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Abstract

A study was conducted that involved inspection of damage on the Mississippi Gulf
Coast due to Hurricane Katrina. Observations were made of damage to buildings and
infrastructure as well as materials used in their construction. These observations were
documented photographically and catalogued.

Major storm characteristics were determined such as storm extent, wind speeds, and
storm surge height. Associated tornadoes and other wind events were also addressed.
Data was obtained from storm simulations, sensors, radar records and post Katrina
engineering studies. Hurricane Katrina characteristics relative to other storms of record
are compared.

A careful study was made of building codes, residential and commercial. Discussion is
provided of building code evolvement and current status. Particular interest was paid

to the referenced standards providing design criteria for wind and ood loads. Some
comparisons were possible of actual Hurricane Katrina winds and surge levels with those
in the current guidance.

Degree of damage depended on type of material, construction (light or engineered) and if
a structure was subject to wind or a combination of storm surge and wind. The study of
Hurricane Katrina characteristics revealed the need for a hurricane classification format
with an expanded scale for storm surge level. That modification (MSU Saffir-Simpson
Scale) is proposed as being more effective in communicating to the public and responders
storm surge danger for any particular hurricane event.

Review of existing and proposed building codes and design guides for both wind and
ooding indicates utilization of land use planning and proposed building codes could
mitigate future storm events. This includes hurricanes along the Gulf Coast and storms
inland. Implementation of building codes infers trained staff for review, inspection
and acceptance of projects. These functions should be supervised by an engineering

department.
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Executive Summary

With the next hurricane season imminent there is significant concern about safety of
residents and fabric of the Gulf Coast economy and infrastructure. The coast is subject

to storm surge and winds, sustained and gusting, as well as random wind events such

as tornadoes, downbursts and mesovotexes. Coastal and inland wind related damage to
structures resulting from Hurricane Katrina varied from light to severe. However, damage
from Katrina storm surge varied from superficial to total destruction.

Storms that form and strengthen in the Gulf of Mexico represent a threat to the region.
The threat is significant to increasing shoreline development. Hurricane Katrina was a
major hurricane having characteristics that made it particularly dangerous. An analysis
was conducted that included simulation and study of sensors and recorded observations.
Goals of the analysis were to understand better magnitudes of storm surge and wind and
extent of areas affected. Application of results will be to improve land use planning and
to understand applicability of proposed building codes.

Projected winds along the coast from Hurricane Katrina exceeded wind map contours

in ASCE 7. Consequently, the adequacy of design wind speed contours along the coast
should be reconsidered. Also, Mississippi is subjected to high winds from thunderstorms
and tornados yearly. Statewide building code adoption and implementation with
engineering certification and inspection may greatly mitigate such wind and storm
damage.

The current Saffir-Simpson scale for hurricanes originating in the Atlantic Ocean was not
effective in highlighting the storm surge magnitude experienced along the Mississippi
and Louisiana Gulf Coast from Hurricane Katrina. As a result, a modification to the scale
is recommended to clearly communicate to the public and responders potential storm
surge magnitudes. Format of the MSU Saffir-Simpson scale is:

MSU Saffir-Simpson Scale for Atlantic hurricanes.

Category Maximum Storm Surge
sustained (approximate)
winds
mph feet
a b c

1 (Minimal) 74-95 4-5
2 (Moderate) 96-110 6-8
3 (Extensive) 111-130 9-12
4 (Extreme) 131-155 13-18
5 (Catastrophic) > 155 > 18

The above is an abbreviated table to highlight addition of the three levels of storm surge,
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a, b and c. Current work is underway to add definition to the storm surge levels.

In general, engineer designed structures of reinforced concrete, structural steel, and
timber performed well during the storm surge. This suggests existing design criteria and
construction practices for these types of structures either included storm surge loading or
include adequate capacity for this additional mode of loading. This issue has a degree of
uncertainty.

US Highway 90 bridges spanning the Biloxi Back Bay and Bay St. Louis and several
Casino parking garages with large horizontal surfaces were subject to transient uplift and
side forces imposed by storm surge. In simply supported structures as these, the transients
were of sufficient duration and magnitude to displace the simply supported components
resulting in structural failure.

Reinforced concrete construction, formed-in-place or stay-in-place, exhibited reasonable
performance when imposed loads are considered. However, most light-frame wood
structures subjected to storm surge were destroyed and it appears failure initiated at
fasteners. However, it is not known whether strengthened connections alone would
decrease damage because the overall structural capacity of such structures when lateral
storm surge load is considered is much less than that of typical engineered structures that
survived.
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CHAPTER 1
INTRODUCTION

Thomas D. White, PhD, P.E.
Professor and Head
Construction and Material Industries Chair

And

Dennis D. Truax, PhD, P.E., F. ASCE
Professor

Department of Civil Engineering
Bagley College of Engineering
Mississippi State University

As this report is being finalized, the next hurricane season starts in approximately four
months. There are projects underway for repair, reconstruction and development of the
Gulf Coast area. However, if such projects are not designed for potential hurricane effects
they will be in jeopardy during the next and subsequent hurricane seasons.

In Mississippi, an important step was legislation allowing casinos to locate within 800
feet of the water’s edge rather than on the water. Projects on the Gulf Coast such as
casinos and other commercial development can be planned and engineered to account for
potential storm surge and winds. However, residences and structures replaced or repaired
without due consideration of potential storm surge and wind loads are in jeopardy and
represent a serious, continuing liability.

It is important that factors controlling extent and severity of damage from hurricanes
are known and actions taken to mitigate their effects. Consequently, the current study
examines the Gulf Coast topography as well as uses simulation of Hurricane Katrina
to characterize damaging factors. From an engineering perspective, observations were
made of damage to structures and infrastructure and performance of materials used

in construction. Subsequently, a study of building codes was undertaken to determine
aspects that would best apply to both coastal and inland regions of Gulf Coast states
affected by hurricanes.

Along the coast, storm surge and winds, both sustained and gusting, are a major concern.
Heavy rains contribute to water damage when building envelopes are penetrated and
increase the potential for damage from ooding. Random events such as tornadoes,
downbursts and mesovotexes also occur along the coast and may adversely impact
structures. Inland, sustained and gusting winds, heavy rains and tornadoes can extend
for hundreds of miles. Much has been written and continues to be written about
hurricane wind damage. Costal and inland wind related damage to structures resulting
from Hurricane Katrina varied from severe to light. On the other hand, storm surge
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was generally confined by elevation to be close to the shoreline, as should be expected.
Storm surge damage of structures resulting from Katrina varies from total destruction to
superficial damage.

Wind damage in Florida from Hurricane Andrew, August 24, 1992 resulted in revisions
to strengthen the South Florida Building Code. A number of organizations have
continued to work on building codes and there has been consolidation and further
refinement. A study was made of building codes as well as assessment of appropriateness.

An overall evaluation is made of results of the study with conclusions and
recommendations as to range in hurricane characteristics, structure and infrastructure
damage and building code application.

Acknowledgements
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CHAPTER 2
THE MISSISSIPPI GULF COAST AND STORM SURGE POTENTIAL

William H. McAnally, PhD, P.E. F.ASCE
Associate Professor

Department of Civil Engineering

Bagley College of Engineering
Mississippi State University,

Patrick Fitzpatrick, PhD
Associate Research Professor

and

Rita Jackson

Extension Associate
GeoResources Institute
Mississippi State University

General

Geographic characteristics of the Caribbean and Gulf of Mexico and adjoining land
masses; currents and warm waters of theses regions and seasonal atmospheric conditions
contribute to storm development and strengthening. At the same time Northern

and Western coasts of the Gulf are susceptible to storm surge and wave action. The
Mississippi Gulf coast has been attractive and will continue to be attractive for economic
development. Hurricane Katrina tested past land use practices and established the
baseline for future land use practices. These practices will be affected largely by the
height of potential storm surge and the extent of area affected.

Gulf Coast Topography

The Mississippi Gulf Coast comprised of Hancock, Harrison, and Jackson Counties, is
characterized by a shallow, gently sloping offshore bathymetry and low relief on-shore
topography. Figure 2.1 shows the three counties, topographic contours, cities, major
transportation routes, and streams as documented in the Mississippi Automated Resource
Information System (MARIS, 2005).

Hurricane Damage Susceptibility
Hurricane damage is caused by winds, storm surge, waves, and ooding from rainfall.

The Mississippi Gulf Coast offshore bathymetry and onshore topography make it
susceptible to severe damage from these causes.
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Winds

Straight line winds are characterized by their average, or sustained speed, and maximum speed
in gusts. As hurricanes make landfall, interactions with thunderstorms form tornadoes, which
are prolific in the right front quadrant of the storm. Hurricane tornadoes tend to cluster near the
hurricane core (within 100 km), and in the outer rainbands about 300 km from the center.

Figure 2.1 Hancock, Harrison and Jackson Counties

2-2
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Also accompanying the thunderstorms are areas where heavy rainfall accelerates air to
the ground, known as downbursts, and spreads out at speeds greater than 100 mph. In
addition, another phenomenon called mesoscale vortices, whirling tornado-like winds can
form at the boundary of the eyewall, with winds up to 200 mph.

The expected level of damage for a given hurricane intensity is described by the Saffir-
Simpson Hurricane Scale (shown in Chapter 3, Table 3.4). It was devised in 1971 by
Herbert Saffir, an engineer in Miami, for the World Meteorological Organization. Robert
Simpson, the director of the National Hurricane Center, then added the storm surge
portion. This scale classifies hurricanes into five categories according to central pressure,
maximum sustained winds, storm surge, and expected damage. Although all categories
are dangerous, categories 3, 4, and 5 are considered major hurricanes., with the potential
for widespread devastation and loss of life. Whereas only 21 percent of U.S. land-falling
tropical systems are major hurricanes, they historically account for 83 percent of the
damage. Note that the scale is not linear. A Category 3 hurricane causes 50 times as much
damage as a Category 1, and a Category 4 is 250 times more destructive than a Category
1.

Storm Surge

Although wind and precipitation ooding are obviously dangerous, historically most
people have been killed in the storm surge, the rise of the sea along the shore generated
by an intense storm such as a hurricane. The storm surge is caused primarily by the winds
pushing water toward the coast and wave breaking, which propels water further inland.

A secondary contribution to surge is made by the reduced barometric pressure within

the storm, which raises a dome of water higher than the surrounding ocean even in the
absence of winds. However, wind and wind-generated waves are the primary contributors
to storm surge. A surge rises gradually at first, then increases quickly as the storm makes
landfall. Storm surge does not occur as a wall of onrushing water like the Indonesian
tsunami; however, large wind-generated waves moving on top of the surging waters

may create the impression of a tsunami-like effect, and the force of those waves may be
responsible for great damage. For a hurricane, the surge typically lasts several hours and
affects about 100 miles of coastline. Storm surge elevations typically vary from 5 to 25
feet depending on a variety of hurricane conditions.

Simulations of Hurricane Katrina shown in Chapter 3 indicate maximum surges in
Mississippi of 28 to 31 ft. Observed high water marks depict a similar picture as the
storm surge simulations and are presented in Chapter 3. Surge values of 28 to 31 feet
have been documented between Pearlington and Bay St. Louis, MS. High water marks
between 20 and 27 feet occurred between Bay St. Louis and Biloxi. Ocean Springs,
Pascagoula, and coastal Alabama experienced smaller but still significant surge of 12-
19 feet. In particular, eastern Mississippi had not experienced such surge levels in many
decades. Florida and eastern Alabama experienced surge values on the order of 5 feet.
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Potential Surge Inundation Levels

In order to illustrate the potential for hurricane surge in coastal Mississippi, Figures 2.2
through 2.13 display the areas that would be submerged by uniform 10 ft, 20 ft, 30 ft, and
40 ft surges. Note that such surges occurring across such a wide area in the same storm
are unlikely; however, these maps help illustrate the extent of such surges, were they to
occur under a variety of hurricane sizes and tracks. Map data are from the Mississippi
Automated Resource Information System (MARIS, 2005).

The maps show that a large extent of the three coastal Mississippi counties are subject to

inundation from a surge equivalent to that of Hurricane Katrina and even smaller storms
can inundate significant areas.
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Figure 2.2 Hancock County with + 10 ft (NAD 83 datum) contour highlighted in red.

Figure 2.3 Hancock County with + 20 ft (NAD 83 datum) contour highlighted in red.
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Figure 2.4 Hancock County with + 30 ft (NAD 83 datum) contour highlighted in red.

Figure 2.5 Hancock County with + 40 ft (NAD 83 datum) contour highlighted in red.

2-6



FINAL REVIEW

Figure 2.6 Harrison County with + 10 ft (NAD 83 datum) contour highlighted in red.

Figure 2.7 Harrison County with + 20 ft (NAD 83 datum) contour highlighted in red.
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Figure 2.8 Harrison County with + 30 ft (NAD 83 datum) contour highlighted in red.

Figure 2.9 Harrison County with + 40 ft (NAD 83 datum) contour highlighted in red.
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Figure 2.10 Jackson County with + 10 ft (NAD 83 datum) contour highlighted in red.

Figure 2.11 Jackson County with + 20 ft (NAD 83 datum) contour highlighted in red.
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Figure 2.12 Jackson County with + 30 ft (NAD 83 datum) contour highlighted in red.

Figure 2.13 Jackson County with + 40 ft (NAD 83 datum) contour highlighted in red.
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General

Hurricane Katrina is among the worst natural disasters in U.S. history in terms of
geographical coverage and accompanying fatalities. Katrina first made landfall in south
Florida on August 25, 2005, as a Category 1 hurricane. Landfall occurred between
Hallandale Beach and North Miami Beach, Florida, with wind speeds of approximately
80 mph and gusts to 90 mph. As the storm moved southwest across the tip of the Florida
peninsula, Katrina’s winds decreased slightly before entering the Gulf of Mexico. The
storm caused moderate property damage in Florida and claimed 12 lives. Given that
Katrina spent only seven hours over land, its strength was not significantly diminished
and quickly re-intensified regaining strength shortly after moving over the warm waters
of the Gulf of Mexico.

Atmospheric and ocean conditions were conducive to rapid intensification, which lead

to Katrina attaining major hurricane (Category 3) status on the afternoon of August

26th. This intensification was also accompanied by an unusual expansion outwards of
hurricane-force winds, transforming the storm into a large hurricane typically only seen
in the Pacific Ocean. Katrina continued to strengthen and moved northwards during the
next 48 hours, Katrina reached maximum wind speeds on the morning of Sunday August
28th of 172 mph (Category 5), and its minimum central pressure dropped that afternoon
to 902 mb - the 6th lowest on record for an Atlantic storm (Figure 3.1).

Although Katrina was comparable to Hurricane Camille (1969), it was a significantly
larger storm (Table 3.1). Katrina’s hurricane-force winds extended 120 miles from
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the storm center, and tropical storm-force winds extended 230 miles. Katrina also
maintained a large eye, thereby providing a large areal-coverage of its highest winds.
Finally, Katrina moved slower than Camille, thereby increasing storm surge potential

and time of wind exposure. All these conditions resulted in catastrophic destruction and
fatalities, which dwarf the previous benchmark hurricanes of Camille and Betsy (1965) in
southeast Louisiana, Mississippi, and Alabama.

Figure 3.1. NASA satellite image of Hurricane Katrina from Terra’s MODIS sensor on
August 28, 2005, at 12:00 PM. (Hurricane Katrina was about 200 miles from southeast
Louisiana at this time as a Category 5 hurricane.)

Katrina made landfall at 6:10AM on the morning of August 29 in Buras, LA, as a major
hurricane with a central pressure of 923 mb - the 4™ lowest on record for a US landfalling
Atlantic storm. The size of the hurricane caused a record storm surge in southeast
Louisiana, coastal Mississippi, and coastal Alabama. A wide swath of wind damage
extended over 125 miles inland in some regions. Extensive structural damage is described
elsewhere in this report. The intensity and storm surge water levels are currently the
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subject of some debate. A range of intensities is presented in Table 3.1. This chapter

presents information on the storm intensity and surge.

Table 3.1. Comparison of Hurricane Camille (1969) and Katrina (2005).

Measure

Camille

Katrina

Intensity (sustained

Estimated 190 mph

125-135 mph in Buras, LA landfall

winds and pressure) 909 mb (26.84 in. 120-125 mph at MS landfall
mercury) 918 mb (27.11 in. mercury) in Buras
landfall
927 mb (27.37 in. mercury) in MS
landfall
Eye size 11 miles 35 miles
Distance hurricane- 60 miles 120 miles
force winds from storm
center
Distance tropical 180 miles 230 miles
storm-force winds from
center
Translation speed 18 mph 15 mph
Fatalities 172 in Mississippi 238 in Mississippi, trending to 275
9 in Louisiana 1293 in Louisiana, trending to 1650
114 in Virginia 14 in south Florida
2 in West Virginia 2 in Georgia

2 in Alabama

Maximum storm surge

25 feet in Pass
Christian, 10-20 feet to
Pascagoula

15-25 feet in east
Louisiana marsh

35 feet possible in Waveland and Bay
St. Louis, 20-25 along MS coast
20-30 feet in Pearl River area, east
LA marsh, northshore of Lake
Pontchartrain

15 feet southshore of Lake
Pontchartrain

This chapter primarily focuses on Hurricane Katrina’s impact on Mississippi. However,

New Orleans, which is below sea level in most areas, is protected by a series of levee

systems designed for a fast moving Category 3 hurricane. Because of the elevation

deficit, rainfall has to be pumped out of the area. Katrina’s storm surge overwhelmed
levees east of the city and Lake Pontchartrain’s north shore, inundating the first oor

of all structures in St. Bernard Parish. Similarly, the region known as New Orleans

East experienced almost total ooding. Inside Slidell’s levee system and along Lake

Pontchartrain’s north shore and accompanying river systems, the surge penetrated
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miles inland, causing extensive ooding. Outside the levee systems in coastal regions
bordering Lake Pontchartrain, as well as the marsh towns east and south of New Orleans,
devastation was total, leaving little but concrete slabs and debris throughout the marine
and estuarine zone.

In New Orleans itself and its western suburbs, breaches in the 17" Street Canal and
London Avenue Canal caused ooding over eighty percent of the city. The suburbs to the
west also experience ooding, since pump operators were evacuated and then unable to
return. Because the pumps were not operating, rainfall collected and as well, the storm
surge entered through the sluice gates of the non-functioning pumps.

Although most New Orleanians and surrounding residents evacuated ahead of the storm,
tens of thousands were stranded in the city. There were some 20,000 refugees in the
Superdome sports facility, 20,000 in the city’s convention center and many more trapped
in their homes.

Damage occurred in an area greater than the size of Britain. The national recovery

effort is expected to cost billions, obliterating the previous record damage of $26.5
billion caused by Hurricane Andrew (1992). In Mississippi, about 68,000 homes were
destroyed, and another 65,000 suffer major damage. In Louisiana, about 250,000 homes
were damaged or destroyed. It is the largest permanent displacement of people in history.
Homeless were sheltered in a variety of ways, including cruise ships, hotels, FEMA
trailers, and housing across the nation.

Total deaths were between 1300 and 1400, with between 200 and 250 deaths in
Mississippi. That places it third in terms of hurricane fatalities behind the Lake
Okeechobee Hurricane (1928) and the Galveston Hurricane (1900) in the past century,
and the sixth deadliest natural disaster in U.S. history (Table 3.2). In Mississippi, the
number of fatalities exceeded Camille’s (Table 3.1).
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Table 3.2. The ten deadliest U.S. natural disasters.

Rank | Year Event Deaths

1 1900 Galveston Hurricane 8000-12,000

2 1928 Lake Okeechobee 2500-3000
Hurricane

3 1889 Johnston ood 2200

4 1893 “Sea Islands” Hurricane 2000-2500
(Georgia/S. Carolina)

5 1893 “Cheniere Caminda” 2000
Hurricane (Louisiana)

6 2005 Katrina 1900-2000

7 1881 Hurricane #5 (Georgia/S. | 700
Carolina)

7 1906 San Francisco earthquake | 700

9 1925 Tri-State Tornado 695

10 1938 New England Hurricane | 600-720

Katrina’s economic impact is enormous. In southeast Louisiana, the agriculture, oil,
fishing, and tourism industries are decimated, and commerce in New Orleans will be
affected for years. Refinery shutdowns and damage to oil and natural gas facilities

from Katrina (and later by Hurricane Rita) severely disrupted energy supplies, causing
large price spikes. As of December 2005, about 20-30% of the oil and gas wells were
inoperative because of damage to offshore platforms, underwater pipelines, and refineries.
Mississippi’s tourist, agriculture, timber, and poultry industries also suffered immense
losses. Mississippi’s thriving water-bound casino industry, which generates $500,000

a day in tax revenue, was heavily impacted, prompting legislation allowing land-based
locations. Fortunately, a temporary spike in sales tax revenue due to rebuilding and relief
spending has helped compensate for taxes from casino operations. Katrina also sets
another precedent. Hurricane storm surge fatalities have not been a major issue in the
U.S. since Hurricane Camille in 1969. This catastrophe will focus renewed efforts on
evacuation, mitigation, and public education issues.

This report presents basic information about Katrina’s wind and storm surge elements.
Causes of Hurricane Destruction

Coastal communities devastated by strong hurricanes usually take years to recover. Many
forces of nature contribute to the destruction. Obviously, hurricane winds are a source of
structural damage as discussed elsewhere in this report. Debris is also propelled by strong
winds, compounding the damage. Other concerns include downed trees and power poles,

causing power outages sometimes for extended periods of time.

It is important to note that hurricane intensity is defined by sustained winds, not
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instantaneous winds. Sustained winds are the average speed over a period of time at 33
feet above the ground. For Atlantic based storms, this averaging is performed over a 1-
minute period. The actual wind will be faster or slower than the sustained wind at any
instantaneous period of time. For example, a hurricane with maximum sustained winds of
90 mph may contain gusts of 100 mph or more. Also, hurricane categories are defined by
maximum winds somewhere in the storm, almost always near the center, and that winds
may be slower in other parts of the storm. For example, maximum sustained winds of 90
mph may only be concentrated in the northeast section near the hurricane center, with the
southwest quadrant containing weaker winds.

To standardize intensity measurements worldwide, not only is time-averaging required,
but a measurement elevation needs to be defined. The World Meteorological Organization
states that official hurricane wind specifications are at a 10-meter (33-feet) height.

Since winds are rarely measured at this level, mathematical assumptions are required to
normalize wind measurements to this height.

Isolated pockets of enhanced winds also occur in hurricanes. Accompanying the steady
winds will be wind gusts up to several seconds duration that can amplify or initiate
destruction. More powerful wind entities also occur in isolated regions. Features
associated with wind enhancement are outlined in Table 3.3.

As hurricanes make landfall, interactions with thunderstorms form columns of rapidly
rotating air in contact with the ground. These events are known as tornadoes. Tornadoes
are especially prolific in the right front quadrant at landfall. Hurricane related tornadoes
tend to cluster near the hurricane core (within 100 km) and in the outer rainbands about
300 km from the center. Hurricane related tornadoes tend to be relatively weak with
winds less than 157 mph and to have short tracks and brief touchdowns. On the day of
landfall, tornadoes occur close to the center with proportionally fewer tornadoes in the
outer rainbands. However, on the days following landfall, tornado occurrences show

an increasing preference for the outer rainbands. Tornadoes in outer bands peak in the
early afternoon due to a maximum solar heating, while inner-core tornadoes show no
diurnal peaks. Large hurricanes produce more tornadoes than small hurricanes. Tornado
frequency also increases in the more intense hurricanes. Finally, hurricanes with a slow
or fast translation speed produce few tornadoes, while hurricanes with a motion between
8 and 33 mph produce tornadoes. Based on these composite studies, Katrina was a good
candidate for tornado activity. An example of tornado destruction in Hurricane Andrew is
shown in Figure 3.2.
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Table 3.3. Destructive wind features in a hurricane.

Sustained wind

The average wind speed over a period of time at 33 feet above
ground level. In the Atlantic this averaging is performed over a
I-minute period.

Wind gust

A sudden, brief increase in speed of the wind. Gusts are reported
when the peak wind speed reaches at least 18 mph and the
variation in wind speed between the peaks and lulls is at least 10
mph. The duration of a gust is usually less than 20 seconds. Wind
gusts are 1.25 larger than the sustained wind over the ocean, 1.35
times larger over vegetation, and 1.65 times larger over woods
and cities.

Downburst

A strong downdraft that exits in the base of a thunderstorm and
spreads out at the earth’s surface as strong and gusty horizontal
winds that can cause property damage.

Tornado

A rapidly rotating column of air that protrudes from a
cumulonimbus cloud in contact with the ground, often (but not
always) visible in the shape of a funnel or a rope. The right front
quadrant of a hurricane often produces many tornadoes at landfall
due to ground friction, but they can appear in any hurricane
squall line.

Mesovortex

Whirling vortices that form at the boundary of the eyewall and
eye where there is a tremendous change in wind speed. Winds
may be up to 200 mph, especially in areas where winds are in

the same direction as the eyewall winds, and therefore extremely
destructive. Five to ten times wider than a tornado, perhaps even
larger in some cases. Some studies suggest they have a ratio 1/
10th the diameter of the hurricane eye. They are believed to occur
in major hurricanes (Category 3 or more). Also called mesoscale
vortices.

Mesoscale vortices, or sometimes mesovortices, were documented in Hurricane Hugo
(1989) and Hurricane Andrew (1992). These whirling winds are illustrated in Figures
3.3 and 3.4. Updrafts in the eyewall can stretch the vortices vertically, making them spin
faster with winds up to 200 mph. An instrument which measures the vertical distribution
of winds in hurricanes, called a dropsonde, was deployed in Hurricane Isabel (2003) and
fell through a mesovortex, measuring winds of 241 mph.
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Figure 3.2. Aerial photograph of the damage caused by a possible small tornado in
Hurricane Andrew (moving toward the west in the small gray area labeled C, black
dashed line highlights the path of the tornado.)
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Figure 3.3. Computer simulation depicting edge of hurricane eyewall breaking down into
a series of mesoscale vortices.

Flooding produced by hurricane rainfall can also be destructive and was the leading
cause of hurricane-related fatalities in the U.S. in the period between Hurricanes Camille
and Katrina. A majority (57 percent) of the 600 U.S. deaths between 1970 and 1999

due to hurricanes or their remnants was associated with inland ooding. Fortunately,
fatalities from inland ooding due to precipitation did not occur in Katrina. Forty-eight
hour rainfall amounts between August 29 and 31 averaged between 3 and 7 inches
throughout Louisiana and Mississippi. Rainfall amounts were greatest along and just west
of the center. A large swath of 8-10 inches of rain fell cross southeastern Louisiana and
southwestern Mississippi, with a small area of 10-12 inches between Covington, LA, and
Gulfport, MS and Poplarville, MS.
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Figure 3.4. Radar-estimated 24-h rainfall totals (inches) for 8/29/05 (top) and 8/30/05
(bottom) from Hurricane Katrina.
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Although wind and ooding from rainfall are obviously dangerous, historically most
fatalities result from hurricane storm surge, defined as an abnormal rise of the sea along
the shore generated by an intense storm such as a hurricane. The storm surge is caused
primarily by winds pushing water toward the coast and wave breaking, which propels
water further inland. A secondary contribution to surge is from the reduced barometric
pressure within the storm, which causes a dome of water higher than the surrounding
ocean. However, wind and wind-generated waves are the primary contributors to storm
surge. The surge rises gradually at first, then more rapidly as the storm makes landfall.
Storm surge does not occur as a tidal wave, as depicted in at least one Hollywood movie.
However, large wind-generated waves moving on top of the surging waters may create
the impression of a tsunami-like effect, and the force of those waves may be responsible
for great damage. For a hurricane, the surge typically lasts several hours and affects about
100 miles of coastline. Storm surge elevations typically vary from 5 to 25 feet depending
on a variety of hurricane conditions.

Factors which impact storm surge elevation include:

e Storm size: The larger the areal extent of tropical storm-force winds, the higher
the water elevation

e Storm central pressure: Lower interior atmospheric pressure increases the water
level. Water expands as pressure decreases, known as the inverse barometer
effect. For every 10-mb pressure drop, water expands 3.9 inches.

e Storm intensity: The maximum wind speed is the most important factor. The more
intense the hurricane, the higher the water elevation.

e Bathymetry: As the surface currents driven by the wind reach shallow coastlines,
bottom friction impedes the seaward return ow near the bottom, causing water
to pile up. Shallow areas with a gradual slope will experience greater storm
surges than areas with a shelf that drops off rapidly near the coast. Because of
Mississippi’s shallow coastal waters, the state is prone to high storm surges.

e Speed of the system: Because a slow moving hurricane has a longer time to
transport water onshore, slow moving systems are associated with higher storm
surge. Slower moving hurricanes can cause a storm surge 50-70% higher than fast
moving hurricanes. Fast moving hurricanes cause the surge to “spike” over a few
hours with an overall lower surge.

e  Wave setup: Water levels can increase from onshore waves in windy conditions.
Under normal conditions, waves that reach the coast break and water ows back
out to the sea under the next incoming wave. The super-elevation required to
drive the under ow is called wave setup and occurs whenever waves are breaking
on the shoreline. In hurricane conditions, this setup can be quite large and is most
pronounced when the bottom slope is steep, because in shallow water waves break
farther offshore. However, wind-induced surge enables waves to penetrate much
further inland before they break.

e Track angle: Storms which make landfall perpendicular to the coastline produce
larger storm surges than those which hit at an angle. Storms which make landfall
at an angle have a smaller surge because some transported water experiences
re ection and cross-current transport.

3-11



FINAL REVIEW

The storm surge is always highest on the side of the eye corresponding to onshore
winds, which is usually the right side of the point of landfall. Winds are also fastest in
the right front quadrant because storm motion (which averages about 10 mph but varies
substantially) is added to the hurricane’s winds. Because winds spiral inward, the storm
surge is greatest along the eyewall.

The total elevated water includes three additional components - the astronomical tide,

the steric effect, and ocean waves. The astronomical tide results from gravitational
interactions between the earth and the moon and sun, generally producing two high and
two low oceanic tides per day in most U.S. locations, but only one high and one low tide
per day in Mississippi. Should the storm surge coincide with the high astronomical tide,
the additional elevation will be added to the water level. Waves are another important
contributor to water level. In addition to contribution of wave setup to the surge, large
waves can be expected on top of the surge. The final contributor is water temperature.
Because warm water expands, water levels are naturally highest in the summer, known as
the steric effect.

Water in motion imposes large dynamic pressures. Structures of light construction will
be demolished when struck by the storm surge and associated waves. Ocean currents

set up by the surge, combined with the waves, can severely erode beaches, islands,

and highways. People caught in a storm surge may be killed by injuries sustained

during structural collapse or by drowning. Death tolls for unevacuated coastal regions
can besignificant. The worst natural disaster in U.S. history occurred in 1900 when a
hurricane-related 8 to 15-foot storm surge inundated the island city of Galveston, Texas,
and claimed more than 6,000 lives. In 1893, nearly 2,000 people were killed in Louisiana
and 1,000 in South Carolina by two separate hurricanes. Hurricane Camille (1969), with
sustained winds of at least 180 mph, produced a storm surge of 23 feet in Pass Christian,
Mississippi and killed 172 people in Mississippi and 9 in Louisiana.

Expected levels of damage for a given hurricane intensity are described by the Saffir-
Simpson Hurricane Scale. It was devised in 1971 by Herbert Saffir, an engineer in
Miami, for the World Meteorological Organization. Robert Simpson, the director of

the National Hurricane Center, then added the storm surge portion. This scale classifies
hurricanes into five categories according to central pressure, maximum sustained winds,
storm surge, and expected damage (Table 3.4). Although all categories are dangerous,
categories 3, 4, and 5 are considered major hurricanes, with potential for widespread
devastation and loss of life. Whereas only 21 percent of U.S. land-falling tropical systems
are major hurricanes, they historically account for 83 percent of hurricane damage. Note
that the scale is not linear. A Category 3 hurricane causes 50 times as much damage as a
Category 1, and a Category 4 is 250 times more destructive than a Category 1.
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Tornado damage is also categorized by a scale, known as the Fujita scale, ranging from
FO to F6. The first three categories (FO, F1, and F2) have winds of 40-72, 73-112, and
113-157 mph, respectively. While useful for identifying and categorizing tornado damage
and intensity, this also means major hurricanes, in general, have the wind devastation of
an FO or F1 tornado but over a wider region! In fact, the National Weather Service issued
tornado warnings through the impacted regions because Katrina had FO and F1-like
winds.

Meteorological and storm surge characteristics of Katrina
1. Katrina's windfield

Because Katrina caused unprecedented large-scale damage, it is difficult for some to
believe the storm was either a marginal Category 4 hurricane or strong Category 3
hurricane. However, post-analysis shows a potent but weakening major hurricane.
Katrina, which was a huge Category 5 hurricane the day before landfall, had experienced
some dry air intrusion, and perhaps slightly cooler water temperatures. National

Oceanic and Atmospheric Administration (NOAA) reconnaissance aircraft measured

the hurricane’s wind structure with Doppler radar, and found that Katrina experienced
structural changes between August 28 and 29 (Fig. 3.5). Specifically, by August 29

the vertical eyewall structure broadened developing slightly weaker eyewall winds but
stronger outer-core winds. Furthermore, unusually strong winds 1-3 miles aloft developed
east of the hurricane right before landfall.

[ T | DT TS - __B° FREEMAREGE B
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Figure 3.5. Airborne Doppler-derived radar wind speed cross-sections for August 28 and
August 29 of Hurricane Katrina.

In Figure 3.5, the hurricane is shown extending from the center eastward. Note the broad
and elevated wind maximum 2-4 km aloft 60 km east of the hurricane which was not
present on August 28. Also note that the surface winds are stronger east of the hurricane
on August 29 even though the storm’s maximum eyewall winds weakened to a Category
3 level.
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Katrina was a major hurricane at landfall. Because it was also a large hurricane,
Mississippi and Louisiana were exposed to hurricane-force winds for many hours. The
strong winds aloft also created a situation where unusually potent wind gusts could occur.
The widespread wind damage is likely due to the longevity of hurricane-force wind
exposure and fierce wind gusts, as well as isolated tornadoes, and possibly mesovortices.
The actual intensity at Mississippi landfall is still the subject of debate. On this issue, this
report includes discussion of the National Hurricane Center (NHC) analysis, as well as its
own analyses.

Table 3.5 shows the maximum sustained surface winds and/or maximum wind gusts
from a variety of stations, including official National Weather Service platforms, NOAA
buoys, mobile mesonets from several universities, Emergency Operations Centers, and
other sources. Of particular significance are the reconnaissance aircraft dropsondes,
which measure wind profiles to the surface as they fall from the plane. A few fell in

or near the eyewall, and are shown in the table. Generally speaking, these are the only
official observations which measured eyewall winds, since most other platforms failed.
The authors estimate the dropsondes measured sustained winds between 100 and

110 knots (115 and 127 mph) 1-2 hours before Mississippi landfall. However, NHC
estimates dropsonde winds between 95 and 105 knots. The difference depends on how
one extrapolates 33-ft winds, since observations rarely occur at this level. The NHC
undoubtedly was also in uenced by a remote sensing instrument on a NOAA research
reconnaissance aircraft which can measure surface winds called a Stepped Frequency
Microwave Radiometer (SFMR). The SEFMR measured peak surface winds of 96 knots at
5AM August 29. However, the SFMR is experimental and is still being calibrated.

Other measurements were obtained from mobile university “mesonet” platforms. Of
particular interest is a Texas Tech mesonet at the Stennis Space Center airport, which
measured maximum sustained winds of 68 mph. This observation is probably too low,
indicating a negative bias in the instrument, especially since gusts of 117 mph were also
measured. Nevertheless, this also indicates a Category 3 hurricane at landfall. Given this
and other information, and postulating that the strongest winds were not sampled within
10-20% of the observed values, NHC estimated Katrina had maximum sustained surface
winds of 120 mph somewhere in the eyewall during Mississippi landfall at 9:45AM
August 29, a strong Category 3 hurricane.

Spatial distribution of hurricane surface winds is determined by the HRC Hurricane
Research Division using software called H¥*WIND. This code computes the 33-foot
winds based on all available reconnaissance and surface observations, constrained by
physics and time-averaging techniques. The HRD winds for select coastal locations

at Mississippi landfall, as well as the NHC maximum estimated winds (assumed in
Waveland, MS), are shown in Table 3.6. Higher winds occurred in some regions, but
were not recorded due to instrument failures. Multiply tabular values by 1.15 to obtain
mph. Times are represented by Coordinated Universal Time (UTC); to obtain local time,
subtract 5 hours. Times of gusts are in parenthesis.
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Table 3.5. Maximum observed sustained winds and wind gusts

Station Wind Speed Time (UTC)
(knots)

Sustained Gust
Mississippi
observations
Pascagoula 38 44 953 (933)
Biloxi-Keesler 52 85 1400 (1400)
Gulfport 40 55 1025 (1008)
Pascagoula- 108
Jackson County
EOC
Poplarville Pearl 117
River Country
EOC
Texas Tech tower, | 59 102 1500
Stennis Space
Center
FIU tower, Trent |64 1549
Lott airport
NWS Jackson 56 2014
Columbus AFB 50 0100 (30™)
Greenwood 46 2153
Greenville 44 2223
Ellisville 114 (1830)
Laurel 110 (1900)
Hattiesburg 100 (1800)
Columbia 81 (1800)
Starkville 76 (0030) 30"
Pascagoula (Univ |58 66 1413
S.Ala mesonet)
Pascagoula (FL 64 1549
Coast Mon. Prog.
Mesonet)
Lauderdale 70 2051
NHC dropsonde, | 105 (est) 1315
Near Grand
Island, Miss.
Sound
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NHC dropsonde, | 105 (est) 1424
Petit Bois Island,
MS
Station Wind Speed Time (UTC)
(Knots)

Sustained Gust
NHC dropsonde, |95 (est) 1454
Cat Island
Channel, MS
Louisiana
observations
Slidell KASD 32 44 1243 (1243)
Bootheville 26 39 2137 (2137)
New Orleans 64 1405
airport
New Orleans 60 75 1340 (1405)
lakefront airport
Southwest Pass 72 88 0446 (0446)
CMAN
Grand Isle 62 99 0747 (0838)
CMAN
Buoy 42007 60 74 1535 (1354)
Terrebonne Bay |55 1000
buoy
Lake 68 86 1520 (1520)
Pontchartrain
midlake
Slidell 105 1435
(Videographer
at Memorial
Hospital)
LSU BTR-BEN |43 54 1438 (1414)
NASA Michoud |84 1100
LSU- BTR- 34 48 1404 (1519)
BURDEN
LSU PT 75 88 0937 (0937)
SULPHUR
LSU 43 69 1915 (1800)
FRANKLINTON
LSU HOUMA 44 60 1100 (1535)
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LSU 48 66 1644 (1643)
HAMMOND
Station Wind Speed Time (UTC)
(knots)
Sustained Gust
LSU 35 49 (1431)
LIVINGSTON-S
LSU MANCHAC |59 74 1559
LSU 42 (1451)
LIVINGSTON-W
LSU ST. 44 53 (1519)
GABRIEL
Texas Tech tower, | 61 87 1500
Slidell Airport
Texas Tech tower, | 48 64 1200
Vacherie
FIU tower, Belle |68 89 1427 (1132)
Chase
FIU tower, 67 83 0936 (0935)
Galliano
NHC dropsonde, |85 (est) 1339
near Rigolets
NHC dropsonde, |80 (est) 1354
Franklington, LA
NHC dropsonde, | 100 (est) 1404
Chandeleur Sound
NHC dropsonde, |80 (est) 1401
Delacroix, LA
NHC dropsonde, |90 (est) 1417
12 miles east of
Point Chicot, LA
NHC dropsonde, | 110 (est) 1451
Mitchell Key, LA
NHC dropsonde, | 85 (est) 1505
Point Chicot, LA
Alabama
and Florida
panhandle
observations
Mobile airport 57 72 1608 (1608)
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Brookley Field 58 |73 1501 (1501)
Station Wind Speed Time (UTC)

(Knots)

Sustained Gust

Pensacola airport |49 60 1451 (1451)
Pensacola Naval |49 62 1812 (1812)
Air Station
Dauphin Island 64 89 1542 (1542)
Mobile Bay (USS 90
Alabama)

Hurricane intensity can also be estimated based on structural damage assessments. Based
on experiences with tornado damage, a “Damage Indicator” (DI) has been developed
which correlates visual damage to wind speed. This technique defines 28 categories of
buildings, structures, and trees such as small barns, small family residences, single-wide
manufactured homes, large shopping mall, hardwood trees, etc. Then 7-10 “degrees of
damage” (DOD)are defined for each category, from minor damage to total destruction,
based on well-defined description for that category (for example, collapse of chimney

on a small residence is a DOD of 4 while total destruction is a 10). These DODs are then
correlated to a wind speed value with an expected margin of estimation error.

Haag Engineering conducted surveys of the Mississippi Gulf Coast using the DI
technique, and voluntarily provided Mississippi State University their wind damage
assessment. Generally speaking, since the DI methodology is based on building damage
due to brief strong winds, these estimates actually represent wind gusts. These estimated
wind gusts are shown in Table 3.6.

Wind is ultimately driven by pressure differences. Therefore, it is theoretically possible
to compute wind based on surface pressure measurements. An advantage is that often
pressure observations are still measured even after electricity is lost, or after a wind
anemometer is damaged. However, the effect of surface friction needs to be included, an
imprecise factor, and often asymmetries in the pressure field are difficult to incorporate.
Nevertheless, this calculation serves as a useful comparison to the NHC, HRD, and Haag
Engineering analysis using the DI technique. Pressure measurements are available in
Mobile, Dauphin Island, Pascagoula, Biloxi, the hurricane eye, and several locations in
Louisiana. No pressure measurements are available in the eyewall, but one can assume

a pressure profile based on the fact the pressure differences are greatest in the eyewall
itself. Then, using a mathematical formula known as the “gradient wind equation,” and
assuming a 20% reduction in the eyewall (but 10% outside the eyewall based on Figure
3.5), wind estimates are shown in Table 3.6 for Mississippi landfall, as well as Slidell, LA
just to the west of the eye, along the immediate coastline. Generally speaking, estimated
values are slightly higher than the NHC and HRD values, but still Category 3 strength.
Even a few miles inland, sustained winds will be lower than shown here, since hurricane
winds weaken rapidly once inland.
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Table 3.6. Estimated maximum wind speeds and/or gusts (mph) (from NHC, Haag
Engineering, and these writers. Valid for immediate coastline.)

Location NHC (2006) and Haag! Sustained winds
HRD (2006) wind gusts (mph) (mph) based on
sustained winds pressure patterns.
(mph) (Estimated gusts)

Slidell, LA 90 105 90 (105)

Waveland, MS 120 122 125 (130)

Biloxi, MS 90 110 100 (115)

Ocean Springs, MS | 80 105 85 (105)

Pascagoula, MS 70 100 80 (100)

Also shown in Table 3.6 are estimated wind gusts. Because of the strong winds aloft
outside the hurricane eyewall, one may assume that turbulent eddies will effectively
transport much of this momentum to the ground in brief but powerful spurts. Generally
speaking, wind gusts are 20-30% larger than sustained winds, and these values are

re ected in the table. Smaller wind gusts are indicated in Waveland, MS, since the
vertical cohesion of the hurricane eyewall has been lost. Indeed, strong wind gusts were
observed far inland in east Louisiana and Mississippi, with incredible tree and structural
damage all the way to Laurel, MS, just east of the eye’s path. Mobile Doppler radar
measured strong winds aloft which can cause strong downburst activity inland (Figure
3.6). Poplarville, MS, in the vicinity of the 125 mph winds 3000-feet aloft shown in

this figure, experienced some of the worst wind damage away from the coast. Note the
maximum value of 132 mph between 3000 and 4000 feet above ground level during the
morning hours. It is estimated that eighty to ninety percent (approximately 104-119 mph)
of the latter maximum wind speed value reached the ground in the vicinity of Poplarville,
MS.

1. Tornado activity and downbursts in Katrina

Tornadoes are documented either by Doppler radar, post-storm surveys, or by eyewitness
accounts (particularly trained “weather spotters”). Tornado documentation thus far in
Katrina has been lacking from the National Weather Service and storm spotters.

Officially 11 tornadoes were reported in Mississippi, mostly far inland. The Haag
Engineering Group has noted little evidence of tornadoes on the Mississippi coast during
their surveys, although collecting tornado information hasn’t been a high priority area of
their investigations. Eyewitness accounts and speculation on tornado occurrences have
had little formal documentation. As a result, one is left with using Doppler radar as a tool
to identify potential tornado occurrences at landfall.

! Personal communication, Haag Engineering Co., Carrolloton, TX
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Figure 3.6. Mobile WSR-88D single-Doppler radar in Mobile (KMOB WSR-88D) radial
wind measurements.

Doppler radar measures radial velocity and precipitation intensity (re ectivity) which
are input into automated algorithms. One algorithm attempts to identify mesocyclones,
defined as rotation in a thunderstorm, typically around 2-6 miles in diameter, and
associated with an existing tornado or potential tornado formation. The circulation of

a mesocyclone covers an area much larger than the tornado that may develop within

it. Doppler Radar includes the Mesocyclone Detection Algorithm which identifies
circulations in thunderstorms that have the potential to spawn tornadoes. The software
identifies Doppler velocity differences of 25— 75 m s™! across core diameters of 2—8 km,
with resulting azimuthal shear values of 5 x 107 s to 2 x 1072 s7!. It also looks for
symmetry in the signal before being identified as a possible mesocyclone.
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Unfortunately, there is a degree of uncertainty associated with the mesocyclone
algorithm. The software was developed for mid-latitude, inland severe thunderstorms,
not hurricanes. Furthermore, hurricane mesocyclones tend to be small, shallow, and
weak, resulting in a low probability of detection. Finally, many mesocyclones do not
produce tornadoes. Actual observed mesocyclones (not radar-detected) show 10-30% of
mesocyclones in the Great Plains produce tornadoes. It’s not known what the percentage
is for radar detections under similar conditions or under hurricane conditions. In
summary, not all mesocyclones are detected in hurricanes, and only a small fraction of
radar-detected mesocyclones spawn tornadoes.

With these caveats, Slidell and Mobile Doppler radar detected mesocyclone activity. The
Mobile radar was operational throughout Katrina’s landfall, while Slidell quit operating
around 1400 UTC (9AM). Figure 3.7 shows the Mobile mesocyclone signatures between
3:30AM to 12:45PM, and Figure 3.8 shows Slidell mesocyclone signals between 3:
30AM and 9AM. While most hurricane mesocyclone’s (as well as tornadoes) have a short
lifespan, undoubtedly some of these signals are associated with the same mesocyclone.
No attempt is made to differentiate duplicate mesocyclones or to plot their tracks. There
were 55 mesocyclone signal detections for the Slidell radar, while 68 were detected by
the Mobile radar. When one accounts for the uncertainties involving the ratio of tornadoes
to mesocyclones, duplicate mesocyclones, and unseen mesocyclones, one could estimate
10-20 tornadoes occurred between 3:30AM and 9AM in the range of the Slidell radar,
and a similar number between 3:30AM and 12:45PM within the Mobile’s radar range.
Certainly other activity is possible before and after these periods. A noticeable dearth of
mesocyclones is seen north of Lake Pontchartrain due to Slidell radar power outage. This
writer can vouch for at least one tornado near his place of evacuation at Bush, LA, where
parts of a metal roof pierced a tree with a nearby swath of trees cut in half.

Downburst winds also contributed to wind damage. While diagnosing downbursts is

difficult in these circumstances, Haag Engineering noted some downburst activity,
especially near mile marker 11 on I-10.
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Figure 3.7. Mesocyclone signatures detected by the Mobile Doppler radar between 3:
30AM to 12:45PM.
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Figure 3.8. Mesocyclone signatures detected by the Slidell Doppler radar between 3:
30AM to 9:00AM. (Slidell radar went out of commission after 9AM.)

111. Mesovortices in Katrina

Thus far, little information is available on mesovortices in Katrina. National Hurricane
Center discussion advisories do not mention any mesovortex activity. However, NASA’s
polar-orbiting Terra and Aqua satellites, which have a MODIS sensor with resolution

of 250 meters, can see these in a clear eye. A MODIS image with 250-meter resolution
image, zoomed in on Katrina’s eyewall at 12:15PM on August 28, shows possible
eyewall mesovortices when Katrina was 200 miles from southeast Louisiana as shown in
Figure 3.9.

Unfortunately, because polar-orbiting satellites can only take one image in the same
geographical region per day, no MODIS images are available when Katrina was off the
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Mississippi coast. Research and limited observation studies show that intense hurricanes
such as Katrina commonly contain mesovortices. As a result mesovortices probably
occurred during landfall on the Mississippi coast.

Figure 3.9. NASA satellite image from Terra’s MODIS sensor on August 28, 2005, at 12:
00 PM.
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1V, Storm surge in Katrina

Observations of Katrina’s storm surge life cycle generally do not exist because all tide
gauges failed in the southeast Louisiana marsh and along the Mississippi coast during

the brunt of the storm. The previous few days of water levels, as well the first few hours
of the storm surge, were documented. A typical example is seen in Figure 3.10, which
depicts water levels at the Paris Road tide gauge near Chalmette, LA, where some of
Katrina’s worse storm surge occurred, totally inundating all of St. Bernard Parish. Several
days before Katrina, the primary signal is the diurnal tide range. One day before landfall,
the water increased 2-3 feet. This effect is known as the surge forerunner. On the day of
landfall, water level increased slowly at and then rose suddenly within a few hours to a
level of 12 feet. Then the gauge failed.

St surge near Pafe Msad bidgs
i1 . z - .

s

gt ()
-
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Figure 3.10. Time series plot of water elevations at the Paris Road, tide gauge, near
Chalmette, LA from midnight August 25 to 8AM August 29.

Since observations are lacking, two methods exist to document the storm surge: computer
model simulations, and post-storm high-water measurements. A computer model
approximates time-dependent hydrodynamic equations which represent water ow driven
by wind and pressure fields. It can be used to explore the qualitative evolution of the
storm surge, to fill in data gaps, and to explore physical relationships. High water mark
surveys are typically conducted by government agencies (such as the National Weather
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Service, the Army Corps of Engineers, and the USGS) and private companies such as
URS and Haag Engineering. The measured high water marks re ect either the stillwater
elevation of the storm surge (areas outside the in uence of breaking wave and wave
runup, either far inland or inside buildings) or the stillwater elevation plus the wave
runup component (areas in the wave swash zone - either breaking waves or wave runup).
The stillwater elevation is generally measured inside commercial or residential structures
as mud lines on walls or doors. The storm surge plus wave runup high water marks are
generally found as debris or trash lines along coastal dunes, sloping terrain of the bay
shoreline or the exterior of structures. Both are discussed here.

The U.S. Army Corps of Engineers ADvanced CIRCulation (ADCIRC) fully nonlinear
hydrodynamic model (Luettich and Westerink, 2000) was used to simulate Katrina’s
storm surge. ADCIRC was initially developed under the Dredging Research Program, a
6-year program funded by the Army Corps of Engineers, Office of the Chief of Engineers.
The model was developed as a family of 2- and 3-dimensional finite element based codes
with the capability of simulating tidal circulation and storm surge propagation over very
large computational domains, while simultaneously providing high-resolution output in
areas of complex shoreline and bathymetry. The code has recently been parallelized to
obtain faster simulations. The 2D version uses the vertically averaged equations of mass
and momentum conservation, subject to the hydrostatic approximation, and reformulated
into a generalized wave continuity equation to avoid spurious oscillations associated
with the primitive variable equations. Wind and pressure forcing is provided by a wind
parametric boundary layer model.

One advantage of using ADCIRC over other storm surge models, such as SLOSH, is that
input conditions can include all or part of wind stress, atmospheric pressure, tides, wave
stress, and river discharge, which serves to make the model output more accurate. A
second benefit is due to the finite element structure of the grid, which allows increasingly
higher resolution towards the coastline. The finite element method allows increased
nodal density in shallow water regions while maintaining a coarser resolution in deeper
waters, which leads to savings in computational time. A third advantage is that the
geometric complexity of the coastline can be accurately represented without changing
the coordinate system. Thus, rivers and coastal embayments are readily incorporated
into the domain, as can hypothetical levee systems. In collaborations with WorldWinds,
Inc., ADCIRC has been used to perform 100 storm surge scenarios in Biloxi Bay in one
study (Jacobsen et al., 2005), and to examine the sensitivity of the storm surge to the
Mississippi River Gulf Outlet in another research task.

It should be noted that the ADCIRC simulation shown in this report was done with

a more intense hurricane, since earlier estimates from NHC indicated a Category 4
hurricane. However, while actual surge elevations will be lower, the overall physics of
the simulation will not change. A new simulation is currently being prepared for future
reports.
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Figure 3.11 shows the SAM output of ADCIRC Extending eastward from the northshore
of Lake Pontchartrain, LA to Mobile Bay, AL. The surge can be seen moving up

the Pearl River, Jordan River, and Biloxi River. Marsh regions near Pearlington and
Pascagoula begin to experience inundation. Islands offshore, as well as Dauphin Island
in Alabama, are partially underwater. A few areas have surge levels greater than 5 ft;
however, the surge is below 5 feet in most regions. At 6AM and 7AM, this pattern
continues, but with surge values above 10 feet in some regions (Figures 3.12 and 3.13).
By 8AM, Pass Christian westward begins to experience inundation (Figure 3.14).

Note that a water elevation deficit is actually occurring along the northshore of Lake
Pontchartrain since Katrina’s north winds are pushing waters south. By 9AM, significant
storm surge is occurring along the Mississippi coast, with 15 to 25 feet water elevations
penetrating miles inland west of Bay St. Louis (Figure 3.14). Significant surge is also
seen at Biloxi, Ocean Springs, and Mobile Bay. Because the wind direction is shifting
west of the region, water from Lake Pontchartrain is also starting to push eastward,
causing a second wave of inundation in that region.

The peak surge occurs during the 10AM to 11AM period (Figures 3.16 and 3.17), with
extreme inland penetration and record surge values on the order of 25-35 feet. At this
time, Slidell and the Pearl River region are now experiencing a major surge as water
sloshes eastward in Lake Pontchartrain associated with the wind shift. Damage to the
“twin spans” bridge system which connects Slidell and New Orleans indicates an outward
surge, with much of the damage on the east of the bridge system. By 12PM and 1PM, the
surge is beginning to recede (Figures 3.18 and 3.19).

The massive storm surge produced by Katrina was greater than that produced by Camille,
even though Katrina was less intense. Katrina was a huge storm and moved slower than
Camille. NHC also hypothesizes that the hurricane’s recent Category 5 status the day
before generated large wave set-up ahead of the hurricane. However, that reasoning

may be incorrect. First, Hurricane Ivan (2004) was also a strong hurricane which
weakened slightly before landfall, but the same storm surge values were not seen in
Alabama. Second, the tide gauges show little evidence of significant wave setup ahead

of the hurricane. However, the authors hypothesize that the Mississippi River levee
system may have also contributed to the large surge (see discussion in later paragraphs).
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Figure 3.11. ADCIRC simulation of storm surge, valid SAM.

[lurricane-Katrina  August 29, 2005 6AM
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Figure 3.12. As in Figure 3.11, but 6AM.
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Figure 3.13. As in Figure 3.11, but 7AM.

Hurricane-Katrina August 29, 2005 6AM
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Figure 3.14. As in Figure 3.11, but 8AM.
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Hurricane-Katrina August 29, 2005 9AM
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Figure 3.15. As in Figure 3.11, but 9AM.

Hurricane-Katrina August 29, 2005 10AM

-90" -39.5° -89.2° -38.8° -28.4

304

Q 5 10 15 20 25 30 35
Water-Elevation

Figure 3.16. As in Figure 3.11, but 10AM.
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Hurricane-Katrina August 29, 2005 1 1AM
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Figure 3.17. As in Figure 3.11, but 11AM.

Hurricane-Katrina August 29, 2005 12PM
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Figure 3.18. As in Figure 3.11, but 12PM.
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Figure 3.19. As in Figure 3.11, but 1PM.
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High water marks depict a similar picture as the storm surge simulations. Surge values
of 28-31 feet have been documented between Pearlington and Bay St. Louis, MS (Table
3.7). Probably similar values occurred in Buras and Venice, LA, where Katrina made
the first landfall. High water marks between 20 and 27 feet occurred between Bay St.
Louis and Biloxi, as well as areas outside the levee system in Slidell and the Louisiana
marshes east of the Mississippi River. Dramatically smaller values are seen west of
landfall in Grand Isle and Fourchon, although significant damage still occurred in this
region. Noticeably smaller values occurred north of Barataria Bay, such as in Lafitte, LA,
implying that the levees along the Mississippi River stopped the surge from spreading
westward, and perhaps concentrated the surge east of the Mississippi River. The
ADCIRC simulations suggest the storm surge piled up along the river levees as Katrina
moved parallel to the Mississippi River, and then moved northward with the storm (not
shown). In other words, the Mississippi River levee system could have contributed to
an exceedingly large storm surge since water was not allowed to spread westward. A
proposal has been submitted to NASA to investigate this hypothesis.

Ocean Springs, Pascagoula, and coastal Alabama experienced smaller but still significant
surge values of 12 to 19 feet. In particular, eastern Mississippi had not seen such surge
values in many decades. Florida and eastern Alabama experienced surge values on the
order of 5 feet.

Table 3.7. Hurricane Katrina high water marks (observed by Haag Engineering, National
Weather Service (NWS), and the authors along coastal sections).

Location Katrina high water | Source Camille high-
mark (feet) water mark (feet)
(Corps of
Engineers)
Buras 20-25 (estimated) | Storm surge models; | 15
eyewitness reports
Slidell, LA (inland) 15 Haag, Rt. 433 and
HWY 90
Slidell, LA (Lake 23 Author 8
Pontchartrain)
Grand Isle, LA 12 NWS
Port Fourchon, LA 8 NWS
Lake Pontchartrain 6.8 NWS
Causeway
Lake Maurepas, LA 3.05 NWS
Hopedale, LA 23 Author
Reggio, LA 18 URS
Lafitte, LA 4 Tide gauge
Waveland, MS 31 HAAG — Waveland |20
School
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Hancock County, MS |31 EOC

Bay St. Louis, MS 27 HAAG - Post Office |21
on Rt. 90

Pass Christian, MS 25 HAAG —Houseon |22
Rt. 90

Pass Christian, MS 28 USGS - 1320 Scenic | 23.4
Drive

Gulfport, MS 22 Haag — First Baptist |21
Church on Rt. 90

Biloxi, MS 20 HAAG - Grand 17
Casino

Biloxi, MS 24 USGS - Isle of Capri | 15.6
Casino

Biloxi, MS 20 USGS — House on 14.2

Kennedy Lane near
Damphman Point

Biloxi, MS 20 USGS - Inside 15.5
Beach Mini Mart
near east end of US
90 bridge

Ocean Springs, MS 19 HAAG - Houseon |16
Beach BLVD

Pascagoula, MS 17 HAAG - Houseon |12
Beach BLVD

SE Pascagoula, MS 15 HAAG — House near
ocean

Pascagoula, MS 12.16 NWS

(PSCM6)

Green Pass, MS 11.27 NWS

Bayou La Batre, AL 14 8

Mobile State Docks, 11.45 NWS 6

AL

Mobile Bay — USS AL |12 NWS estimated

Dauphin Island, AL 6.63 NWS

Dauphin Island, AL 6.23 Tide gauge

Perdido Pass, FLL 5.81 NWS 4

Pensacola, FL 5.37 NWS

Destin, FL. 4.52 NWS

Santa Rosa Sound, FL. [ 4.10 NWS
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The hurricane surge penetrated up to 12 miles inland along bayou and river systems.
In fact, the surge crossed Interstate 10 in many locations. Table 3.8 shows storm surge
values along inland waterways.

Table 3.8. Hurricane Katrina high water marks inland along bayous (USGS). Hurricane
Camille values are shown for comparison.

Location Katrina high water | Source Camille high-
mark (feet) water mark (feet)

East Pearl River at 1- | 15 USGS 6.9

10 east bridge end

Devils Swamp @ 15 USGS 10.4

Box culvert at I-10
(Drains Stennis)

Gulf side of I-10 24 USGS 14.6
overpass of SR 43

Inland side of I-10 23 USGS 13.8
overpass of SR 43

Jourdan River at I-10 | 21 USGS 14.2
West bridge end

Jourdan River at 25 USGS 15.1
Inland side of I-10

east bridge end

Jourdan River at 28 USGS 16.9
Gulf side of I-10 east

bridge end

Jourdan River at SR | 19.8 USGS 12.2
43 gage (02481660)

Wolf River at I-10 19 USGS 13.5
west bridge end

Wolf River at I-10 19 USGS 13.5
east bridge end

Bernard Bayou at 19 USGS 14.3
I-10

Fritz Creek at 20 USGS 13.5

Cowan-Loraine
Road Extension
(Under Construction)
-- Upstream of
Biloxi River at I-10

Tchoutacabouffa 19 USGS 13.3
River at I-10
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Old Fort Bayou at 16 USGS 11.4
I-10

West Pascagoula 18 USGS

River at Gulf side of

I-10 West bridge end

West Pascagoula 14 USGS 9.1

River at Inland side
of I-10 West bridge
end

Escatawpa River 10.6 USGS 4.9
at [-10 gage
(0248018020)

Communications 18.6 USGS 10
building on Whites
Bayou (HWY90)
near Pearlington, MS

Tchoutacabouffa 17.7 USGS 12.6
River (02480599)
at SR 15 & 67 at
D’Iberville (north
bridge end)

Old Fort Bayou 20.8 USGS 14.8
(02481299) at SR
609 (Washington
Ave)

Pascagoula River at | 12.7 USGS 8.6
I-10 east bridge end

Pascagoula River at |13 USGS 8.6
Gulf side of I-10 east
bridge end

Pops Ferry Bridge, 19 USGS 13.9
South abutment
Biloxi, MS

The storm surge along the coast of Mississippi was unexpected because the storm was
slightly weaker than Hurricane Camille (1969), the benchmark hurricane in that area.
Camille also came from the south-southeast direction, whereas Katrina slammed inland
directly from the south along the Louisiana-Mississippi border, probably the worst
possible track for Mississippi. Katrina also moved a little slower than Camille, allowing
more time for the water level to build. About 2-3 feet of the surge was due to the inverse
barometer effect, and the rest was wind-driven. The surge inundated areas of Waveland
and most of the Mississippi coast. For comparison, surge values from Camille are shown
in Table 3.1. Fatalities in Mississippi from Katrina exceeded those of Camille.
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Although not directly a cause of the storm surge, Katrina’s impact began at high tide,
with the tide starting to fall during landfall (Figure 3.20). The tidal range during this
period was 2.0 ft, which is the maximum range expected in any month, known as a spring
tide. Such a range occurs for several days twice a month. The normal tidal range is 1.0
ft, with a neap tide (minimum range) occurring twice a month. Summer water elevations
also are higher due to the steric effect. Water surface elevation is impacted by a change in
water density, which in turn is related to water temperature or salinity. The steric effect
causes Gulf of Mexico waters to expand in the summer due to the warm waters. This
amounts to a small but non-negligible increase of 7 cm in the summer. Both contributions
are small compared to the storm surge, but the fact the hurricane hit at high tide during a
spring tide episode further compounded coastal inundation.
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Figure 3.20. Bay St. Louis tide for August 29, 2005. (High tide occurred at 8:25AM,
then fell the rest of the day but remained above mean sea level during Katrina’s landfall.

Courtesy of www.rodnreel.com.)

Another important issue is the timing of wind versus surge. Limited tide gauge data, and
eyewitness accounts, suggest that tropical storm-force winds arrived several hours before
the storm surge. A sample of Mississippi and Louisiana tide gauges are shown in Figures
3.21-3.24, indicating that winds greater than 39 mph, and approaching hurricane strength,
arrived between 4 and 8 hours before surge values of 6-10 feet occurred, typically less
than w