mississippi Barrier Islands shown in relationship to the numerous navigation
channels near the islands

All of Petit Bois, Horn, and Ship Islands and part of Cat Island are within the boundaries of the Gulf
Islands National Seashore under the jurisdiction of the National Park Service. In most cases, the
boundary extends one mile from the shore of the island. The National Seashore boundaries are
shown in Figure 2.1-9. Petit Bois and Horn Islands have also been designated as Wilderness Areas
by the U.S. Department of the Interior and have a higher degree of protection than the other islands.

Other locations outside of park boundaries were studied for potential sites to construct breakwater
type barriers that might serve the same purpose as a barrier island. Numerous constraints were
identified with this concept. The depth of the water, other than being very close to the mainland
shoreline, would have required a vast amount of material such as jetty stone in creating these
breakwaters. And, as identified as a concern to local residents, locating these type structures close
to the mainline shoreline would not be aesthetically acceptable.

Soon after Hurricane Katrina, it was reported that many in Mississippi felt that if the isla