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ABSTRACT

There are few tools currently available to emergency managers to assist in making
decisions about whether to evacuate, shelter locally, or shejdace, and none of these tools
explicitly consider risk to life safety.

A methodology was developed to provide fisdsed guidance for evacuation versus
sheltering decision makin@he hurricane hazards considered in the developed methodology are
high winds, storm surge flooding and waves, and rainfall floodiatnerability of buildings to
these hazards and the associated risks to life safety are then determined. These results are
compared to the hazards and risks associated with evacuation, particularly for medical special
needs populations where evacuations themselves cigaticant life safety issues. Novel
approaches to assessing and applying hurricane track and intensity forecast errors were
developed and incorporated into the hazard assessment methodology. The decision support tools
created here are applicable as piagrools as well as response to a particular hurricane
approaching landfallExamples of the developed method are provided for hurricanes making

landfall along the Northern Gulf of Mexico coast.
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CHAPTER 1. INTRODUCTION
It is currently difficult to make decisions on whether to evacuate or shelter in place when faced
with an approaching tropical cyclone. The evacuation or sheltering decision is left to the
judgment of emergency managers and decision reaed because of a lack of a defined-risk
based process, decisions are made based on relative risk from an approaching storm instead of
the actual quantified risks from the storm.

As a result of the current lack of riflased assessment tools, it ididifit to accurately
assess the risks to a given geographic location and its corresponding population from an
approaching storm. While forecast information is available, it is not presented in a single
comprehensive and easily discernable manner, andhdbesnsider population vulnerabilities.
Because of this, decisions on evacuation and sheltering, which must be made well in advance of
an approaching stormés | andfall, are very dif
on which decisionsmust be made prior to landfall. For major hurricanes, this timeline can be 24
hours for states with multiple evacuation routes, or up to 72 hours for states with limited
evacuation routes, such as Louisiana (Urbina and Wolshon 2003). In some instatioes the
requirements are even longer. For example, the timeline for evacuation decisions in southeast
Louisiana begins with a critical decision point at 120 hours (GOHSEP 2008a), at which time
multimillion dollar bus contracts must be activated to providemqtéal evacuation transportation
for many people who dondét have automobil es in

Because of the long timeline involved with decision making, it is critical that the
available information provides the best possible outcddyanaking well informed decisions,
desirable results can be obtained whether the decision was made to evacuate or shelter. In 1998,
Hurricane Georges threatened but ultimately missed New Orleans, yet only an estimated 40% of

the population evacuated (HeW2005). However, in 2005 an estimated 80% of the same
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population evacuated (NWS 2005) when Hurricane Katrina threatened and struck New Orleans.
It should be noted that the 1998 evacuation was strongly recommended and the 2005 evacuation
was mandatoryt is clearly important that correct and reliable decisions must be made when
recommending or mandating evacuations or public sheltering.
1.1 Problem Statement

For an approaching hurricane which threatens the coastal United States, there are many
areas ofuncertainty that exist when making decisions on evacuation and sheltering. Variability in
storm track, storm intensity, as well as uncertainties in storm surge and rainfall flooding, make
decisions very difficult. There are also uncertainties in the valniey of people and structures
to hurricane hazards, which adds another level of difficult to the evacuation/sheltering decision.

To ensure the safety of citizens, and obtain the most satisfactory results from evacuation
or sheltering, decisions must tv&ade in an analytical manner. There is currently no definitive
process for decision making which considers the risk for both evacuation and sheltering,
especially for inland locations. Because of this, decisions are often made in an inconsistent
manner ad are sometimes based more on risk perception than actual risk exposure. In addition
to this, there are currently a limited number of tools available on which to base decisions.
Although some of these tools do exist, they are not delivered together mmamfar which well
informed decisions can be made.
1.2 Goals and Objectives

This thesis explores methods to minimize risks teddéety through optimal decision
making for hurricane evacuation or sheltering. The framework for d&skd decisiemaking
system will be constructed which considers both evacuation and sheltering. By providing a better
decisionmaking framework, better evacuation performance can be obtained. The following

objectives are targeted to obtain the previously stated goals:
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¢ A methodology will be developed which determines hazards to a shelter (individual

building) or geographic location (small town or city) due to tropical (hurricane) event.
The primary hazards to be considered include:
o Wind
A A model used to determine wisgpeed probabilities from a hurricane
currently in the Gulf of Mexico will be developed

o Rainfall Flooding

A Forecast rainfall will be used to determine expected flooding
o Surge Flooding
A Storm surge hazard will be determined using current surge models
¢ A methoddogy to estimate vulnerabilities of exposed populations will be developed,
including vulnerability of buildings used as shelters (ranging from individual homes to

health care facilities and public shelters) vulnerabilities of people sheltering in these
buildings during a storm as outlined below:

o Wind
A Expected damage of a structure over a range of wind speeds will be
determined
A Correlate expected damage to occupant safety
o Rainfall and Surge Flooding
A Investigate expected damage from flooding (rainfall amgeju

A Base injury/fatality rates on expected flooding using methods reported in

the literature (Boyd, Jonkman, and others).

e Using hazards (1) and vulnerabilities (2), obtain an assessment for probabilistic

injury/loss of life (risk assessment).



o Wind
A Combinewind probabilities with structural vulnerabilities to determine
overall wind risk
o Flood
A Combine rainfall and storm surge flooding and determine risk to life
safety
o General
A Briefly investigate lifesafety consequence of evacuation or sheltering for
certainportions of the population
A Compare vulnerabilities from evacuation, sheiteplace, or public
sheltering
e The information will be combined into a single, uf@ndly format which could be used
to aid in more complete and wétiformed decision making ith regards to hurricane
evacuation and shelter selection.
e A casestudy will be performed on a location in Southern Louisiana to validate the

methodology.



CHAPTER 2. LITERATURE REVIEW
2.1 Hazard, Vulnerability, and Risk

The terms hazard, vulnerabilitgnd risk are used in many different fields, including
business, engineering, and social sciences, and these disciplines sometimes use these terms in
different ways. This section reviews some of the definitions as reported in the literature and then
defines how these terms will be used in this thesis. It is also important to note the context in
which the terms are being referenced.

The United Nations maintains a glossary for terms related to disaster management (UN
1992). The UN def enmgeventhaos theaprobabilayof oficarrericdaf & a t
potentially damaging phenomenon within a give
as Nndegree of | oss resulting from a potenti al
form of injuries, &talities, physical damages, and economic damages. Last, the UN defines risk
as Nexpected | osses due to a particular hazar
mat hemati cal calculations, risk is the produc

The Siburban Emergency Management Project (SEMP) also maintains a database for
emergency management terms (SEMP 2008). SEMP defines hazard, vulnerability, and risk in a
similar fashion to the UN. The main exception is their definition of vulnerability, definedhé@ t
susceptibility of a population to a specific type of event. Vulnerability is also associated with the
degree of possible or potential loss from arisk thatresolteifr a hazar d at a gi ve
Agarwal attempts to define hazard, vulnerabijlagpd risk from a structural engineering
standpoint (Agarwal 2007). Agarwal concludes that hazard is an event with the potential for
danger or harm and risk is the combination of vulnerability and hazard. However, Agarwal
defined vulnerability differentlyjrom both SEMP and the UN. He defines vulnerability as the

potential for damage or susceptibility to future damage.
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Risk is a term that igsed in the field of reliability engineering as well. There are two
types of risk which should be defined. Epistensk is risk attributed to lack of knowledge of a
variable. Aleatory risk is risk attributed to the uncertainty or unpredictable randomness in a
variable. In reliability engineering it is attempted to quantify these risk to determine the overall
risk to astructure or system (DerKiureghian 2007).
To obtain consistent use, the terms hazard, vulnerability, and risk are defined as follows
for use in this thesis:
¢ A hazard is an event with the potential to cause harm and the probability of its
occurrence
¢ Vulnerability is the susceptibility or exposure to potential harm from a hazard
e Riskis the product of a hazard and vulnerability, which yields the probability of
hazard occurrence and expected losses from the occurrence
Additionally, hazard, vulnerability, antkk are all temporally and spatially dependent.
2.1.1Perception of Risk
A large body of work in the field of social sciences has been devoted to the study of the
perception of risks as they pertain to disastBierneyprovides an broad overview of dister
response and risk perception (Tierney et al. 2001). Perception of risk includes perceptions on
likelihood, magnitude, severity, and personal threat from hazards. One important factor in the
perception of risk is the way in which information is ree€iand the perceived credibility of the
information source. Another very important f a
experience with the hazard for which they are at risk.
A common method of discerning evacuation behavior, as well aparskption among
individuals, is through the use of surveys. A survey detailing evacuation behavior was conducted

in Louisianadbés twelve coast al pari shes in 200
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those surveyed felt a low perception of riskto@ Category 3 storm. Common reasons for this
low risk perception were having lived in South Louisiana more than thirty years, never
experiencing hurricane damage, belief that their home was strong, or belief that they could not be
flooded. Interestinglyan evacuation from Hurricane Ivan occurred in the middle of the survey
period (in 2004, which ultimately veered away from Louisiana and made landfall in
Alabama/Florida)), and perception of risk of those surveyed before and after Ivan did not differ
significantly. The survey also identified factors which would make people more or less likely to
evacuate. It should be noted that this survey occurred prior to Hurricane Katrina, and
respondent sdé experiences | i kel yanwsorwey, gsulessf f e c t
are dependent on the questions posed to the survey participants.
2.2 Hurricane Meteorology and Hazards
Hurricanes are tropical cyclones that form in either the North Atlantic (the Atlantic

Ocean above the equator), the Caribbean 8ed;ulf of Mexico, or the Eastern Pacific. A
hurricane can be defined as a ffimmtal low-pressure system with a warm core, and cyclonic
surface wind circulation with sustained wind speed greater than 33 m/s (74 mph) (Elsner 1999).
For hurricanes to devag, five criteria must be met:

e Sea surface temperatures must be greater than 26.5°C (80°F)

e Vertical wind shear must be less than 27 km/hr (17 mph)

e The storm must be located at a latitude greater than 5° from the Equator

e There must be high pressure in thpper troposphere to allow for air divergence

e A pre-existing atmospheric disturbance must provide the initial trigger for

hurricane development
The three most significant hazards associated with hurricanes that impact life safety and

infrastructure are higtvinds, rainfall flooding, and storm surge flooding.
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2.2.1 HighwWinds

Wind speed is associated with the overall intensity, or strength, of the hurricane. Winds
are created by the convergence of air near the ocean surface to-fhresswre center of the
storm. As winds converge, they spiral inwards and upwards in a counterclockwise direction. As
rising winds reach the Tropopause they diverge maintaining the pressure difference. Air from the

Tropopause can sink down into the center of circulation creatretatively calm, windree

area, or the hurricaneds eye@milesWide Adrosy ri caneds
sectional view of a hurricaneb6s air circulati
Tropopause

Figure 2.1 Hurricane Crossection (NASA 2008)

The greatestvind speeds occur in the eye wall, and decrease in intensity outward from
the eye wall. In addition to this, the highest overall wind speeds occur in théroightjuadrant
of the storm. This is a result oahslaiohbake combi na
velocities, where the rotational wind speed vector is combined with the forward (translational)
movement vector of the storm. There are no specific ranges for the extent, or radius, of these

maximum winds, as this is highly dependentonanimd dual st ormés charact e
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depending on the storm size and category, hurricane force winds generally extend frb5025
miles from the eye and tropical storm force winds can extend up to 300 miles from the eye.

In addition to the high wirglwhich occur in the eye wall, the possibility exists for high
winds in tornados which can form within the hurricane structure. Tornados are classified by the
Fujita Scale. This scale is based on damage surveys, and the wind speeds are estimates of winds
which occurred to cause the damage in each classification. Table 2.1 shows the original Fujita
Scale compared to the newer Enhanced Fujita Scale. Wind speeds in the Original Fujita Scale are
in terms of Afastest 1 mi |lgeatter milke of wihdpassea.Wter a g e
Enhanced Fujita Scale wind speeds are in terms of 3 second gust.

Table 2.1 Fujita Scale

Fujita Scale
Original (mph) | Enhancedmph)
0 40-72 65-85
1 73112 86-110
2 113157 111-135
3 158206 136-165
4 207-260 166-200
5 261-318 +200

One of the earliest studies of hurricane induced tornados analyzed the time period 1955
1964 and analyzed 1964 in detail (Pearson 1965). For the 1964 hurricane season, no strong
correlation of tornado formation to hurricane quadrantdesrmined. However, it was
determined that this was due to a bias in the reporting of tornadoes as some quadrants remained
over water for three of the four hurricanes that occurred that year. This study confirmed a
previous hypothesis that tornadoes waest likely to occur in the rigitont quadrant and on
the edge of hurricarf®rce winds outward. The study also disproved a previous hypothesis that
hurricane induced tornadoes were more likely to occur in the afternoon, and attributed this to the

timing of hurricane landfalls for which the hypothesis had been made.
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A similar analysis was conducted for 373 hurricane induced tornadoes frori9%28

and 68 typhoon induced tornadoes in Japan from-193Q (Novlan and Gray 1974). This study

supported previas works which stated that a large majority of tornadoes occurred in the

Northeast quadrant. It was also found that the majority of tornadoes occw28@ 6autical

mi |

(S

from the stor mods

center .

The

gemmgraphic

distance from shoreline was also investigated. It was found that the majority of tornados

occurred within 100 nautical miles of the shore. Lastly, it was determined that there was little or

no correlation between tornado occurrence and time of dagy s&locity, and storm direction.

The most recent study completed on the distribution of hurricane tornadoes was for the

time period 195005 (Schultz et al. 2008). Figure 2.2 shows distribution of tornadoes by

guadrant.

Tormaodoes b 1900 In 2065
W00

o LBl Ta, W
E o o v 1 T, ! -
n d E L ey i o :b.‘ *
- 4 5 - LR ey |
E A PPN S Y N %
J i 4 & Ry ., MRy b "
5 ‘ ! Ay R L Ao y
; - A ek
. B e i R i [
J ] i Tk vy [ 'i-"‘l'l' - H‘. | ¥ 0 f
! - FIL gt~ L g i 3 L
¢ 1 i ! Tl e = S L
3 | Eal- I i Eme b ligs g L1
! 1 I‘ R 2 'r“;. S 1] 1
| 1 1 | L | [ i1 i T et o ] Pl I ) 1 1 J
- = [ U R ] LI Ll Py 1
e 1 P P | L W by |t H : o
i B [ © LT e | ]
5 h e Ll ey 15 8 | | i
i 1 , o we g 2E i ;
1 L L W n K gy i L V
L . TN S e L LI i y i
L L - ) ks [ .
3y 5 . -g'4_ - . i i i
* - 1]' - - L ’
s L% i S k
" . o " T i :
. Lo .\_‘r_’I _a-"" K 5
'.\ . . . I -
o " e, -~ -
. . g -
L .'_\_ - s
-\-\.\. - - — -
b -
N I Total Tornodoes: 1809
Toldl FO: #1%
Tedd F1z 803
Todd F2- 234
Toladl FXx 41
f [ = 1] Tokdl Fiz 2
Tolal F5 and Unkrann Seak: 100
u

Figure 2.2 Tornado OccurrencelBtive to Storm Direction (Schultz 2008)
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It was found that 59% of land falling hurricanes had at least one tornado. Additionally, it was
found that tornadoes were most likely to form in the firsé8sours and within 200 nautical

miles of shore. A totadf 1899 tornadoes were counted, with most tornadoes being either FO or
F1 intensity. Only two F4 tornadoes were officially recorded. No F5 tornadoes were recorded in
the study period. There were, however, 108 tornadoes whose occurrence was verified, but t
individual tornadoes were unable to be classified. Figure 2.3 presents the data in term of both
occurrences with respect to time from landfall and distance from the center of the storm. From

Figure 2.3, most tornadoes occur at B&00 km from the cert of the hurricane.
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Figure 2.3 Tornado Occurrence by Distance and Time with respect to Landfall (Schultz 2008)
The occurrence of different intensity tornadoes was also examined. It was found that the
majority of higher intensity tornadoes occurggdater than 200 km from the storm centeriat O
36 hours after landfall. Figure 2.4 shows tornado occurrence {8@D&m for various time
periods with respect to hurricane landfall. A large number of FO tornadoes also occur at 201

300 km from the cest of the storm.
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Figure 2.4 Tornado Occurrence by Intensity and Time until Landfall withiri3201km of the
Center of the Hurricane (Schultz 2008)

2.2.2Rainfall Flooding
Rai nfall is essential to maintairning a hur
evaporates, its heat energy is stored in the form of water vapor. The water vapor is then carried
upward in the eye wall. As the rising air cools, the water vapor condensates to form clouds and
precipitation. This condensation releases heat energy, Which ps mai nt ain t he <cy
circulation. This condensation also occurs in
Barrett discusses the driving forces behind rainfall in length (Barrett 1999). First, rainfall
accumulation is typically proportional t@e; that is the larger area the storm covers the more
rainfall is accumulated on the ground, thus putting more water in the drainage system. Second,
rainfall accumulation is inversely proportional to the forward speed of a storm. Therefore, the
slower a ®orm moves, the more rainfall accumulates on the ground, while a faster moving storm
accumul ates |l ess rainfall on the ground. Knot
of the first estimates of 24 hour rainfall accumulation estimation fopproaching hurricane.

Knot s rule of thumb is stated in Equation 2.
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R(incheg = 1\%) (2.2)

whereV is the translational speed of a tropical cyclone in knots. While accumulation is a
function of hurricane size and forward speed, rainfafineity does not correlate to the strength
of the cyclone as measured by the S&8iimpson which is based on wind speeds.

The rate of rainfall is dependent on the precipitation efficiency (PE) of the tropical
cyclone system. PE is a function of the amafrwater in the system, length of time water
remains in the system, dry air in the system, and wind shear. Wind shear also controls rainfall
distribution. The heaviest rainfall, or highest rainfall rates, typically occurs downwind and to the
left of the slear vector, or in direction of the vertical wind shear. Because of this, the heaviest
rainfal]l is typically | ocated to the right of
occurs at or near the eye wall. Last, as tropical cyclonesesmedtby frontal boundaries, rain
can form forward of the approaching storm along the frontal boundary. The average rainfall for a
tropical cyclone is 6 12 inches, with the heaviest rain occurring in the time period of 6 hours
before landfall to 6 hourafter. However, large amounts of rainfall often occur when the
remnants of the storm move inland, and the resulting inland flooding is a significant source of
hurricanerelated casualties.
2.2.3 Storm SurgeFlooding

Storm surge flooding is defined as aden rise in sea level associated with land falling
hurricanes and is the third major hurricane hazard. Storm surge initiates when the hurricane is
over open water as the lower pressure at the center of the storm causes the water elevation to
rise. As the brricane moves onshore, water begins to accumulate and is driven forward by
winds. The SaffiSimpson hurricane scale provides estimates for expected levels of storm surge

flooding for different category storms. These estimates range fiobfdet for aCategory 1
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storm to > 18 feet for a Category 5 storm. While these estimates are provided for expected storm
surge heights by hurricane category, there is not a direct correlation between storm surge and
hurricane intensity. Instead, storm surge heightslependent on many factors, including
hurricane size, intensity, forward speed, central pressure, approach angle, coastline
configuration, ocean bathymetry, and normal tide level (Elsner 1999).
2.3Waves and Wind Wave Generation

Water waves are a flucttian of the water surface about a mean water level.
Water waves can be described in their simplest form as having a sinusoidal shape consisting of
crests and troughs. The crest is the highest point of the water surface, and the trough is the lowest
pointon the water surface. The distance between two subsequent crests or two troughs is the
wavelength L. The vertical distance between the crest and the trough is the wave height H.
Waves have a velocity C and the time it takes for a wave to pass a spenifis flte wave
period T. Wave frequency f is the inverse of T. Figure 2.5 shows the simple sinusoidal wave

structure.

SwWL

I g

Figure2.5Typical Wave Structure
Wind-generated waves account for the majority of water waves, with other types being

tidal waves, oscillatory waves, and tsunamis. Kamphuis (2000) discusses wave generation in
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detail. Turbulent wind flow interacts with a water surface, creating smalliolgstoes. However,

for these disturbances to occur, the surface tension of the water surface must be overcome, and
the wind speed must exceed 0.23 m/s (0.51 mph). Once this initial disturbance occurs, additional
wind energy is transferred to the water scefacreating wave action.

There are two basic ways in which wind energy is transferred to the water surface to form
waves. Once disturbances form on the water surface, sheltering causes wind speed to be slower
on the downwind side of the wave. This caudesaring on the water surface, and moves water
toward the crest. Wind speed also tends to be higher at the crest and lower in the trough. This
causes a pressure differential, with negative effective pressure at the crest and positive effective
pressure ahetrough. These pressurpash thecrestupwards and pull the trough downwards.

Both wave height and period can be calculated using wind speed. In addition to the wind
speed, there are local conditions which must be accounted for. The fetch, oredistanahich
the wind can interact with the water to develop wave conditions, must be determined. The mean
depth of the water is a limiting factor in maximum wave heights. Last, the duration of the wind
speeds may be needed. Other factors that shouldcbarded for are the averaging time for the
provided wind speed as well as the height at which the wind speed was measured or converted
to.

2.4 Saffir-Simpson Scale

The standard for hurricane classification in the United States is the Siaffaison Scale.

The scale is a measure of hurricane intensity, and is based on sustained wind speeds (one minute
duration) at 10 meter height above open water. The scale also provides potential storm surge and
damage. However, since these are highly dependent on maémng feiech as those outlined in

Section 2.2.3, the expected storm surge and damage potential are only estimates (NGMA 2008

Table 2.2 shows values for the Safiimpson scale.
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Table 2.2 SaffuSimpson Scale

Hurricane Sustained Internal Expected
Category Wind Speed, Pre_ssure Storm Expected Damage
mph (kts) (millibars) | Surge, ft
1 74-95 (6482) > 980 0-5 Minimal
5 96-110 (83 965- 979 0-8 Roof cover and vegetation
95) damage
Some structural damage t(
3 111-130 (96 945- 964 0-12 residentiaktructures. Mcg)]bile
113) h
omes destroyed.
Some complete roof
4 131—11%%)(114 920- 944 0-18 structure failures. Some wa
failures.
Complete roof structure
failures on many residentia
5 >155 (>135) 919 >18 and commercial structures
Some completbuilding
failures.

2.5Hurricane Return Periods

There are several ways in which hurricane return periods can be estimated. Return
periods can be estimated from the historical record, from current climatic conditions, or from a
combination of the twdReturn periods can also be estimated by using the historic record to
create distributions and then sampling these distributions using simulation techniques, such as
Monte Carlo simulation.

Keim et al. (2007) determines return periods at 45 coastal losdto tropical storms,
hurricanes, and strong hurricanes that are category three or higher. The 45 coastal locations
studied are not evenly spaced along the coastline, but were instead selected for their significance
as population centers or popular bess;tetc. This analysis is based on the historic record and
includes data from 19012005. Return periods are calculated by dividing the 105 year record
used by the number of events. It should be no
regardgo point of landfall is not necessary for inclusion as a tropical storm or hurricane event.

Instead, an influence area over which tropical storm or hurricane effects were experienced was
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assumed for different strength storms. By using this methodologg steents can be counted
for an area that experienced that stormobés eff
location in question.

Elsner also examined hurricane return period from the historic record (Elsner 1999). In
El s ner 0 swrrcanalangfalls fer the time period 190996 are examined. The coastline
from Texas to Maine is broken up by county, and the return period for each county is determined
by dividing the number of hurricane landfalls by the number (97) of years iedbed used.
This study was for all hurricane landfalls, and gave no consideration to hurricane intensity. As
stated by Keim, the use of landfall by county possibly skewed the results. A coastal county with
50 miles of coast likely has a higher probabitifya land falling hurricane than an adjacent
coastal county with 5 miles of coast.

Landsea (2008) also examined the probability of tropical cyclone occurfégaee 2.6
shows the probabilities found by Landsea of a hurricane of any intensity inflgegexgraphic

areas.

90N Bl W BOW W 40w 30w 20N

2 4 B A in 12 14 16 1A 20 27 P4 Z6

Figure 2.6 Seasonal Probabilities (%) of Atlantic Basin Hurricanes (Landsea 2008)
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Landseads analysis differed slightly from t
landfalls, Landsea examined any area, including over open water, which could be impacted by a
tropical cyclone. The historic record 194999 was used in the ansly, and different levels of
intensity were investigated. Probabilities for both tropical storms and hurricanes were
investigated, with a hit counted for any storm passing within 100 miles. Hurricane probabilities
were determined, with a hit counted folydrurricane passing within 60 miles. Last, major
hurricane (category 3, 4, or 5) probabilities were determined. A strike counted for any major
hurricane passing within 30 miles of a point.
2.5.1 Return Periodfor Hurricane Wind Speeds

In the field of Civl Engineering, the design of structures includes loading from wind. The
basis for wind loading is Minimum Design Loads for Buildings and Other Structures (ASCE
2005). The wind speeds for which structures are designed to are determined by statistical
analysis. However, for the southeastern United States the highest wind speed events are from
hurricanes, which are low in frequency. Because there is a relatively short historical record
available for hurricane wind speeds, simulations were performed to theaiesign wind
speeds (Vickery 2000a; Vickery 2000b). For this approach, distributions for central pressure,
radius to maximum winds, translation speed, and coastal crossing points are created. These
distributions are sampled using a Monte Carlo simuladiad wind fields are created for the
hypothetical hurricanes. A decay model is then used to obtain the wind field for inland locations
after land fall.

In the study by Vickery, the HURDAT database for 1-8896 was used to determine
distributions. Usinghe distributions, a 20,000 year simulation was performed. After running the
simulation, wind speed return periods were determined. The 50, 100, and 500 year wind speeds

were then mapped and wind speed contours were created.
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2.5.2Wind Speeds and Hurricane Category

Design wind speeds fro&h5.1cannot be directly correlated to hurricane category. There
are two adjustments that need to be made to correlate the wind speeds with hurricane category.
First, design wind speeds are provided -a&&8ond gust at 10 meters while hurricane winds are
givenas sustained (1 minute) wind speed at 10 meters. Second design wind speeds are given for
wind over flat, open terrain and hurricane winds are given for winds over open water. However,
guidance is provided to compare design wind speeds to hurricane cqde§0fy 2005). Table
2.3 shows comparable design and S&finpson wind speeds.

Table2.3Design Wind Speeds Compared to Sa&impson Scale (ASCE 2005)

Safflr/'Simpson Sustained Wind Speed Over Water? Gust Wind Speed Over Water® [ Gust Wind Speed Over Land®
Hurricane Category mph (m/s) mph (m/s) mph (m/s)
L | 7aes [ 331425 | 91116 | 407519 | 82108 | 367483
2 96-110 42.6—49.2__ l?_—l:-4(_)1_£&§2_.6__l—‘109-130 48.4-58.1
3 111-130 49.3-58.1 141-165 1 62.7-73.8 r‘l3l—156 58.2-69.7
4 131-155 58.2-69.3 166-195 73.9-87.2 157-191 69.8-85.4
R S, LR ._{__‘_.“ St SRSl It Bt o | — | — iU |
5 = 155 = 69.3 > 193 > 87.2 > 191 > 854

“1-minute average wind speed at 33 ft (10 m) above open water

'f 3-second gust wind speed at 33 ft (10 m) above open water

“3-second gust wind speed at 33 ft (10 m) above open ground in Exposure Category C. This column has the same basis
(averaging time, height, and exposure) as the basic wind speed from Fig. 6-1.

2.6 Hurricane Forecasting

The National Hurricane Center (NHC) releases forecasts for both theamargenter
location and the maximuminute surface winds. These forecast are issued every six hours at
0000, 0600, 1200, 1800 Coordinated Universal Time (UTC). The forecasts contain projections at
12, 24, 36, 48, 72, 96, and 120 hours after the foréoaest By projecting the hurricane center
location and maximum-fninute surface winds, a track and intensity forecast can be created.
This forecast is not based on a single model, but is instead an ensemble forecast. In the ensemble
forecast, multiple modg are used for a single hurricane to measure uncertainty and obtain the

best forecast available (NHC 20§)8Also, different models may be used depending on the
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stormbébs | ocation and devel opment. To pheovi de
accounted for.

At the conclusion of every hurricane season, forecasts are comparedgotpast m fibe st
tracko data. The best track data contains inf
Track forecast error is defined asthe gi@atled st ance bet ween a stor més
and the best track dat@igure2.7 (Franklin 2008) shows historic forecast error for the different
forecast time projections.

NHC Official Track Error Trend
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Figure2.7 Historical Track Forecast Error (Franklin 2008)
It should be noted #t the 96 and 120 hour projections were not performed prior to 2001. As can
be seen, significant improvement in forecast trackrdras been made
The intensity forecast error is defined as the absolute value of the difference between the
forecast intengy and the corresponding intensity contained in the-trask dataFigure2.8
shows historic intensity forecast error for various forecast time projections. There has been

minimal, if any, improvement in forecast intensity across all time projections.
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Figure 2.8 Historical Forecast Intensity Error. (Franklin 2008)

The NHC releases forecast information in several different formats. Information is
released in the form of Forecast Advisories, Public Advisories, Discussions, and Wind Speed
Probabilities The track forecast and wind speed probabilities are also presented in graphic
format. In addition to these, a wind history graphic and maximuminute wind speed forecast
table is available.

Forecast Advisories contain current tropical storm or hameowvatches and warnings. A
watch specifies that tropical storm or hurricane conditions are possible within the watch area
over the next 36 hours. A warning specifies that tropical storm or hurricane conditions are
expected within the next 24 hours. Thedaast Advisory also contains current storm
information on position (latitude and longitude), intensity (maximumidute winds), and

motion. It also contains forecast maximum winds and expected radii of 34, 50, and 64 kt winds

i n each of ds. Ehe¢ korecasi Advigpry mal alsorcontain storm surge information.
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Public Advisories present information in a more general format than Forecast Advisories.
Public Advisories contain information on current watches and warnings as well as the storms
current latitude, longitude, and relative position to a particular location. It also contains current
storm conditions (position, maximum winds, and central pressure) and may contain information
on storm surge, rainfall, and tornado potential. When comparéeé fublic and Forecast
Advisories, Discussions contain more language about the actual forecast. Discussions contain a
brief analysis of certain aspects of the storm as well as reasoning behind provided forecasts.
Also, the discussion contains a tabulat@gk and intensity forecast for 12 through 120 hours (if
applicable). In addition to the three previously mention items, wind speed probabilities are
provided. This tool lists probabilities of various locations experiencing ceraimdte wind
speeds. Tdwind speeds for which probabilities are typically given are 34 (39), 50 (58), and 64
(74) knots (miles per hour). These probabilities are also presented in a graphical format.

In addition to the wind speed probabilities, a graphic containing the ityémi®cast in
terms of probabilities is provided. This graphic gives probabilities for a storm obtaining tropical
storm or hurricane strength at different time periods, as well as the probability of obtaining
particular hurricane strengths on the Seffinpson scale. This intensity forecast graphic can be
combined with the graphical track forecast.

The graphical track forecast contains a storms current location, maximum wind speed,
and motion, as well as its projected path. A graphic is provided foth®® and &lay forecast.
The forecasted track is bounded on either sid
by incorporating historic track model error in greatle form at each projected time interval.
Because error is greater for l@rgime intervals, the width increases which creates the cone
shape. In order to maintain a consistent error levekthivds of historic error (approximately

one standard deviation from the mean) is used. Because etfdlongmprovements in
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forecastingpnl y t he previous five yearso6 worth of

uncertainty. Figure 2.9 shows the three day track forecast with a cone of uncertainty.

September

10 PM CDT Monday

Advisory

Current Center Location 20.5 N 89.3 W
Max Sustained Wind mph

Current Movement Stationary

@ Current Center Location
@® Forecast Center Positions
(. Potential Track Area
mmm Tropical Storm Warning

Figure 2.9 Three Day Track Forecast With Cone of Uncertainty (NOAA)

The accuracyf hurricane landfall forecast has also been investigated (Powell and
Aberson 2001). Spatial and temporal errors were analyzed for the time periedQ6
Forecast errors were determined as a function of lead time, with errors being grouped into the
time periods &, 7-18, 1930, 3342, 4354, and 5572 hours. Biases for early/late landfall and
landfall to the left/right of the forecast were also investigated. Last, the U.S. hurricane coast was
divided into seven regions and the previously mentionedsawere examined within each
region.
2.6.1SLOSH Storm Surge Modeling

For storm surge flooding, retime predictions for approaching storms can be performed.

The current model used by NOAA and emergency management offickds id. ake and
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Overland Surge from Hurricane$¢SLOSH) (NHC 2008). SLOSH predicts storm surge flooding
heights at both coastal and inland locations. In addition to SLOSH, Advanced Circulation
Models (ADCIRC) has also been developed to predict surge flooding (Luettich et al. 1992).

Int he SLOSH model, an approaching stormds p
elevations. These inputs are central pressure, location, direction, forward speed, and radius of
maximum winds. Also included in the inputs are the topography and battyyohéte
geographic area under consideration. Tide levels are also included in the SLOSH model as these
levels greatly influence storm surge height. The SLOSH model can be used at any point along
the Eastern or Gulf Coast of the United States. These areadsvided into smaller basins which
include the areabs geographic information.

Peak storm surge heights given by SLOSH are considered to be accurate to within plus or
minus twenty percent. By taking this into consideration, the SLOSH output can beéecedsas
a range of values. Note that the SLOSH output does not consider rainfall, river flow, er wind
driven waves. The surge heights given are mean surge heights. When considerdgweimd
waves, surge height can reach a much higher level.

Within ead1 SLOSH basin is a grid system within which surge values are calculated. The
grid system is laid out in polar coordinates with the point of origin originating at the area of
interest (Jelesnianski et al. 1992). Grid points are set in a radial pattene axothiaected with
radial lines (straight) and arcs (curved), creating grid cells in a polar coordinate system. The
polar coordinate system creates a finer grid, or mesh, in overland and nearshore areas where
boundary conditions become more important, atzager grid over open water offshore, where
boundary conditions are less important. Grid cell sized can range from small (less than 0.5 km
per side) to large (greater than 5 km per side). Figure 2.10 shows the polar coordinate layout and

grid cells for tle New Orleans/Lake Pontchartrain SLOSH basin.
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Figure 2.10 Sample SLOSH Basin

Each grid cell is denoted by 6+6 in the ce
transported at 606 and calcul ated at o6+6. Sur
dimensional staistep function. That is, each grid cell has a uniform elevation, so there is a step
up, or down, from one grid cell to the next. The elevation for each grid cell is determined as the
average elevation for all topographic features in¢b#f excluding features such as barriers to
flow and channels, which are treated as special cases. Grid cell elevations are determined in this
manner for both topographic and bathymetric elevation information. Surge calculations are
determined on a gribly-grid basis, with all cells referenced to a common datum.

Once a grid cell is wetted by flooding, a volume of water is calculated using the area of
the cell and a depth of flooding, H. For surg
stair g¢ep or barrier must be overtopped. Barriers in the SLOSH grid can only be located along
the side of a grid cell. Barriers have to run the length of the grid cell, and can turn 90° at corners.
Barrier heights are to the nearest foot and are given as timeheiggat of the barrier determined

over half a grid cell length on either side of a corner point. SLOSH allows for gaps in barriers.
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