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ABSTRACT

The tracking of hurricanes, largely controlled by the oigation of the presiding pressure
systems, determines whether or not any given hurricanestvike a coastline. Some of
the climatic influences, such as the North Atlantic Osdolat show annual- or decadal-
variability. This means that particular locations will leatypical hurricane tracks that may
vary with the climate. Therefore, it makes physical sensaitomarize large sets of hurri-
cane tracks by creating an average track.

A hurricane climatology describes the typical hurricanaffect a location. This dis-
sertation proposes expanding the hurricane climatologgduing a spatial dimension in
the form of an average track. This is referred to as a spati@dane climatology. Since
a hurricane track is a polyline, the construction of a spatiaricane climatology requires
averaging spatial polyline data. The technique introducetis dissertation uses distance
maps to average a set of polylines. Three applications oidparricane climatologies are
also detailed in this work. First they are used to constristohical hurricane chronologies.
This has the possibility of providing an additional 150 yeaf hurricane data, providing
a glimpse into hurricanes prior to the American industigiodution. The second applica-
tion is a risk analysis of local-scale hurricane winds. Téghhique uses statistics of past
hurricanes and places them in a deterministic model. Tmivegerformed for any coastal
area, and provides wind gusts and economic loss estimdtioasonce-in-100-year event.
Because the statistics are easy to manipulate, this allom@rhple analysis of the affects
of climate change. This is done as the final application oftéitnique. These are only
a few examples of the uses of spatial hurricane climatoogiad the ideas presented in
this research provide a basis for future studies on spaii@idane patterns, as well as the
analysis of spatial polyline data in general.

Xiv



CHAPTER 1

BACKGROUND

Climate change is currently among the most prevalent tagliaeientific inquiry. Is the
atmosphere warming? What will happen to global sea leveiafdlaciers melt? What
about droughts, severe weather and hurricanes? Hurricdresgly cause considerable
damage along our coastlines. A possible increase in thedreay or intensity of hurricanes
in a warmer climate has brought an already prominent fieldéddrefront of climatology
research.

A quick search for journal articles on the Institute for $wie Information (ISI) website
shows that in recent years, about one peer-reviewed aftinlaverage) is published each
day with the word “hurricane” in the title (Table 1). Topicktbese papers include affects
of climate on tropical cyclone intensity (Emanuel, 2005rt€r et al., 2008b), frequency
(Pielke et al., 2005; Oouchi et al., 2006), and duration ($t&tbet al., 2005). Spikes of
interest in hurricane research occurred after major hamgcevents, such as Hurricane
Andrew (1992) and Hurricane Katrina and the active 2005itame season. The rate of
publications has decreased each year since Katrina, butaire relatively high. Perhaps
the current elevated interest is related to the growing eorxassociated with climate
change. Interestingly enough, the number of ISI publicetiith “hurricane” listed as
a topic, however, continues to steadily increase, liketliagating more recent interest in
widespread hurricanes impacts.

All of this research by leading climate scientists and yetehare still some basic hurri-
cane questions left unanswered. Yes, strides have beenimadderstanding the thermo-
dynamics of hurricanes (Emanuel, 1986, 1999), and whatalgriheir maximum potential
intensity (Holland, 1997) and their likelihood of reachimngEmanuel, 2000). Statistical
models can estimate hurricane probabilities with confidditsner and Bossak, 2001; EI-
sner and Jagger, 2004, 2006; Jagger et al., 2001; Jaggelsanad, 2006) and deterministic
models can estimate their losses (Vickery et al., 2006d b¢. ability of dynamical mod-
els to reproduce a hurricane or entire season of hurricaneher impressive (Hoke and
Anthes, 1977; Emanuel, 1995; Walsh et al., 2004).

But Kerry Emanuel, a leading hurricane scientist, is quackniention during his pre-
sentations that we do not know why there are, on average, BXéwes per year around
the globe (also discussed in (Emanuel, 2004)). We know tiafrequency and inten-
sity of North Atlantic hurricanes fluctuates with sea suefs&mperature (Emanuel, 1987;

1



Table 1.1: Years with largest number of articles publishéd thurricane” in the
title (ISI Web of Knowledge). The years following Hurricakatrina (2005) and
Hurricane Andrew (1992) mark peaks in hurricane research.

Year Number of Articles

2006 440
2007 397
2008 372
2005 331
2009 323
1993 133

Elsner et al., 1999; Wentz et al., 2001), El Nifio Southerni@$ion (Bove et al., 1998;
Elsner et al., 1999, 2001), and other climate controls. Beite are still unanswered ques-
tions regarding some fundamental concerns such as meaganarfrequencies. Thus,
the research presses on. Climate change may not be a majotdpis dissertation, but
understanding today’s hurricanes is the first step towandetstanding tomorrow’s. And
the better the understanding of today’s hurricanes, themocurate the future projections,
allowing for informed mitigation and preparation.

1.1 The Hurricane Phenomenon

It all begins with a disturbance. Perhaps a cluster of thisidems begin to organize
off of the western coast of Africa. After persisting for 24uns they earn the title of tropi-
cal disturbance. Sometimes the cluster continues to strengnd organize, and develops
a closed circulation. The disturbance is now called a taplepression. Warm sea sur-
face temperature (SST) (preferabh80° F) and little wind shear aloft favors continued
strengthening. New titles are earned with incrementakiases in sustained wind speeds.
Formally, sustained winds are the average speed over adtemeriod at roughly 30 feet
above the ground.

Sustained wind speeds of 17 mlsindicate a tropical storm. At this point the storm
is named. Names such as Isabel, Charley, and Katrina malgdim sound much more
welcome than coastal populations feel they are. The stosralsa taken on a distinctive
appearance. The clouds take on a curved pattern, orgammmgpiral bands of thunder-
storms as the coriolis force spins the storm in a counterkelise motion in the northern
hemisphere.

If the tropical storm intensifies to 33 n5it becomes a hurricane. More than half of
North Atlantic tropical cyclones reach this status (Elsaed Kara, 1999). There are five
categories of hurricanes, as described by the Saffir-Simpkoricane Wind Scale (Ta-
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Table 1.2: The Saffir-Simpson Hurricane Wind Scale. A ham&reaches a new
category with higher sustained wind speeds. Categories 8ndl5 are major
hurricanes.

Category Wind Spd (m3) Damage

1 33-42 Minimal

2 43-49 Moderate
3 50-58 Extensive
4 59-68 Extreme

5 >69 Catastrophic

ble 1.1). Category 3, 4 and 5 hurricanes are often referrad tajor or intense hurricanes.
The hurricane continues to organize as it strengthens. A&rf@yns in the center of the
hurricanes, devoid of wind and rain and clearly visible orstrsatellite images. Itis in the
wall of this eye where the strongest winds of the entire loarre are located. Attempts to
understand the formation of the eye began as early as 19408,i® still not completely
understood (Riehl, 1948; Malkus, 1958; Willoughby, 1998).

The hurricane is an awe-inspiring force, especially whes @msiders its purpose- to
redistribute the excess heat of the tropics towards thensgiected poles. But the effects
of the hurricane are more daunting than inspiring. They heecbstliest and deadliest
of all atmospheric storms, having killed more people worttkuvn the last 50 years than
any other natural force (Elsner and Kara, 1999). They octuanast of the world’s ocean
basins, but this work focuses on those of the North Atlanfibese hurricanes account
for 11% of global hurricane activity (Elsner and Kara, 1988} cause an average of $10
billion in damage in the United States annually (Pielke tlalg 2008). They destroy lives,
buildings, and even the economy.

There are many geographic considerations in the hurricami@lean. Hurricanes are
prone to strike some coastlines more often than others. ®pelation density and econ-
omy of the landfall location greatly influence damage and Ermounts. While physicists
model the thermodynamics of a hurricane, perhaps it is tleeofdhe geographer to model
the spatial behavior of a hurricane, which is represented bingle line traveling across
space- the hurricane track.

1.2 HurricaneTracks

Each year, coastlines are threatened by tropical cyclaresrig over the warm ocean.
When the threat is fulfilled and a hurricane makes landfiafl,damage can be catastrophic
and the effects far-reaching. The National Hurricane QeNeIC) tracks the hurricanes
from their genesis through their decay. The NHC currentlgthithe Hurricane Database
(HURDAT; best track) which contains location, intensitydasize information for observed

3
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Figure 1.1: Hurricanes (tropical cyclones with sustain@mtvgpeeds>33 m s'1)
in the North Atlantic basin (1851-2008) (HURDAT).

North Atlantic, Gulf of Mexico and Caribbean Sea tropicationes since 1851. The best
track data set currently contains approximately 1400 tapyclones (1851-2009), 819
of which reached hurricane strength. Every six hours dutlegtropical cyclone’s lifes-
pan, data are gathered through reconnaissance flightsteemosing images, and surface
observations. Connecting the dots between the six-holndgmvation locations provides
an estimated track for a given hurricane (1.1).

The spatial behavior of hurricanes is of utmost importaegiven hurricane’s track
controls the fate of our most populous coastal cities. Thektlis largely controlled by
presiding climate conditions, which steer the hurricana somewhat predictable manner.
The North Atlantic Oscillation (NAO) has perhaps the latgasntrol on North Atlantic
hurricane tracks. Mathematically, the NAO Index (NAOI) ietdifference in sea-level
pressure between Iceland and the Azores (Elsner and B&3@k). A positive (negative)
NAOI indicates relatively higher pressure over the Azoteslénd) (Elsner et al., 2000a).
Physically, this pressure difference controls the paositig of the mid-latitude jet stream
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and the sub-tropical high (Elsner et al., 2000b). When NA&Ugs are positive (negative),
the sub-tropical high tends to be stronger (weaker) andédcarther east (west) (Elsner
et al., 2001). Hurricanes are steered around the sub-&iopigh in a clockwise fashion
(Figure 1.2). The Bermuda High Hypothesis states that dipe®NAOI pushes hurricanes
out to sea or towards the east coast of the United Statesisldiien referred to as recurv-
ing. Meanwhile, a negative NAOI encourages North Atlanticritanes to travel west into
the Gulf of Mexico (Liu and Fearn, 2000; Elsner and Kara, J99Enis, in turn, affects
local hurricane frequency along the U.S. coastline.

The NAO example shows that seasonal climate scenariogaictsin-wide tracking
patterns. This is seen as frequency fluctuations at thellezl| the result being an increase
or decrease in hurricane activity at a given location. TheO¢Aargest affects are on
the steering of hurricanes but it is one of the most importamntsiderations for seasonal
predictions. Because an existing hurricanes is not dangeuatil it approaches habited
land. Thus, while a majority of hurricane research focuseshe factors influencing the
intensity and frequency of hurricanes, their spatial badrashould not be neglected. An
understanding of the dynamics and tracking of hurricangstteer allows for the most
complete understanding and better predictions.

A hurricane’s track is more important than just determinivitere it makes landfall.
Two hurricanes may make landfall at the same location bus déferent effects. The path
the hurricane takes to get there affects its intensity. idane Opal (1995), for instance,
rapidly intensified while crossing the Gulf of Mexico due tevarm core ring associated
with the loop current (Hong et al., 2000). A different trackutd have limited intensifica-
tion by avoiding the abnormally warm sea surface tempegatuAnother example is the
effect that the angle of landfall has on local storm surggddeling on the coastline, a hur-
ricane making landfall perpendicular to the shore resultdifferent storm surge heights
than one traveling along the coast. In these cases, thefispgeacking of a hurricane is
very important.

That being said, a set of hurricanes affecting a particolzation will often exhibit sim-
ilar spatial behavior. In other words, a location is affelchy a typical track. This idea is
the basis of this dissertation and is discussed in detdilemext section. The remainder of
this chapter introduces hurricane climatologies and defivleat is coined a spatial hurri-
cane climatology. The construction and application ofigphtirricane climatologies is the
topic of this dissertation. This is shown through three aed® objectives, to be described
later in this chapter.

1.3 Hurricane Climatologies

As the name suggests, hurricane climate is the study of tirecane-climate relation-
ship. This includes climate’s influence on seasonal, ananal decadal hurricane activity.
There is also an interest in the hurricane’s affect on clngbiiart et al., 2007).

The climatology of an area can be thought of as its “averageivee.” Thus, the hur-
ricane climatology for a particular location describes“dserage hurricane.” This can
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include the typical hurricane intensity, size, forwardegheand frequency of occurrence.
So a hurricane climatology is the statistics of past hungcactivity over some time period
for a location. Hurricane climatologies are usually crdatsing past hurricane information
and statistical models.

A hurricane climatology can be created for a point locatioity] region, or even an
entire basin. Elsner and Bossak (2001) breaks the coasttmeegional segments to look
at the larger scale hurricane climate along the U.S. codsle Wlalmstadt et al. (in press)
focuses on city-wide frequencies. The study area is an itapbconsideration because
there are physical reasons why hurricane activity can veegtly even within a state. The
Florida coastline experiences substantially differetunrerates in the panhandle and Mi-
ami area (Malmstadt et al., in press). This means the twasdrage different hurricane
climatologies, and the results depend on the scale of tloky sttea.

Scale is an important consideration in a hurricane clinogtpl According to Blaut
(1961), space is inseparably fused with time, so nothingeénphysical world can be only
spatial or temporal, rather a process that marries the tags i$ true for hurricanes, and
understanding their variability requires attention tohogpatial and temporal patterns, and
how they are inter-related. This is also related to the tivi®f a study area. For fre-
guency counts the area in which the events are counted isriampo Hurricanes follow
a poisson distribution, meaning they are rare events withmany occurrences in a small
area (Elsner, 2003). The lack of a large sample providedit§i in achieving statistical
significance. To understand hurricane frequency specificsimaller area, it is sometimes
worthwhile to look beyond that area to gain more informatidinis helps two issues in
frequency calculations: 1) the data problems due to théyrafithe event itself and lack
of an extensive record, and 2) the misrepresentation tlratreevhen random borders are
drawn to designate the spatial categorization of binaryiteme counts. Using information
outside of the area of question solves the border problemusecone place does not “own”
the hurricane, and provides a larger data set for analyhis.idea was introduced in Elsner
and Jagger (2008) and applied to Florida cities in Malmstadt. (in press). In Chapter 4,
this technique is used to apply intensity information to ats hurricane climatology.

Hurricane climatologies provide information about locakiicane rates and intensi-
ties, and how they vary with climate fluctuations. They areally statistical in nature,
with some having an empirical (Elsner and Bossak, 2001) nadycal twist (Jagger et al.,
2001). A common goal for hurricane climatologies is to im@docal hurricane knowl-
edge for operational use (Elsner and Jagger, 2006). A lameiclimatology is essential
for hurricane loss models used by insurance, financial, amdrgment sectors to estimate
damage losses (Watson and Johnson, 2008). Chapter 4 shavesmbas placed in a deter-
ministic model to gain information about economic loss fraspecific event.

A hurricane climatology usually explains the frequency oiffrfftanes and their charac-
teristic at landfall. This type of point information is imgiant, but does not tell the entire
story. This work focuses on adding extensive spatial infdram to the hurricane climatol-
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1.4 What is a Spatial Hurricane Climatology?

The spatial behavior of hurricanes is an important part afirgitene climatology- for
both the general and the particular. The “general” refettsrt@d or seasonal spatial pat-
terns. We may see this as a track type- such as recurvingsvetrsiight-moving due to the
influence of the NAO. This causes a change in hurricane frezyu@nore or less storms) in
different areas. The “particular” is storm-specific. Thecking of a specific hurricane af-
fects its intensity and/or storm surge heights. Thus, timege and particular influence the
local climatology in different ways. Generally, the largeale spatial patterns play more of
arole on the frequency of events, while the smaller-scatktchanges influence the inten-
sity. Another reason for this is that the smaller-scalektisdifts may not change frequency.
For example, the general pattern may send a hurricane tewsdvestern Gulf of Mexico.
Meanwhile, smaller-scale track influences may guide thedame towards Galveston, or
perhaps 20 miles south of Galveston. The frequency of thegStdn hurricane is the same
regardless because the city will feel the effects, but ttensity felt at the city depends on
how the track will shift and where it will make landfall. Thgh the intensity of the storm
is the same, where it makes landfall determines what irtteadocation will experience.
This is yet another illustration of the hurricane climatp& dependance on scale.

The track of a hurricane is obviously important, but whenoitnes time to develop a
hurricane climatology most attention goes to point charéstics without much concern for
spatial hurricane patterns. Even when a hurricane clirogyois created for a larger area,
such as a coastline, hurricane information is obtained evthey intersect the coastline with
no interest in their spatial behavior before or after thdgcfthe area of interest. Indeed,
spatial patterns are inherent in the point hurricane cloogly characteristics, especially
in frequency counts. But expanding the spatial scale fromiatfo an entire track can
provide more local-scale hurricane information. ThiswaBdhe hurricane to be visualized
as a dynamic object, changing over time and space. That isewdeapatial hurricane
climatology comes into use.

The spatial hurricane climatology expands the hurricamaatblogy to describe the
average spatial characteristics of a hurricane. Sincerichoe’s spatial representation is
its track, the term “spatial hurricane climatology” caretdlly be interpreted as the aver-
age hurricane track. A spatial hurricane climatology caereated for a specific location,
month, sea surface temperature, etc. It represents a setc&stwith one average track.
Similar to the typical hurricane climatology, a spatiahwditology can include a number
of hurricane characteristics by attaching informationh® track. | refer to this as a track-
relative climatology because it describes the climatolofyw set of hurricanes along a
similar path, with emphasis on the common track. More detailtrack-relative climatolo-
gies are in Chapters 4 and 5.



1.5 Objectives

This dissertation focuses on the spatial hurricane clifogie specifically its construc-
tion and application. The intent of the dissertation is toed@p a tool kit for creating a
climatology of hurricane tracks in the form of an averagekrand to use this technique
to gain insight into select hurricane climatology problemhkis is achieved through three
objectives.

1.5.1 Objective 1

The first objective of this dissertation is to develop a mdttow averaging spatial poly-
line data. The methodology described in Chapter 2 utilizetadce maps to create an
average polyline from a set of spatial polylines. This tegba is useful for the goal task
(averaging hurricane tracks), but can also be used withr sffadial polyline data sets. The
methodology can be modified to calculate, in addition to trexage polyline, a weighted-
average polyline, cumulative distance, distance diffeeenand various other mathemat-
ical functions. For the case of averaging hurricane traaksinverse-distance weighted
approach is presented.

Constructing a spatial hurricane climatology. A spatial hurricane climatology con-
sists of a “climatological” or “average” hurricane track folocation. A hurricane track is
a polyline, each track consisting of a set of line segmentsms@icting a spatial hurricane
climatology requires averaging a set of polylines. The bigective of this dissertation is
to develop a technique for averaging spatial polylines.sT$idetailed in Chapter 2, and
involves the use of distance maps.

A distance map is a map that displays the distance from acpéatiobject to any point
on the map. In this case, the distance map shows distancasaffwurricane track. The
track has a value of O (because it is O units away from itseif}) the distances increasing
as you move farther away. The distances can be shown as contduch resemble a series
of distance buffers around the track.

The distance maps are an efficient tool for averaging hure¢eacks. Other techniques
that may be used for a similar purpose usually view the hanes as a set of observation
points. For example, a kernel density of a set of observatiomm multiple hurricanes
can show where there is the greatest density of hurricanenaditsons, signifying more
hurricanes nearby. However, since hurricanes move atréiftedifferent speeds, slower
moving hurricanes have more observations in a smaller sp&bis causes a density of
points for a single hurricane, falsely resembling agredrbetween multiple hurricanes.
Another issue with kernel density is that the units of dgndd not have any real-world
relevance. The distance map method does not have eitheesd fksues, allowing the
entire track to be averaged and results in units of averagiardie. This work uses degrees
longitude, but it may be changed to other distance units sisckm. The distance map
technique has proven to be straight forward with relatifely free parameters.

The first step to averaging a set of polylines is creating tadte map for each poly-
line. In the case of hurricanes, a distance map is createshfdr track. The distance maps
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are subsequently stacked and averaged. The average distapds shown in contours of
average distance. A line digitized through the center ofcthr@ours is the average poly-
line. When applying the method to hurricanes the averagglipelis an average track,

which provides a spatial dimension to the hurricane cliogtg This dissertation outlines

two specific applications of a spatial hurricane climatglop reconstruct historical hur-

ricanes and to analyze hurricane risk. The first is solelgtas the spatial aspect of the
climatology, while the second creates a multi-dimensidnaticane by adding hurricane
characteristics to the average track.

1.5.2 Objective 2

The second objective of the dissertation is to use the pwhydiveraging technique to
construct tracks of hurricanes listed in historical huarie chronologies. Such chronologies
are tables of documented hurricane accounts, most ocgurdafore 1851. Each cyclone
is associated with a set of one to four locations. The lonatere qualitative descriptions
of places that made record of the hurricane. The first stepmstcucting tracks for the
hurricanes is to digitize the qualitative locations by gssig appropriate latitude/longitude
coordinates. Next, past hurricane tracks that have pasgeldebarchived locations are
found, and averaged according to the distance map techfimueChapter 2. The inverse-
distance weighted average track of the past hurricanegraciksed to represent a likely
track for the historical storm.

Constructing historical hurricane tracks. The record of past tropical cyclones pro-
vides an important means to evaluate the hurricane hazaodt édntemporary hurricane
research uses hurricane data since 1851, but this is noyslseen as sufficient. Some
researchers have taken an interest in “reconstructing’iidaures prior to this date. Two
main sources are being used to uncover past hurricane egewnlsgic proxies and histor-
ical documents. Historical documents are especiallygatrig because they often provide
multiple accounts of one hurricane, creating a paper tfalvents over a spatial domain.
A collection of hurricanes uncovered through documentesrsuch as newspapers, ship
logs, and farmer’s diaries, is referred to as a hurricaneraiogy.

Historical chronologies are a source of information aboypital cyclones prior to the
modern era. The focus of Chapter 2 is on the Chenoweth Archtch is a table in
Chenoweth (2006). The archive lists 383 tropical cyclomssuaing during the 18th and
19th centuries (specifically, 1700-1855). Each cyclonesdbed by one—four qualitative
locations reported to have felt its effects. Objective tviithe dissertation is to construct
tracks for the historical events based on these locatiosmodstrating a novel way the
archive can be used to articulate historical tropical ayelactivity across space.

Constructing tracks for historical hurricanes presentsva interesting geographical
issues. The process itself is a historical and qualitati &pplication, because the histor-
ical hurricane data are qualitative in nature. Thus, tha dequire special considerations
with regard to analysis and uncertainty. The first step toptioeess is to assign each lo-
cation in the archive a set of latitude/longitude coordesaapproximating the descriptive
location. This is an attempt of converting qualitative data something purely quantita-

10



tive. Error can occur in four places during the qualitatipeantitative conversion. First, the
newspaper report (or other source) may have recorded smgetinong. A wrong date,
location, or exaggeration of the wind speeds creates an iertbe data set. Chenoweth
(2006) describes how the archive was carefully instructeavbid inclusion of these er-
rors when possible. Next, there may be error associated@ignoweth’s interpretation
of the newspapers and ship logs. Many of the sources werédnar tznguages or difficult
to read. Some may have been vague or confusing. Chenowstlinchided the tropical
cyclones for which he had reasonable confidence in the sow@aenents. Third, the dig-
itized coordinates are only an attempt to approximate thations Chenoweth described,
but may not be a perfect interpretation. Finally, the broascdptions of some locations
(for example “Gulf of Mexico”) make accuracy especiallyfatifilt. But this is not the first
time that the qualitative historical documents have beemtified for inclusion in modern
research. Past research has quantified information thatdeasingly no numerical value,
such as explanations and gestures (Chi, 1997). ChenowedT)2oes something simi-
lar to the goal of this project, by converting the wind destions from chronologies into
guantitative values. This research requires the same bthidspatial descriptions.

The archive may provide qualitative descriptions, but déscribing inherently quan-
titative data- locations (coordinates) and wind speedsisTWhile the previous paragraph
describes this research as a qualitative-quantitativiel@no, it may be more of a historical
GIS application. It is not necessarily the qualitative elcderistic of the data that provides
difficulties, rather the interpretation of historical imfeation. Historical GIS requires a
more error-sensitive approach to data modeling, takingactount the inherent precision
and/or accuracy issues of out-dated data sets (Gregory §rizDE6). The user must be
aware of the error associated with individual data pointsijevappreciating the value of
the set as a whole. Thus, while the digitization of the desiee locations may not be
exact, the track construction process is done in such a wanake use of the valuable data
without a need for detailed precision.

Once coordinates are assigned to the qualitative locatkoresvn hurricanes that passed
nearby the set of locations are selected. The selectecchneritracks are modern analogs
to the historical hurricane. The modern analogs are avdragi@ag the distance map tech-
nique, meaning distance maps are created for each trackeydite stacked and averaged.
Although instead of using a direct average, an IDW averageseésl, weighting the tracks
that passed nearest the locations the heaviest. A line ditawn the center of the contours
of the IDW distance map is the average track. This track issaipte track for the historical
tropical cyclone. It is also useful to visualize a pathwaytfee hurricane by shading in a
chosen contour. This provides a wider-rangeing track fertistorical hurricane and en-
sures that the locations given by the source documents aadd@feth are likely included,
regardless of misinterpretation during the digitizatioogedure.

Chapter 3 shows how the procedure is used to generate tracteefAtlantic tropical
cyclones of 1766. Sensitivity of the methodology to changesvent location and event
timing are also tested. The chapter shows that historicaidame chronologies, when com-
bined with a history of cyclone tracks, can provide useftdimation about the older events
that is not directly related to where the original inforneatwas gathered. An entire set of
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constructed historic tracks should help climatologistddseunderstand long-term varia-
tions in tropical cyclone activity. Constructing the traakiay also lead to increased evi-
dence about the hurricane itself, by providing informatout additional undocumented
landfalls in areas lacking documented history. In the Wh&é&ates this includes states such
as Florida, Mississippi, Texas and Louisiana that only haxieten documents available
for “hurricane hunting” since the mid-1800s. Hints from hegnes uncovered through
other documents may help uncover landfalls in these aredsragpresented in histori-
cal archives. Also, by combining the reconstructed trackh geologic proxy evidence,
historical hurricane chronologies can be enhanced andowept Some research already
involves combining historical hurricanes uncovered tigtoproxies with those of the best
track era (Chenoweth and Divine, 2008; Elsner et al., 200&adruff et al., 2008). This
research helps marry the data sets by making the historatalrdore comparable to the
modern record, and encourages increased use of the hadtartord. As with the best
track data set that is continually updated, the historicatibane tracks can and should be
altered upon new-found information.

The result of Chapter 3 is a method for constructing trackgfe historical hurricanes.
It is possible to add intensity or other information to thack if reasonable data exist.
Chapters 4 and 5 show how hurricane characteristics mayderldd an average track.

1.5.3 Objective 3

The third objective of the dissertation is to analyze hamie risk using a spatial clima-
tology. This is illustrated in Chapters 4 and 5. The focus b&gter 4 is major hurricanes
(Category 3, 4, and 5) and their economic impact on Eglin AircE Base (EAFB). This
requires an average major EAFB hurricane track, which iatedeusing past EAFB hurri-
cane tracks and the distance map technique from Chapter&ag€hristics of a 100-year
event are added to the track, based on information from pasichnes. These charac-
teristics are run through a deterministic model to obtags lestimations. Chapter 5 also
creates an average EAFB track, but this time for hurricahali strengths. Characteristics
along the track are compared for warm and cool SST anomalg yeanalyze the affects
of climate variability on the typical EAFB hurricane.

A 100-year EAFB hurricane. Hurricane winds present a significant hazard for coastal
infrastructure. An operational application of the spdtiatricane climatologies is demon-
strated through their utilization in risk analysis of haame winds. In Chapter 4, the local
risk of extreme wind speeds is estimated using a spatialdame climatology with a deter-
ministic wind field model. The method is applied to Eglin Awree Base (EAFB) located
in the Florida Panhandle.

First, the distance map technique is used to create an a&vemagr hurricane track
for a landfall location that represents the worst-caseatefor EAFB. Next, information
about local hurricane characteristics is added to the tr&dhce interest lies in the most
extreme hurricanes, the characteristics are those of thiegest hurricanes. The intensity
is based on extreme-value statistical model estimates®@fy&ar wind speeds at locations
along the average track based on past nearby hurricanesisTdased off of the technique
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demonstrated by Malmstadt et al. (in press). Other charatts added to the track include
radius of maximum winds, central pressure, and the HollapdeBsure profile parameter.
The track and characteristics together are a track-relatimatology for EAFB.

The climatology is put into a deterministic model in ordereiimate economic loss
from such an event. Deterministic models take informatisunch as a set of hurricane
characteristics), run it through a series of equationsdasephysical relationships, and
produce the same result each time (as opposed to a stoamastet which contains some
room for random variation by providing ranges in the form oblmability distributions).
HAZUS is the deterministic hurricane model used in ChapteTHe HAZUS Hurricane
Model (HM) deterministic mode consists of five model compusethe hurricane hazard
model, terrain model, wind load model, physical damage mauahel loss model (Vickery
et al., 2006a).

The hurricane hazard model simulates the track and wind diettle hurricane. The
model, described in detail in Vickery et al. (2000a,b) hasrbthrough extensive vali-
dations. For example, observed hurricane landfall intesssivere compared to those of
a 100,000 year simulation. Recently, the hurricane hazavdeihas been extended to
estimate rainfall rates in addition to basic hurricane abwristics such as wind speed,
pressure, and translation speed. The model simulates thedne track through its entire
lifespan, whether or not it makes landfall (Vickery et aD0Ba).

The terrain over which a hurricane travels is a critical comgnt for understanding the
hurricanes wind loads and damage. Increased friction egsdowith a rougher land sur-
face causes a decrease in the hurricanes sustained wirdsspeak wind gusts, however,
are not as greatly affected by surface roughness (Zhu, 2008)HAZUS HM uses the ter-
rain model to appropriately incorporate the wind speedaserroughness relationship. The
terrain model contains surface roughness data based onsardnd cover (LULC) maps.
LULC maps were acquired from two locations: the Nationald @wover Data, compiled by
the Multi-Resolution Land Characteristics Consortiung #re Florida Water Management
District. The maps classify location by LULC type, such alsaur, agriculture, wetlands,
etc. Estimations of surface roughness were made for eachCLtJass, allowing for the
creation of a HAZUS surface roughness map. The map conta@as $urface roughness
estimations for use in the wind load modeling (Vickery et 2006a).

The wind load model has two components- wind pressure mugledind windborne
debris modeling. The wind pressure model uses empirica fitatm wind tunnel tests
to estimate directionally dependent wind-induced press(¥ickery et al., 2006a). Wind
pressures are important due to their strain on buildingsyltieg in building damage and
causing windborne debris. Windborne debris modeling igi@alrcomponent of a physical
damage model. HAZUS has two windborne debris models: oneefadential debris, and
another for roof gravel, which acts as a missile during hugida: The wind load model
provides information to estimate wind-induced damage asd (Vickery et al., 2006a).

Using detailed building stock information, the physicahmdamye model estimates the
damage associated with the given wind load. The physicabdammodel predicts the fail-
ure of building components due to progressive failuregrivdl pressures, duration effects,
and changes in wind direction and speed. The model focusdaraage to the exterior of
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the buildings, including the windows, roof cover, roof dejdint failures, and wall failures.
Five damage states are used to describe the amount of daonageht of the buildings: no
damage or very minor damage, minor damage, moderate dasegge damage, and de-
struction (Vickery et al., 2006b). The economic loss mode&laithe information from the
physical damage model to estimate hurricane wind-induossgels. The economic loss
model takes into account actual building losses, loss dfecds and inventory, and loss of
building use (Vickery et al., 2006b).

A major difference between HAZUS and other hurricane windlais is that the ulti-
mate goal of HAZUS is to estimate economic loss. The econtsgestimates are based
on census building stock information, which is broken downcbnsus tract. Thus, the
HAZUS wind estimates are provided in the same format. HAZWS éutput includes a
wind field, tables of damage-related information, and sungrparagraphs explaining no-
table findings. Since the deterministic model provides eauin loss, this allows economic
loss to be part of the spatial climatology and provides a EBmjay to analyze changes in
loss associated with climate change. Chapter 4 shows timeagtstl loss associated with a
100-year EAFB hurricane, but the methodology may be alteyedodel hurricanes of any
strength for a chosen coastal location.

The impact of climate variability on the typical EAFB hurric ane. Chapter 4 ap-
plies local-level hurricane statistics to a deterministicdel to obtain wind gusts and eco-
nomic loss information. This type of approach- using lodalistics in a deterministic
model- is often overlooked, but has recently been used imaasiproject for local storm
surge analysis (Lin et al., in press). Instead, many clifogists focus on using global
climate models (GCMs), later scaling down to obtain loaals information. The main
issue with this practice is that a model of global scale h#gdity discerning smaller
phenomena such as hurricanes.

Another advantage of the statistical to deterministic roéfis that the model input can
easily be altered for further analysis. The aforementioB&M-downscaling technique
involves intricate global information that is not easilyaclyed. The deterministic models
often contain complex stochastic data modeling, such asi&k€US probabilistic mode
which is based on a 100,000 year simulation of hurricanes.€Hsiest way to include cli-
mate variability is probably in the statistics rather th&tempting to alter global circulation
or deterministic models.

In the case of hurricanes, the track can be easily alteregddamer or cooler climates
in order to look for climatic affects on hurricanes. The mbllistic estimation provided by
HAZUS can provide a similar analysis but is inherent with enaigorous calculations that
are not capable of being altered with climate. Chapter 4 shbat the method presented
in this dissertation provides results similar to HAZUS buthasimpler calculations that
may easily be altered to analyze the results of a shiftingatie. This is demonstrated in
Chapter 5, which compares the characteristics along amgedtAFB track during warm
and cool SST anomalies.

Similar to Chapter 4, Chapter 5 begins with an average EARBdane track. Instead
of having an interest in major hurricanes the interest heia the typical hurricane and
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how it varies with climate anomalies. Using the same metlogdoas Chapter 4, the
typical EAFB hurricane track is created based off of past BAfarricane tracks and the
IDW-distance map technique. All hurricanes coming withB0lkm of the base since
1851 are used to create the track. Next, the average inteargittranslation speed of the
hurricanes are applied to the average track. When graphagmasdile along the track, the
characteristics show the average intensification pattetimeotypical EAFB hurricane and
the forward motion of the hurricane as it approaches theeshor

Once the characteristics of the average EAFB hurricane eterrdined, they may be
compared to the characteristics of past hurricanes ooguniwarm and cool SST anomaly
years. The process of obtaining characteristics for theageetracks is repeated, this time
using only hurricanes during the warmest and coolest &(88%) of Caribbean SST years
since 1951. The average translation speed and intensibeok&rmest and coolest years
are compared, providing information about how SST affdugstypical EAFB hurricane.
As in Chapter 4, the methodology may be easily repeated fdfeaeht coastal location.

1.6 Document Organization

The remainder of this document discusses these three meRdh detail. Chapter
2 explains the construction of spatial hurricane climajas, and Chapters 3-5 describe
three applications of the methodology in hurricane clirfajyp research. Each of these
chapters (2—6) are publications submitted to a separatagbar book, so there is some
overlap in definitions and methodology descriptions. THediof the chapters reflect the
names of the publications. The coauthor(s) for the pubtoatare also listed at the start
of each chapter. Finally, Chapter 6 discusses the outcomtbe aissertation and other
possible applications for spatial climatologies in huarie research.

Funding for individual parts of this dissertation are notedthe first page of each
chapter. The speculation and opinions expressed in sugiterkare those of the author(s)
and do not necessarily reflect those of the funding agenéikstatistical analyses were
performed using the open source software environment B:{ltivw.r-project.org).
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CHAPTER 2

USING DISTANCE MAPS FOR POLYLINE
AVERAGING

A version of this chapter of the dissertation will be subgdtto the International Journal of
Geographical Information Science. The coauthors on therpaqe Dr. Victor Mesev and
Dr. James Elsner. This chapter introduces a technique fmaging polylines, which is
useful for gaining understanding of the spatial behavidnoficanes. This paper describes
two specific areas in hurricane climatology where the tegimimay be helpful. These
ideas are described in detail in Chapters 3, 4, and 5.

2.1 Introduction

Hurricane data are gathered every six hours during the &difespan. The data in-
clude intensity, size and location information. When @dttthese observation points show
the location of the storm at six-hour increments. “Conmgrthe dots” of the observation
points creates a hurricane track. The track itself is a p@ylor a set of connected line
segments.

Manipulating or analyzing polyline sets is difficult due betlack of technology created
for the analysis of tracks (Wentz et al., 2003a). Polylineagaovide a challenge in geo-
graphic data analysis and representation (O’Sullivan amalit)(2003) discuss this in some
detail), especially in large quantities. Geovisualizagwocedures may be used to explore
the behavior of a large set of polylines (Siirtola, 2000)lyfe averaging is an example of
a geovisualization procedure that may be useful for padysiats by summarizing the data
in a simple format. A real-world application could be avengganimal migratory patterns
to obtain information about the spatial behavior of a patdcspecies.

This chapter is not the first to address polyline averagingjths unique in that it ad-
dresses polylines in a spatial plane. Polyline averagirsgpnaviously been used for the
geovisualization of parallel coordinates (PCs). PCs ate sepolylines providing two-
dimensional visualization of multivariate data (Insethbend Dimsdale, 1990). PCs have
been used for exploratory visual analysis of hurricane aiendata (Steed et al., 2009) and
health statistics (Edsall, 2003). While PCs are useful feualizing large data sets in a
space-efficient and interactive manner, they too may cbokisn overwhelming number
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of lines. This causes difficulty differentiating betweenyhioes. In this case it may be
useful to view the trend of the set of polylines, rather tHanentire PC set. Siirtola (2000)
describes a way to geovisualize a set of PCs using an aveodglen@. Averaging pro-
vides information about the overall behavior of the datarsetsimple way. A benefit of
averaging is that it is less computationally demanding thidrer geovisualization meth-
ods, such as hierarchical clustering, and provides a dysjanteractive approach to data
visualization (Siirtola, 2000).

PC averaging is relatively simple because a set of PCs ¢emdistraight line segments
with an identical range of values. Geographic data, on therdtand, are often line seg-
ments of varying lengths and ranges scattered throughaaespnlike PCs there is no
common starting point or connections between the polyligasilar to PCs, averaging
spatial polylines may be useful to analyze the overall paibe behavior of the data.

The goal of this chapter is to provide an algorithm for avarggpolylines over space.
The method employs what is referred to as a distance mapari2istmaps were used as
early as 1944 to assess the average distance between faossthe United States, thereby
reflecting farm distributions over space (Mather, 1944lEean distance maps have been
used in geographic research as part of modeling and gedizesian techniques. Specific
examples include examining the shortest paths betweemspaoloster analysis, and skele-
tonization (Danielsson, 1980; Russ, 1989). More recengifadce maps have been used in
GIS for risk analysis of natural disasters (Chen et al., 200#@st often, the term distance
map refers to a map of gridded values. The value of each Ex#le distance from that
location to the closest pixel with a value of zero (Hirata93p The method presented here
uses a similar idea, where the polylines have a value of zeddlee value of each pixel is
its distance to the polyline following the shortest route.

Section 2.2 presents the technique of averaging polylisggudistance maps. First, a
random set of polylines is generated. A distance map iseddat each polyline, showing
the shortest distance from that line to each point in the midpxt, the distance maps
are stacked and averaged to create an average-distance Thapmap is displayed as
contours of average distances in unitx.oA polyline digitized down the center of a chosen
threshold contour is considered the average polylinei@e2t3 highlights the utility of the
polyline-averaging technique in hurricane climatologya@ch. This involves an enhanced
methodology that employs inverse-distance weighted guggaand shows the relevance of
the method in modern GIS applications, such as historichbamlitative GIS. A summary
and conclusion are in Section 2.4.

2.2 Methodology

This section describes an algorithm for averaging a set lylipes. The procedure is
detailed in Figure 2.1. The example shown here describgztioedure for three polylines
with a range of [0,1]. Each polyline has a value foat every 001y, wherex =y + a,
anda is normally distributed with a mean of 0 and standard demmatif 0.1. It is useful to
envision the set of polylines as the tracks of three skiersggdown the same slope. The
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goal of this section is to find the average track that the skedte down the mountain.

The first step to polyline averaging is converting each piodyinto a distance map. The
maps are raster or grid data files with a distance value adedoivith each position. The
value at any point on the map is the distance from that poititégpolyline at its closest
passing. The line has a value of zero and the values incresageuamove farther away.
Each polyline has its own distance map with its distancgdayed as a series of contours.
The contours can be thought of as buffers of various dissaaoeund the polyline. The
distance maps for each skier’s track are shown in Figure 2.1b

The next step to constructing an average polyline is to gecttae set of distance maps.
The values on the maps can be averaged using simple map aldéta distance maps
are stacked by aligning them according to their similarfimces. Then, for each particular
location on the distance map, the distance values of the tm@ps are averaged. The
average distance values are mapped on a contoured avestgecdimap. Each point on
the map is the average value of all of the distance maps apthat. In other words, the
contour values indicate the average distance from thatt poieach polyline in the set.
Areas of smaller distance values represent the most agredrawveen the polylines, and
a value of zero means all of the polylines intersect at thattpo

For the ski-track example, my interest is in the average tadtskiers took down the
slope. The three individual distance maps are used to caeaeerage-distance map of the
skiers’ tracks. The average-distance map of the tracksowrsin Figure 2.1c. A value of
some numbey on the distance map indicates that the three tracks are,evage/y units
of x away from that point.

Next, the average-distance map is used to construct angevpadyline. First, the range
of the line must be chosen. In other words, for what approtemange ofy values does
the average line make sense? Similar to the parallel camtelgxample, this example uses
a restricted range ([0,1]), making the selection of an gppate range simple. This is not
always the case with physical phenomena and the rangeisalecsometimes a subjective
parameter. The physical mechanism determining the ranggedkiers’ tracks is the top
and bottom of the ski slope.

After arange is chosen itis used to determine the threslooitbar. The threshold is the
smallest closed contour that covers the entire range. AsrsioFigure 2.1c, the contour
threshold for the sample polyline set is 0.05, as it is thellestacontinuous contour over
the selected range.

Finally, the average polyline is digitized down the centethe threshold contour. The
average polyline can be thought of as the valley of the caritoes, or the least-cost route if
the distance map is viewed as a cost-density field (Wentz,&2@03b). Figure 2.1d shows
the average track together with the three individual skiksa Here the line is manually
drawn but the process may be automated depending on theasefb@ing used.

An additional consideration for the average polyline comdton is the detail of the
polyline’s behavior, determined by the length of the diggtl line segments. The lines
segments for the ski slop example are digitized to reflech#tare of the data, which are
long linear segments. Some spatial polylines such as lameitracks, on the other hand,
consist of relatively smaller line segments, so the averggline reflects this level of
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Figure 2.1: Steps for polyline averaging using distancesnap Three polylines to be averaged. b) A distance map is
created for each polyline. Contour values are the shorts&rite from that point to the polyline in units xf c) The
distance maps are averaged, creating an average-distapceAn average polyline is digitized down the center of the
contours of the map. d) The average polyline (black) is a ge@lization of the original set of polylines (grey).



detail. Section 2.3 outlines applications of the distaneg polyline-averaging technique
in hurricane climatology research.

2.3 Application in Hurricane Climatology Research

Hurricane tracks are an example of spatial polyline datarielne data are recorded as
observation points at a given time interval, but the stosalittravels along a continuous
track across space. Due to the complexity in spatial lina daialysis, hurricane tracks
are often summarized as counts within a chosen area. Forpéexa@andbergen (2009)
uses GIS to analyze the spatial patterns of hurricane ttacksaluate the local exposure
to various hurricane intensities. The analysis lies hgayilon the cumulative number of
tracks, treating the hurricanes as count data. Spatiatlane information is often obtained
through clustering techniques or other methods that groujes storm tracks.

The distance map averaging technique presented in thigesh@aovides the opportu-
nity for a more geographically-sensitive approach to aiaphatirricane climatology. This
section outlines two uses for the distance map methodologuiricane climate research.
First, distance maps are used to determine an averagednearicack affecting a specific
location. Then distance maps, in combination with infolioraabout past hurricanes, help
fill in the gaps of historical hurricane data.

2.3.1 Averaging Hurricane Tracks

A hurricane climatology, as discussed in Chapter 1, is useéscribe the typical hurri-
cane affecting an area. This may include the intensity, sizé return rate of the hurricanes,
but usually lacks extensive spatial information. The pditthe typical hurricane is a useful
addition to a hurricane climatology. One way to construgtdal track for an area is by
averaging past tracks that made landfall nearby. For exambiat is the typical hurricane
track affecting Galveston, Texas? This can be determiniag tise distance map averaging
technique.

The first step towards constructing an average Galvestaichoe track is collecting
prior Galveston hurricane information. Hurricane data@tained from a version of the
Hurricane Database (HURDAT) maintained by the Nationalrldane Center with hourly-
interpolations of location and intensity for tropical ayoks in the North Atlantic basin
from 1851-2009 (as described by Jagger and Elsner (200@¢)hidirricane track is a poly-
line connecting the hourly location estimations. Majorriaanes (Category 3 or higher
on the Saffir Simpson Hurricane Wind Scale) are the most dangehreat to the coastal
location, so | will focus on these intense storms (wind speesD m s1).

The ten major hurricanes tracking nearest to Galvestorgslase selected from the data
set (Figure 2.2). The selected hurricanes are referreddnaegs. These track analogs are
used to find the typical major hurricane track to affect Gstlwa. The analogs are ranked
by their closest passing to Galveston, evident by theirisigaicd Figure 2.2. The darkest
tracks are those that passed nearest the city. All of th@gsahaintained major hurricane
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intensity within 100 km of Galveston.

A distance map is created for each track analog as shown jpréweous section. The
maps are in the Mercator projection so distances are sfigkélggerated to the north where
the earth’s curvature is not reflected in the distances katiees of longitude. This should
not affect the averaging outcome in the range of latitude fieethe hurricane track con-
structions. Next, the distance maps are averaged. In oodshdw the climatological
behavior of hurricane tracks relative to Galveston, thekisghat have passed nearest the
location (the darkest tracks in Figure 2.2) may be cons@tlerere important than those
farther away. This can be accounted for in the map algebstedd of taking the average
of the distance maps, an inverse-distance weighted (ID\&fege is used.

The IDW average is modified by a distance-decay parameteafjustafor diminishing
importance with increasing distance. The formula for therage distance ma(s))
using IDW is
_ Z&glkak(s)

S i1 Wi
wherew(s) = Wltk) andd(e,ty) is the great-circle distance from the track to Galveston.
This weights the nearest tracks more heavily than thoseduaway, allowing them to have
more influence on the average track. Since an IDW averaged; tise entire database of
tracks may be used in the averaging rather than selectingtioaiclosest few. Those that
are farther away will have little affect on the track due te ttistance decay parameter.
However, it benefits to use the smaller sample since it is coatipnally simpler with
nearly identical results. Chapter 4 shows the affect ofgiaimincreased number of track
analogs.

The IDW-average distance map of the major Galveston hurei¢eacks are shown in
Figure 2.3, with distances shown in contours. The contaurs fa bullseye pattern around
Galveston since all of the tracks have that area in commoa.di$tance values then in-
crease moving in any direction from the city. The contouidggat is greater latitudinally
than longitudinally because the tracks are more similanértorth and south direction.

The average distance map can be thought of as the distancefraapaverage track.
The difference between the average-track distance maphendriginal set of distance
maps is that the average track does not have a value of zesteaththe average track is
a line down the smallest values of average distance. Thadideawn through a chosen
range of values. In this case the data have no defined rangbopssing the range of the
average polyline is not as simple as the ski track example.lifile can be drawn through
the range of the entire data set, but this causes a problemrewlne track extends much
farther in either direction. Also, there is likely littlet@rest in the hurricane track far north
where the hurricanes have significantly decayed and pethrapstioned into extratropical
cyclones. For such a case, an appropriate range and thiestvolour are determined
based on the intent of the procedure. For example, perhtgrestis in typical Galveston
hurricane movement across the Gulf of Mexico. Then the ramtiee Gulf of Mexico and
the contour threshold is chosen for this range.

In this instance, the4contour is the smallest contour that covers the range afaste

D(s) : (2.1)
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Figure 2.2: 10 major hurricane tracks passing nearest GalneTexas, 1851—
2009. All hurricanes reached major hurricane status (wpekds>50 m s'1)
within a 100-km radius about Galveston. The shading of theks represents
the distance of their closest passing to Galveston; theedénkcks having passed
nearest the city.
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Figure 2.3: IDW average distance map of the major Galvestondane tracks
shown in Figure 2.2. Contours are lines of average distandeshown in de-
grees of latitude. Hurricanes passing nearest Galvestendarkest tracks in
Figure 2.2) are weighted most heavily.
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Figure 2.4: The average major Galveston hurricane track.tiidck is based off
of the IDW-average of the ten closest major hurricanes fr851+2009.

The average track is digitized down the center of this can{bigure 2.4). The track
shows that the average hurricane arrives at Galvestontedteling between Cuba and the
Yucatan Peninsula and through the Gulf of Mexico.

The average track adds a spatial dimension to a Galvestoitdng climatology. It
can be enhanced by adding the typical hurricane charaatealeng the track, which can
also be gathered from past hurricanes. Adding such chaisiate to the track creates a
multi-dimensional Galveston hurricane (Scheitlin andnls 2010). This hurricane can
be modeled in a deterministic loss model to estimate the wimoflle and economic loss
associated with the hypothetical hurricane (Chapter 4js @atlds economic loss estimates
to the Galveston hurricane climatology. The process ofyapglstatistical information to
deterministic models is seen in other recent local-scalgdane climate projects Lin et al.
(in press), and provides a resolution not possible in glolalate models.

2.3.2 Constructing Historical Hurricane Tracks

The previous section describes how to characterize thedlpurricane affecting an
area by finding an average track. The average track is baspasbhurricanes that passed
nearby since 1851. Data of this temporal extent are suftiéerhis purpose, but difficul-
ties arise with attempting to model long term hurricanedsegrsuch as in climate change
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research, using 150 years of data. Hurricane climatologists have takemeasten expand-
ing the data set by reconstructing historical (pre-185Ijibanes using geological proxies
and historical documents. Historical documents begin twouer possible tracks of past
storms. Multiple records of one hurricane may be found inotesr sources, providing a
paper trail of reports across the hurricanes track. For pl@nthenoweth (2006) contains
a list of historical hurricanes, each one associated wien-tour qualitatively-described
locations. The archive is discussed in detail in Chapter 3.

One of the goals of this dissertation is to construct a cowtiis track for a historical
hurricane by filling the gaps between documented reportss ihsimilar to a space-time
geography problem where different algorithms are used eatercontinuous tracks for
moving objects where there is missing data (Wentz et al.3@DMurricanes, however, are
a special case because it is known that they move in climgitdbpatterns. | propose fill-
ing in these gaps of historical documents with help of theadise map averaging technique
and information from known hurricane tracks.

Hurricanes provide a unique example because we know thgttéke regular paths
across space relative to the current climate conditionsng| 2003). Therefore, hurri-
canes striking similar places may have similarities intpaths. For many of the archived
historical hurricanes only two locations are known along titack. Past hurricane tracks
that have affected similar locations can provide more imftion about the behavior of the
historical storm in question.

This section details how the distance map technique candesetagonstruct a historical
hurricane from the Chenoweth (2006) historical hurricarodige. Storm 25 is used as an
example. Historical documents such as ship logs and newspalace the hurricane at Ja-
maica and Louisianain September 1722 (Chenoweth, 200@)firBhstep to reconstructing
the historical event is representing these locations wifhr@priate latitude and longitude
coordinates. The methods for doing so are provided in Sohettal. (2010) and described
in Chapter 3. The method depends on the type of location gidemaica, being an island,
uses Method 4 and the centroid of the island is used to remprése location. Louisiana
uses Method 3 for states, and the centroid of the Louisiaaatlioe is used. The coor-
dinates used to represent these locations and all othardnsan the Chenoweth (2006)
archive are listed atyweb . fsu.edu/jelsner/extspace/ChenowethArchive.csv. Us-
ing these coordinates in conjunction with information fr&mmown storm tracks, a likely
track for the historical hurricane is created.

The next step is to gather analogs for the historical evehe t€n hurricanes passing
nearest Jamaica and Louisiana from 1851-2009 are sel@dtedhurricanes are ranked by
their distance from the coordinates used to represent darand Louisana. The distance is
calculated by averaging the distance of the hurricane’sasépassing of the two locations.
Figure 2.5 shows the two locations and the ten nearestrsphksirricanes. The darkness
of the track shading indicates the tracks rank in distarmeedarkest tracks passing nearest
the points. Each hurricane averaged less than 100 km fropaiinés.

Next, distance maps are created for each of the ten hurscdine distance maps are
stacked and IDW-averaged according to the correspondinmichoe’s distance from the
two locations. Thus, the black track in Figure 2.5 has thetma@sght on the average
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Figure 2.5: Ten hurricanes from 1851-2007 passing nedregidints represent-
ing Jamaica and Louisiana. The location of the points isdasethe methods
described in Chapter 3. The darkest tracks passed closavevage, to the two
points.

distance map. Contours of the average distance map are shdwgure 2.6.The average
distance map can be thought of as the distance map of thestegoted historical hurricane.

Figure 2.7 highlights a portion of the IDW-distance map enpassing distances within
the three degrees longitude contour. This depicts a riegbiathway for the historical storm
based off of known hurricane tracks. This is a meaningful wajook at the historical
hurricane for two specific reasons. First, as in most hisabiGG1S applications, there are
errors inherent in the data. Viewing the hurricane as a payhaeccounts for these errors
in some way, by showing that the hurricane likely took somégedhrough the pathway.
Also, searching for more geologic or documented evidendeeohurricane in the pathway
area may uncover the hurricane’s affects or undocumentelfidés that could be added to
the chronology and help create a more accurate track.

The track for the historical hurricane may be digitized daive center of the aver-
age distance map. The hurricane likely did not follow thiaaxrack, but the procedure
helps us visualize hurricanes uncovered in historical dwmts, provide additional possi-
ble landfall points, and conforms historical hurricaneadtat the modern tropical cyclone
data sets. An entire set of tracks provides insight intoibames prior to the American
Industrial Revolution, and can help hurricane climatodtguncover long-term hurricane
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Figure 2.6: Average distance map of hurricanes passingesiedamaica and
Louisiana. Contours are degrees of latitude.
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Figure 2.7: The average track and pathway of hurricanesngpegar Jamaica
and Louisiana. This is a probable pathway and track for StaBmin the
Chenoweth (2006) Archive.

patterns. The methodology for constructing historicaricanes is presented in detail and
further analyzed in Chapter 3.

2.4 Summary

Hurricane tracks are an example of spatial polylines. Beea the large number and
nature of the data they may be difficult to visualize, analguzé manipulate. Averaging is
one way to summarize a set of polylines. This chapter intteda way to average polylines
using distance maps. This method is preferred becauseelatvely easy to understand,
maintains real-world units, and has few free parameters.

Depending on the data, the technique is useful as a geowatiah of a complex data
set or something as specific as creating an average hurriciefor a coastal location.
The average hurricane track for a location based on pagsthuoes is a spatial hurricane
climatology- adding a spatial dimension to the hurricam@atology. Two applications of
this technique for hurricane research were introducedighdimapter and are described in
more detail in the upcoming chapters.

Section 2.3 shows how the distance maps can be manipulaiegl different types

28



of math algebra. In the hurricane example, an IDW averagses to weight the tracks
relative to their importance. Other mathematical functiomay be applied depending on
the purpose for the geovisualization. For example, thedfice between distance maps
can be used to show annual differences in animal migratacks:.

One way the polyline averaging technique may be improve igrbviding error es-
timation for the average polyline. Uncertainty informaticould be obtained by using an
additional procedure such as polyline similarity testikgi{pers et al., 2006). This tech-
nique can be used in two ways. First, the similarity betwaerset of polylines will provide
information regarding the relevance of an average polylint@e polylines have little simi-
larity then the average polyline may not have physical eatee. After an average polyline
is created, polyline similarity testing can provide inf@tion about the difference between
the average polyline and the original set of polylines. Tnmvides the user some informa-
tion about the uncertainty associated with the averageculzding the standard distances
from the average polyline to the polyline set is another veaglitain similar information.
Such testing should also help determine a reasonable rdngies for which the average
polyline should be digitized. Additionally, it would be dskto estimate the error associ-
ated with utilizing the Mercator projection and determifian alternate projection would
more accurately depict the map distances.

The remainder of this dissertation discusses the use @distmap averaging in hur-
ricane research. The concluding chapter describes morepes of where the technique
may be employed in hurricane climate research.
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CHAPTER 3

TOWARD INCREASED UTILIZATION OF
HISTORICAL HURRICANE
CHRONOLOGIES

This chapter of the dissertation is a version of a paper ok#me title, published in the
Journal of Geophysical Research in February 2010 (Saheitlal., 2010). The coauthors
on the paper are Dr. James Elsner, Jill Malmstadt, Robergelmdand Dr. Thomas Jagger.
The relevance of this work to the dissertation as a wholeasithuses the methodology
presented in Chapter 2 to reconstruct historical hurri¢deacks. The work was supported
by the U.S. National Science Foundation (ATM-0738172) &edRisk Prediction Initiative
(RPI108-2-002) of the Bermuda Institute for Ocean Sciences.

3.1 Introduction

Recent destructive hurricane seasons have led to an iecreasreness of the field of
hurricane climatology. While the comprehension of humialimatology grows with each
related research publication, there are arguments as sztueacy of long-term variability
assessment due to temporal brevity of hurricane recorden@teth and Divine, 2008).
Since these long-term trends provide a basis for understgutite climate change-tropical
cyclone relationship, it is important that strides be manleard improving the quality
and temporal extent of the North Atlantic tropical cyclorstadset. In fact, the record
of past hurricanes is among the most important means toatestlne hurricane hazard, so
extending the data base of hurricanes by several hundres igealuable.

The data set used most often by hurricane researchers isitheahe Database (HUR-
DAT), maintained by the National Hurricane Center. HURDAIntains data for all ob-
served tropical cyclones from the Atlantic Ocean, Gulf oidde, and Caribbean Sea since
1851. The HURDAT record (also known as the best-track rédasrdontinually updated
and re-analyzed in order to make it consistent and accuraieiever, the relatively short
time period of tropical cyclone data sets limits the abibfyclimatologists to determine
long-term (50-100-yr) variability. In response to this iidrage researchers have begun
using methods to uncover hurricanes from the 18th and 19ituges.
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The purpose of this chapter is twofold: 1) To provide a drgitl version of the Chenoweth
(2006) historical tropical cyclone list (Chenoweth Araki\and, 2) To illustrate a procedure
for estimating the likely pathway of cyclones in the archidéne work is an extension of
Elsner et al. (2008a) where geological records of pre-higbhurricanes at a single lo-
cation over time are compared with the record of modern eygdo Here it is shown how
historical archives of spatial locations affected by togpicyclones can be summarized
across space with the help of a record of modern cycloness i$tdone by applying the
polyline averaging technique presented in Chapter 2.

Section 3.2 provides a brief description of the ChenoweithAe and places it in the
context of other methods for uncovering past tropical ayelactivity. Section 3.3 lists the
methods for digitizing the archive and gives details on hovdétermine a cyclone path
from digitized locations and tropical cyclone analogs fribra modern record. Section 3.4
examines the active 1766 hurricane season, and Section@dres how the methods can
incorporate “unusual” historical cyclones as is the casettie fourth cyclone of 1766.
Section 3.6 answers questions about the sensitivity of teiaadology. Section 3.7 sum-
marizes the research efforts.

3.2 Early Tropical Cyclones

Evidence of early hurricanes can be obtained from proxy aadhistorical documents.
Proxies in the form of coral cores, tree rings, and overwadinsents in coastal lakes can be
used to detect hurricanes back through the middle Holodeneafd Fearn, 1993, 2000).
These proxies are useful in providing information pertagnio centennial- and millenial-
scale tropical cyclone variations (Murnane and Liu, 2004hile these proxies may reveal
long-term variability in tropical cyclone occurrences, alar-scale fluctuations over the
time period are difficult to discern due to lack of temporagsion.

While proxy approaches provide a glimpse of hurricane #gtlecally through time,
historical documents can sometimes provide clues aboupdlie of hurricanes across
space. This chapter focuses on data about early hurricaiwesered from historical doc-
uments. The available time-span and overall quality ofdltzga vary for different regions
of the world, with China having the longest history of wrttdocuments, spanning the
last 3500 years (Louie and Liu, 2003). While written histanyNorth America and the
Carribbean begins much later, the additional evidenceopidal cyclone occurrence from
written records provides a larger data set for understaridimg-term hurricane trends than
is provided by HURDAT.

Historical archives are largely qualitative in nature, sisting of descriptions of cy-
clone location and intensity. Quantifying these data isangnt to encourage their use
in contemporary hurricane research. Chenoweth (2007)igeswvquantitative interpreta-
tions of tropical cyclone intensity for storms affectingethesser Antilles and Jamaica.
For example, a document which reads “wind very high” is ipteted as an approximate
wind speed of 17 ms' (35 kt). This chapter focuses on the quantification of thational
descriptions, examining one way a historical archive oftN@tlantic tropical cyclones
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Figure 3.1: Major contributors leading to the Chenowethhfwsre. Words in
italics denote a source, while bold names represent pwdlistopical cyclone
chronologies.

(Chenoweth, 2006) can be used to give more information abojpitcal cyclone tracks.

3.2.1 The Chenoweth Archive

Examination of historical documents to uncover Atlantasim tropical cyclones began
centuries ago, with researchers putting in countless hofuvgrk looking through hun-
dreds of thousands of ship logs, almanacs and newspapedd&Gterrera et al., 2004). A
schematic of the research that went into the Chenoweth yeehishown in Figure 3.1. The
first attempt towards a chronological list of hurricanegislauted to Moreau de Jonnes in
1822 (Chenoweth, 2006). The Poey chronology of 1855 is densd the most compre-
hensive of its time.

In 2006, Michael Chenoweth produced a list of tropical cpel® (inclusive of hurri-
canes and tropical storms) from 1700-1855 by taking int@actall previous historical
archives and research. Table 4 of Chenoweth (2006) is aflteieanost widely-accepted
tropical cyclone accounts, and is what we consider hereegStilenoweth Archive. Chenoweth’s
chronology begins in 1700 because logbook records and agpespare abundant by this
time, and most of the tropical cyclones on the Poey list oafter 1700 Chenoweth (2006).
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The archive contains 383 published and independently+toed tropical cyclones that tra-
versed the Atlantic basin between 1700 and 1855. The Chehdtvehive is available at
www.aoml .noaa.gov/hrd/hurdat/Chenoweth/index.html (Chenoweth, 2006).

A few caveats are in order. This archive is a comprehensirachogy of all previously
uncovered tropical cyclones after Chenoweth’s carefuiseatid source checking. It does
not contain more recently uncovered cyclones by Chenowatkdif. Moreover, although
here Table 4 of Chenoweth (2006) is referred to as the Chethatmehive, it does not
represent all that is known about these historical eventgeMhformation is available with
Michael Chenoweth on individual events, especially for eahthe later cyclones on the
list, but this additional information is not in a digital foat at this time.

Table 3.7 lists a portion of the Chenoweth Archive corresidag to the 1766 season.
Each cyclone is listed chronologically with a start and eatedreferring to the first and
last observation of the cyclone), and an associated latatidhe region affected. Not
present in Table 3.7, the Chenoweth Archive also lists wdrdtie cyclone was included in
previous chronologies, the number of log books and newspaghecked for validity, and
an estimate of whether the affect was likely due to a hurgaamtropical storm for each
location.

3.3 Adding a Spatial Dimension

The Chenoweth Archive provides a glimpse into North Atlatbpical cylone activity
prior to the American Industrial Revolution. This is impanmt in the context of climate
change as related to anthropogenic greenhouse gas inerédse chapter introduces an
attempt to digitize the Chenoweth Archive for the purposmaking it more useful for re-
searchers. We then use this digitized archive togetherth@iHURDAT record to generate
a pathway for each tropical cyclone in the archive, givingatisl dimension to cyclones
that began as newspaper accounts.

The procedure is performed in two steps. First, the Cherfowethive locations are
digitized. The digitization is done using nine differentthneds depending on the locational
information provided in the archive. Second, modern tralpayclone tracks are used as
location analogs and a likely pathway is found based on thwce of the analog to the
archive’s locations.

3.3.1 Digitizing the Chenoweth Locations

Each tropical cyclone in the archive is defined by as few astores many as four
observation locations (events), resulting in a total of @4@nts. The average is 2.1 events
per cyclone. Since events consist of reports from recutdogles (e.g. Jamaica), less than
half of the event locations are unique. The descriptione@tacations range from specific
(e.g. latitude and longitude coordinates), to broad (&New England”). In order to provide
a spatial version of the Chenoweth Archive, each of the evard assigned approximate
latitude/longitude coordinates (digitized). The follagimethods were used to digitize the
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coordinates depending on the specificity of the descriggioan in the archive:

Method 1. Latitude/longitude coordinates are given: If coordinatesgiven, these
exact coordinates are used to represent the event loc&tomexample, according to
the Chenoweth Archive, the second event of Storm 96 affdtiedocation 1711’
N, 69°49’ W. Most of these locations are coordinates recordedimlsly books and
are therefore located over the ocean. Thirteen percent ef/aht locations in the
archive require this type of digitization.

Method 2. City name is given: If the name of a city is given, either in theited
States or international, the latitude and longitude of ditgtare found using a valid
source, such as the United States Geological Survey. Fang@gaaccording to the
Chenoweth Archive, the third event of Storm 98 affected Reols, Florida. Eight
percent of all event locations in the archive require thpetgf digitization.

Method 3. State or country names are given: Most states or countnesgire
coastal areas, likely representing where the tropicaloryeimade landfall. There-
fore, if a coastal state or country is named, the center ofctiestline is used to
represent the location. For example, according to the GhetioArchive, the sec-
ond event of Storm 94 affected Texas. Fourteen percent efalit locations in the
archive require this type of digitization. If an inland gatr country name is given,
the event is considered a “special case” (see Method 9).

Method 4. Island name is given: If the event location is an island, therdi-
nates of the geographic center of the island are used. Farg@&aaccording to the
Chenoweth Archive, the second event of Storm 97 affectedi®&eco. Twenty-six
percent of all event locations in the archive require thpetgf digitization.

Method 5. Water body is given: If a water body such as a sea, gulf, or béigted,
the coordinates of the approximate geographic center at#ter body are used. For
example, according to the Chenoweth Archive, the first esé@torm 94 affected
the Gulf of Mexico. Two percent of all event locations in thietave require this type
of digitization. Since an ocean is large, it is considerepecil case (e.g. the first
event of Storm 95 is listed as affecting the Atlantic.)

Method 6. Directional description is given: For some events the liocedescription
includes a direction from a land mass, such as “west of,” thidf coast of,” or “near”

a given area. For example, according to the Chenoweth Agctire second event of
Storm 93 affected south of Jamaica. We assume that for mtsteé event types, the
effects were felt and reported at the location listed, begye of the tropical cyclone
did not traverse the area. Instead the cyclone struck ayésrétion, which is being
described by direction from the area reporting the storne dterage North Atlantic
tropical cyclone radius is°3of latitude as defined by the circular area encompassing
relative vorticity values less than<1l0~°® s~1 (Liu and Chan, 1999). Therefore, a
location listed as “south of Jamaica” is assumed to be wBBBkm (approximately
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3° of latitude) of the most south-central point of Jamaica. therpurposes here, a
directional description is defined asdf latitude (approximately 111 km) away from
the base point, as farther distances could imply the cyatocleser to a different land
mass that could instead be defined as a distance away froratithinass. Twelve
percent of all event locations in the archive require thpetgf digitization.

Method 7. Coastline is given: If a coastline is listed, the coordisabé the geo-
graphic center of the coastline are used. For example, @ogpto the Chenoweth
Archive, the fourth event of Storm 55 affected the U.S. Guwg€t. Two percent of
all event locations in the archive require this type of digition.

Method 8. Portion of an area is given: Many events are described ascaispg®r-
tion of a political or geographic area. Methods used in tasecare similar to those
above; the coordinates of the geographic center of thequodi the area are used.
For example, according to the Chenoweth Archive, the seewrdt of Storm 129
affected western Haiti, and is therefore represented bydbedinates of the center
of the western quadrant of Haiti. Similarly, if the areadisis part of a coastline, the
coastline is portioned off and the coordinates of the cewitéine appropriate quad-
rant are used. For example, according to the Chenoweth Vcthie second event
of Storm 315 affected the Southeast U.S. Coast. Eight peafedl event locations
in the archive require this type of digitization.

Method 9. Special Cases: If the location does not fit one of the casegealttas
considered a special case. Some examples include broadergaStorm 4 affecting
New England) or island chains (e.g. Storm 11 affecting theske Antilles). The
coordinates for these locations are chosen following asetyoas possible to the
methods described in the above cases. Fifteen percent efeaik locations in the
archive require this type of digitization.

3.3.2 Determining a Probable Pathway

The above methods are applied to all 742 events listed in Hen@veth Archive. A

complete list of all events by date and spatial coordinagess/ailable fronmyweb . fsu.

edu/jelsner/extspace/ChenowethArchive.csv, and inthe appendix (Table A.1). Fig-
ure 3.2a shows the digitized locations for Storm 275 in tlohige, described as affecting
Haiti and the northeast coast of Florida. While the locatiare not the exact coordinates
of the center of the cyclone, one can assume that thesedosdelt its direct affects, and
in most cases the cyclone’s eye passed nearby. The coaslisetve as event locations to
assist in determining a pathway of the archived cyclonestraight line connecting the

event locations provides what is called a first-order apipnation to a possible track.

Additional information about tropical cyclones in the ak&hcan be gained with the
help of a track climatology. Previous research has showmndabcyclones move across the
Atlantic in a somewhat predictable manner (Elsner and KE389; Brettschneider, 2008).
However, track patterns fluctuate on annual and decadaldoales (Elsner et al., 2000a).
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Figure 3.2: Storm 275 in the Chenoweth Archive. a) The twafimns mentioned in the archive for Storm 275 and a
straight line through them (first-order track track). b) Tée closest tracks (track analogs) to the locations of S&#h
shaded by average distance to the locations (km) with theedahading indicating a closer track. c) Distance from any
location across the basin to the closest track analog iredsgsf latitude. d) Tropical cyclone pathway constructed by

a weighted average of the distance grids of all track analblge shaded area encompasses a weighted average distance
of less than or equal to 2.2%9f latitude. A curve through the shaded area representssap@gsecond-order) track for
Storm 275.



Indeed a seasonal forecast of U.S. hurricane probabilgyires not only knowing how
many cyclones will form, but where they will track (Elsnerdadagger, 2006). Here it is
assumed that the same steering flows have influenced hwesitaroughout the centuries
and that hurricane tracks have had a similar response te thitisences, making it possible
to create pathways for historic hurricanes based on knoaaksrin the modern record. It
is further assumed that the data set used here containseadaayigh sample of cyclone
tracks to represent most possible climate scenarios.

The hourly-interpolated track data (Jagger and Elsner6R@e used to find modern
tropical cyclones that have passed near the Chenowethleeatibns. The higher temporal
resolution ensures that cyclones traveling quickly pastewent location are not missed.
The code used to select modern tracks (and other routinésusigs study) is developed
within the R package for statistical computing.

Figure 3.2b shows the ten closest tracks (analogs) to the Ba@tions of Storm 275,
which was the 3rd known tropical cyclone of 1825, occurringimg late September. The
ten tracks are ranked according to their average grededrstance from the event loca-
tions (analog rank). While the historical cyclone almosesudid not follow any one of
these specific tracks, it likely traversed a similar pathwelyich can be represented by a
“probable” pathway.

There are various ways to determine a pathway, the one peesbere being an in-
verse distance weighting (IDW) approach. This method ifepred because it weights the
modern cyclone tracks based on their inverse distance tewbet locations. The IDW
approach also has the advantage that it is easy to undeestdriths relatively few free pa-
rameters. Here the ten closest modern tracks are used. As shaection 3.5, the larger
the analog rank, the larger the average distance from tlaidos so the less weight it has
on determining the pathway.

The IDW approach begins by converting each of the moderrogeahto a distance
grid, the values of each grid point representing the clodissance that point is from the
track (Figure 3.2c). The track itself has a value of zero wheintersects the grid. Dis-
tance grids D) for all ten modern analogs are then averaged using IDW, abothie av-
erage distance grid is weighted towards the modern anadefgdrthat are closest to the
historical storm. The formula for the IDW is given in Equatid.1, whered(e ty) is the
average great-circle distance from the event locatien®(a given trackt(). Then, from
the average distance grid(s)) a maximum threshold value is chosen that provides an
area encompassing the tracks of the closest cyclones arctbsest approach to the event
locations.

Figure 3.2 shows the tropical cyclone pathway for Storm 2T7Be pathway is con-
structed by determining the area enclosing a 21a&tude threshold. The threshold in-
dicates that average distances are less than this valua wlith region. The threshold
distance is a tuneable parameter, but here is chosen talpraxamall, but spatially contin-
uous corridor that likely includes the event locations. Aelis manually-drawn down the
center of the pathway provides what is called a second-@g@oximation to a track.

Storm 275 provides a good example where the second-oradr pravides a realistic
depiction of the hurricane’s movements. While the hurrecaras only reported in Haiti
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and Northwest Florida, it could have had additional affestsr a larger portion of Florida

and possibly the Carolinas. Despite this evidence, it wooldbe surprising if there is no

record of Storm 275 affecting the peninsula of Florida, astobthe state was not settled
until the early 20th century (Landsea et al., 2004).

3.4 The 1766 Hurricane Season

The procedure outlined in the previous section producesobagime pathway and a
realistic track for a hurricane listed as a set of events imstofical archive. While this
track is almost certainly not the actual track of the arctiiggclone, the probable pathway
defines a corridor that bounds an area for realistic tracksdan past climate scenarios.

Figure 3.3 shows the tropical cyclone tracks for the 1766@edased on the method
described above. The minimum distances and the thresholthdopathway is listed in
Table 3.7. The third cyclone of the season and has the sradieenum distance (22 km),
while the fourth cyclone has the largest minimum distan©®® ¢&n). The track is manually
drawn through the center of the pathway. Longer tracks résurh either event locations
being dispersed more widely across the region, and/otivelaimore similarities between
the modern-analog tracks. The start and end points of tbk & placed just outside the
objectively determined pathway to make them easier to see.

This particular season consisted of one tropical storm antwgricanes, and would
be considered average (in terms of the number of hurricdnes)day’s standards. While
it is possible there were additional weaker tropical cyethat remained unobserved,
the Chenoweth Archive represents a sample of historicpldab cyclones, especially for
areas such as Jamaica and the Caribbean, where histocoatiseare more numerous.
In addition to the number of tropical cyclones in 1766, camnged tracks for this season
highlight possible uses of the data set.

The seventh recorded tropical cyclone of the 1766 seasgnr@B.3) could have made
an additional landfall in central or south Florida. As pasly alluded to, Florida tropical
cyclone records are scarce prior to the 20th century. Thwsuld not be surprising if a
storm striking Florida in 1766 went unreported. As the cpelaontinued, itis less likely to
have hit South Carolina at tropical storm strength or greageSouth Carolina archives are
more prevalent and have been examined in detail with no sifastorm in 1766 (Mock,
2004). Therefore, the probable pathway based on the modatags is a good depiction
of where the hurricane likely went.

3.5 Unusual Archived Cyclones

While the procedures outlined here can provide pathwaya farge portion of histori-
cal tropical cyclones in an automated way, a climatolodyelahsed track might not be the
most appropriate for cyclones with only a few or no close modmalogs. An example is
the fourth tropical cyclone of the 1766 season (Storm 96 enGhenoweth Archive), de-
scribed as affecting the Lesser Antilles;’23'N 64°03'W, 33°00’'N 57°00°'W, and finally
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Figure 3.4: Distances (km) of the 15 closest modern analmgjset Chenoweth
locations for the seven cyclones of the 1766 hurricane se&3stances increase
with analog rank, but relatively rapidly for some cyclon8sofm 4).

the Azores. The eventis unusual in that it affected both #mskr Antilles and the Azores.
Also, the event is defined by four locations fairly evenlysgrhacross the North Atlantic.
The unusualness of the cyclone is verified by a search for maalealogs. No recorded
modern cyclone hit both the Lesser Antilles and the Azored, the closest approach of
any modern track averages 509 km to the event locations.ré-g)4 depicts the distance
of the 15 closest analogs for the cyclones in the 1766 seabomwing that not only does
Storm 96 have no close analogs, but the average distance ltctition increases relatively
rapidly as a function of analog rank.

The first-order track approximation of the Chenoweth eveh&torm 96 (Figure 3.5)
depicts a reasonable hurricane path, with the missing fietcey the curvature of the cy-
clone. Using the automated procedure and ten analog trask#s in a pathway and track
depicted in Figure 3.5b. Note the pathway does not includeCtenoweth event location
over the Lesser Antiles (although it does include a portibthese islands). Thus, while
some tropical cyclones will be well represented by theiroseeorder track approxima-
tion, others need to take into account the actual eventitotatvhen creating the pathway.
In fact it might make sense to blend the pathways created bygeaaing the Chenoweth
event locations with the pathway generated by the moderogicéimatology. This blend
represents what is called a third-order track approximatio
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Figure 3.5¢c shows a new pathway, calculated using the sexal®d track as 50% of the
input and the first-order track as the remaining 50% percEms approximation provides
a better fit to the Chenoweth archive locations as the pathway includes all four of
the Chenoweth locations. Another option, shown in Figubel 3uses the first-order track
as 75% of the input and the second-order track as 25%. Thisvagitseemingly depicts
the most appropriate rendition of the historic event, wité track down the center of the
pathway passing all of the event locations within a reaslendistance. The weight ratio
of the first-order and second-order tracks used in the thidér approximation will vary
depending on the specific event. Thus in cases where the motieratology provides
less information relative to the historical event locatidhe procedure can be modified to
include a direct track between the event locations and arfirparameter that weights
the analog tracks relative to the direct track.

3.6 Sensitivity of the Methodology

Here the performance of the above methodology (second-agj@oximation) is ex-
amined under three experiments. First, pathways are cmbstr for the same event by
leaving out a location in the archive. Second, the methagoie applied to a few known
hurricanes where the information about the hurricane isatkgyl to the level available in
the archive and a comparison of the pathway is made with cespehe known track.
Third, a pathway is constructed using only hurricanes tbatespond in time (within a
month or so) of the event time and compared with a pathwaytaaried using hurricanes
over a different part of the season.

3.6.1 Omitting an Event Location

Here the sensitivity of the methodology is examined by dangtevent locations. The
archived cyclones are associated with one to four eventitotag each location being a part
of the methodology to construct the probable pathway. Thebar of locations for each
cyclone affects the construction of pathways. For exantpdee four different pathways
for Storm 96, the fifth storm of the 1766 hurricane seasoncansidered.

Figure 3.6a shows the pathway created using all three t@sgtirovided in the Chenoweth
Archive (Lesser Antilles, Puerto Rico, and off the Southdliaa coast). The pathway in
Figure 3.6b is created using only the first two locations,ttng the point off South Car-
olina. This pathway is shorter and does not contain the fimahtelocation. The third
attempt, shown in Figure 3.6c, utilizes the first and thirchkons, omitting Puerto Rico.
The pathway created here, however, still contains Puetto &id resembles the pathway in
Figure 3.6a which uses all three points. Finally, Figurel2iépicts a pathway constructed
using only the Puerto Rico locality. This pathway does naottam either of the omitted lo-
cations, although it does contain part of the Lesser Astélied leaves open the possibility
that the historical cyclone approached South Carolina. bHs case scenario comes from
a pathway with the largest number of localities for the gaitr cyclone. However, when
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data are especially limited, the most productive locaiiie terms of creating a realistic
track are those farther separated across space.

3.6.2 Applying the Methodology to Recent Hurricanes

Here the sensitivity of the methodology is examined by how iweown tracks fit the
estimated pathway. First, a known recent hurricane traokaiked only by three locations
based on its actual track and common locations in the Chathotehive. These locations
are then used to construct a pathway following the aboveadelbgy, excluding the track
of the particular cyclone of interest from the analog search

Figure 3.7a shows the pathway created for Hurricane Chafl@@04 using the event
locations of West of Jamaica, Western Cuba, and off the SGatblina coast. The ac-
tual track of Charley is also shown. The methodology does$ agethere appears to be a
good spatial correspondence between the pathway and the @ the other hand, Fig-
ure 3.7b shows the same for hurricane Dennis of 2005. The &@ations used to create
the pathway are North of Jamaica, Western Cuba, and Peas&tolida. The spatial cor-
respondence in this case is less precise as the pathwayhnengh the Greater Antilles
and across the northern Gulf coast, while the track of Deisrs®uth of Puerto Rico and
Hispanola.

3.6.3 Filtering the Analogs by Time of Year

It is well known that tropical cyclones track in varying diteons depending on the
time of year (Elsner and Kara, 1999). A hurricane origingtover the Gulf of Mexico
or the western Caribbean during the early or later part ofsteeson will tend to have a
considerably greater northward component to its track @egto one originating over
the central Atlantic during September. Thus it may be berafic restrict the search for
analogs to those cyclones that occur near the same time oagehe historical hurricane.
This may be especially helpful for those historical cyclkomeéth less data, since the time
of year may give more information about the storm’s behavior

Figure 3.8 provides an example using Hurricane Gilbert &8L9The only location
used to create the pathway is the island of Jamaica. Sinbet&dccurred during Septem-
ber, the left panel shows the pathway constructed using amdyogs from the months of
August and September (middle two months of the season). ntrasi, the right panel
shows the pathway using analogs from October and Novemlseexpected, the pathway
corresponding to the mid-season analogs better resenttdes/tlone’s actual path, de-
picting the westward component common in this part of thenbdsring this part of the
season. The pathway corresponding to the late-seasorgarsfiows a pathway directed
to the north, and is not representative of this cyclone’sadrack. Thus, the most appro-
priate rendition of the pathway of Hurricane Gilbert is ¢egawhen the search of analogs
is restricted based on the month of occurrence. It shouldbbedrthat pathway sensitivity
will be considerably less severe when more than one eveatidwocis given in the archive,
as the additional locations will better fix the direction obtion.
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Figure 3.6: Pathways constructed for Storm 97 by using saualities (marked by a square), and omitting others
(marked by an asterick). a) Using all three localities: eegtilles, Puerto Rico, and off South Carolina. b) Omitin
the location off South Carolina. ¢) Omitting the Puerto Rimcation. d) Using only the Puerto Rico location.
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3.7 Summary

Along record of past hurricane occurrences is the best wagdess future risk. While a
complete and comprehensive record of all past hurricanksamiain elusive, information
about previously undocumented cyclones is being uncovéredgh historical document
searches and geological proxies. The present work is aaliaitempt to make greater
use of the limited information from historical hurricaneclaives. The major conclusion
is that it is relatively straightforward to create a proteaphthway for archived tropical
cyclones based on a few event locations and a climatologyooferm analog tracks. The
pathway encompasses an area of possible tracks capabl@mivimg information about
tropical cyclone strikes in areas lacking extensive regandgeologic proxy information.
In turn, the pathway can be used to help uncover additiorainmation about historical
tropical cyclones. For instance, it might be worthwhile (@mine historical documents
from south Florida during late September or early Octob&8a5 for evidence of a cyclone
corresponding to Storm 275 in the Chenoweth Archive.

Although the methods discussed here rely largely on a ctitngy of modern hurricane
tracks, not all event-specific characteristics are lose §éventh storm of the 1766 season
is evidence that it is possible to discover unusual tropigalone tracks relative to the set
of modern records. Tropical cyclones such as these couldt iesadditional insight into
temporal variations in hurricane-track patterns. Ultieigtthis chapter provides a digi-
tized version of the Chenoweth (2006) historical hurricalnology and a methodology
for depicting a probable pathway based on the event loca@mid modern tracks. Once
pathways and tracks are created for all of the tropical eyetan Chenoweth (2006) they
can be used by climatologists to better understand lormg-terricane variability.

The methodology can be improved in a couple of ways. Theiogytassociated with
localities in the Chenoweth Archive varies based on therggsm given. Thus, weighting
the modern analogs towards the more certain locations rgighta more accurate depic-
tion of the historical cyclone’s pathway. Second, a distiitn of cyclone intensities at
locations along the constructed historical track could ddea to the historical track data
base. Finally, the method could be used in concert with atpecific information about
the cyclone’s path to generate an even more realistic traglalternative approach would
be to determine the posterior probability distributiontttiee historical track came within
a specified distance of any location in the basin. This Bayesapproach provides a statis-
tical framework for understanding the behavior of tropicatlones in historical hurricane
chronologies.
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Table 3.1: A portion of the Chenoweth Archive (CA) pertamnito the 1766
hurricane season. The date of the first and last events ted far each cyclone.
Location refers to the localities listed in the archive. Nt refers to the methods
used in this study to digitize the event location (see tekthst cyclones have
more than one location.

Event CA Latitude Longitude
Month Day Storm No. Location Method °N) (°E)

8 13 93 Martinique 4 1465 -61.01
8 16 93 south of Jamaica 6 16.74 —77.27
9 1 94 Gulf of Mexico 5 2482 —-90.14
9 4 94 Texas 3 28.40 —-96.38
9 8 95 Atlantic 9 31.36 —-35.09

95 Off Virginia 6 37.29 —74.58
9 13 95 west of NYC 6 40.70 —-75.00
9 17 96 Lesser Antilles 9 13.90 -60.97

96 2345N 6403W 1 23.75 —64.05

96 33N 57W 1 33.00 -57.00
9 24 96 Azores 9 38.65 —27.22
10 5 97 Lesser Antilles 9 13.90 -60.97

97 Puerto Rico 4 18.23 —-66.48
10 13 97 off South Carolina 6 3277 —-78.92
10 15 98 South of Haiti 6 16.52 —-74.04
10 24 98 Pensacola, FL 2 30.42 -87.22
10 29 99 Havana 2 23.12 —-82.35
11 1 99 east of Florida 6 28.50 —-79.53
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Table 3.2: Parameters used to construct tracks for the 1’086 Mtlantic hur-

ricane season. The number of analogs is the number of ttapickbnes from

the HURDAT used to determine the track. The minimum distaedbe aver-

age distance to the Chenoweth locations for the closesbgndlhe threshold
is the minimum distance in the weighted-average distanicks ghat enclose a
continuous pathway.

Season CA Minimum Threshold
Sequence No. Storm No. Distance (km) °laf)
1 93 69 2.00
2 94 48 2.00
3 95 22 2.00
4 96 509 4.00
5 97 178 3.00
6 98 24 2.75
7 99 24 2.75
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CHAPTER 4

RISK ASSESSMENT OF HURRICANE
WINDS FOR EGLIN AIR FORCE BASE

This chapter of the dissertation is a version of a paper o$émee title, submitted to Theo-
retical and Applied Climatology in March 2010. The coauthon the paper are Dr. James
Elsner, Shawn Lewers, Jill Malmstadt, and Dr. Thomas Jaddes relevance of this work
to the dissertation as a whole is that it employs a spatialatiblogy of tropical cyclones
in order to assess risk of extreme hurricane winds for EgiirFArce Base. The work was
supported with a contract from the Strategic EnvironmeR&dearch and Development
Program (SERDP SI-1700). Additional support came from tte BISF (ATM-0738172).

4.1 Introduction

Hurricanes cause an average of $10 billion in damage in tliet States annually. In
2004 and 2005, the damage totaled $150 billion. Approxima&8% of U.S. hurricane
damage comes from major hurricanes (Category 3 or highen@®affir Simpson Hurri-
cane Wind Scale), while they comprise only 24% of landfgllmrricanes (Pielke Jr. et al.,
2008). A noted increase in the intensity of the strongestitames in recent times (Elsner
et al., 2008b) is of particular concern for estimates ofiefosses 100 years from now.

The frequency of hurricane strikes and the amount of dantsgjedause varies by lo-
cation. The occurrence and magnitude of historical hunesaecan be used to estimate the
return period of wind speeds exceeding a specified thresfidld return period (average
time between successive events) can be made local by ebetiapgElsner et al., 2008a).
Damage estimates are more complicated and must take imardocation-specific vul-
nerability. Inter-annual variability in hurricane frequey and damage losses at the coast
are related to ocean temperature, the El Nifio Southerrl@igm, the North Atlantic Os-
cillation, and solar activity (Elsner et al., 1999; Pielke dnd Landsea, 1999; Elsner and
Jagger, 2004, 2006; Jagger et al., 2008).

The potential for a particular hurricane to cause damagertipon the strength of its
winds, its forward speed, and its geographic size. For andaedfall location the damage
potential also depends on local population and economy difapter uses a fixed location
and considers the distribution of hurricane charactesgstiong an average track, producing
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Figure 4.1: Study area. Eglin Air Force Base (striped) isted in the Florida
Panhandle, comprising of portions of Santa Rosa, Okal@mgRyValton counties.

a track-relative climatology. In short, historical huaie tracks are used to construct a
“mean” hurricane track for a given coastal location. Hware characteristics are gathered
at 100-km increments as the storm approaches the shore h@hecteristics are displayed
as profiles along the average track. The characteristiossseto model a hurricane wind
field and damage estimates using the HAZUS-MH Hurricane Ni@did).

The geographic focus of Chapters 4 and 5 is the Eglin Air F8ase (EAFB) located
in panhandle region of Florida (Figure 4.1). These chaptpsesent a first step toward in-
vestigating the effects of near-term (next 100 years) ngkititary infrastructure located in
low coastal or near-coastal areas due to predicted changésiate and sea level. Models
project global sea level rises over the next 100 years onrtiher @f 0.5 m, which will in-
crease hurricane storm surge penetration. As a result, EBxEBsimilarly situated coastal
military facilities will likely experience significant clmges to environmental resources and
man-made infrastructure. Shoreline retreat, increasedlifig and erosion, and greater
wind loads and storm surge will all contribute to increasesés. This chapter focuses on
the threat of extreme hurricane winds based on the currenatd, with particular empha-
sis on the 100-year event. The next chapter examines how#rage EAFB hurricane
changes with climate.

The methodology is divided into three main parts: the camsion of an average hur-
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ricane track, the determination of hurricane charactesistiong this track, and simulation
of hurricane wind gusts in the HAZUS HM. Section 4.2 desgibiee data used to con-
struct the average track and to accumulate the hurricamaceastics. Section 4.3 details
the generation of the average track for EAFB by using diganaps. In Section 4.4 the
track is represented by equal-interval points, for whichribeine characteristics are found.
These characteristics are shown as profiles along the tra8ection 4.5 a subset of hurri-
cane characteristics, referred to as hurricane vitalgjsed to simulate the hurricane, with
HAZUS HM being the platform. The HAZUS HM provides wind fieldad damage esti-

mates for an extreme event following the average track. Deykar wind gust over Santa
Rosa Island estimated from hurricane simulations comgdaxesably with the wind gust

estimated by the approach presented here. Section 4.@lpsoisummary and conclusion.

4.2 Hurricane Data

Hurricane loss models are important for insurance, findnarad government sectors
to estimate damage losses. These models require sevecahspbnents, including wind
and vulnerability models, and a hurricane climatology toe specific area. The hurri-
cane climatology is often based off the historical recordyvjaing information about the
recurrence rate and characteristics of past hurricaness@Wand Johnson, 2008).

Past hurricane data are acquired from the HURDAT, whichaiostdata for tropical
cyclones observed in the Atlantic Ocean, Gulf of Mexico, &atibbean Sea since 1851.
This chapter uses the same data set as previous chaptecs, iwhihe Jagger and Elsner
(2006) hourly-interpolations of HURDAT. Past hurricanes ased to create the average
track and obtain climatological hurricane charactersstisdditionally, data from Demuth
et al. (2006) are used for information on hurricane size.

The present work expands the idea of a hurricane climatdmmgclude a track-relative
climatology of hurricane characteristics specific to a giecation. In other words, |
seek to provide climatological hurricane characteristiosig a track based on past tropical
cyclones that affected the area in question. The hurrichaeacteristics are subsequently
used to model an extreme hurricane wind event affecting EAFRrefore, my interest is
in a track that would likely produce a worst-case scenanide®FB and threaten military
infrastructure.

For several reasons, the largest threat to EAFB is a hugistiking the western side
of the base, with much of the base on the immediate eastezrosithe track. Keim et al.
(2007) show that for average- or large-size hurricanesydw@mum winds extend forward
and to the right about 50-100 km from the eye. This encompamsarea twice as large
as the area of winds to the left of the eye. Wind speeds on thneafd right quadrant of
the storm are also greater due to the cumulative effect ohtingcane wind speed about
the circulation and the forward motion of the tropical cyw@o(Elsner and Kara, 1999).
The increased winds on the right side increase the storne $8igipson and Riehl, 1981).
Tornadoes (Pearson and Sadowski, 1965) and lightning (S@to and Molinari, 2003)
are also more common in this right-forward quadrant of afi@iidg hurricane.
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Table 4.1: Hurricanes passing within 150 km of the fiduciahpover the period
1851-2008. The maximum sustained wind of the hurricane wilpassed within
150 km exceeded 50 nT$(at least a Category 3 on the Saffir/Simpson hurricane
scale). The distance (km) is the hurricane’s closest apprtmathe fiducial point.
Hurricanes were not named before 1950.

Year Name Distance (km)
1926 Not Named 57
1995 Opal 67
1975 Eloise 74
2005 Dennis 85
1985 Elena 87
1894 Not Named 92
1851 Not Named 105
2004 Ivan 114
1877 Not Named 130
1979 Frederic 133

The landfall location chosen for the average track for EAEBituated at 30°N and
86.8'W, on Santa Rosa Island, Florida. This point is located apprately 30 km south-
west of the geographic centroid of EAFB, in the western partf the base property. A
hurricane making landfall here places much of EAFB in thetrdestructive portion of the
hurricane. This location is a worst-case landfall scenfnidhe base and is the fiducial
landfall point for the track-relative climatology.

Next, an average track is created for the worst-case ldddéaltion by examining past
hurricanes making landfall near the fiducial point. Hourterpolated data are used to
find the strongest hurricanes in history that passed ne&wdxsh of these cyclones reached
major hurricane intensity within 150 km of the fiducial poirin Figure 4.2, the tracks
are ranked according to their average great-circle disténoen that point, shown by gray-
scaling. Table 4.1 lists attributes for the correspondingibanes, including year, name
(once naming of tropical cyclones was implemented), anthdce to the fiducial point.
The next section describes a method to create an averagdroacthese 10 tracks.

4.3 An Average Hurricane Track

There are various ways to determine an average track frorhad barricanes making
landfall at a particular location. The method used in thiaptkr is the inverse-distance
weighted (IDW) averaging method introduced in Chapter 2s fiethod weights the par-
ticular hurricane track inversely to the distance betwédwnhurricane’s closest approach
to the fiducial point. In other words, the hurricanes tragkiearest the fiducial point have
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Figure 4.2: Tracks of the 10 major hurricanes passing withid km of the fidu-
cial point over the period 1851-2008. The fiducial point esgnts a worst-case
landfall scenario for the Eglin Air Force Base. The gray saat the tracks cor-
responds to the distance from the fiducial point, with thé&elairacks indicating
closer approaches.
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the most influence on the average track.

A distance map is made for each of the tracks in Figure 4.2. &h €distance map,
distances to the corresponding track are computed on a carfrblongitude grid. The
track itself has a value of zero, with distances increasiaydrom the track. The distances
are given in degrees of longitude. The 10 distance mBpss|, for k = 1,...,10) are
subsequently averaged using IDW, so that the average destaap is weighted towards
the tracks that are closest to the fiducial point. The fornfiotdhe average distance map
(D(s)) using IDW is given in Equation 2.1, whetde, ty) is the great-circle distance from
the Eglin Air Force Based] to a given trackty).

The average distance map is shown in Figure 4.3 with cont@skerepresenting the
weighted-averaged distance of the closest strong hugscemEAFB. The outer-most con-
tour encompasses the area that has average distancesaless@hof longitude and the
inner-most contour encompasses the area that has avesagecess less than 0.75Con-
tours are shown at 0.25ntervals. This geovisualization of the combined set oftkea
provides some information about the spatial distributibmtense hurricanes affecting the
area. The contour gradient in the direction of the trackghtgr post-landfall than pre-
landfall. This indicates that past EAFB hurricanes haveenmorcommon prior to landfall
than after. One reason for this could be the susceptibifitg decaying hurricane post-
landfall to be controlled by the variable synoptic condiso Meanwhile, stronger hurri-
canes will follow a more predictable manner based on lasgate climate forcing. Draw-
ing a line through the shortest distances on the averagendisimap and perpendicular to
the contours provides an average hurricane track (Saheitkl., 2010).

The average distance map is relatively insensitive to tmeb®u of hurricanes chosen,
which is a function of the distance threshold used to seleethurricanes. This can be
seen by repeating the analysis using a search radius twiasgaq300 km). This increases
the sample size from 10 to 24 hurricanes. The track havingytbatest distance to the
fiducial point increases from 33 km using the set of 10 hunésato 274 km with the larger
set of 24 hurricanes, but the average distant maps are guiilars This insensitivity is a
consequence of the inverse-distance weighting scheme refhainder of this chapter is
based on the track corresponding to the smaller samplefsigeré 4.3a.

4.4 Hurricane Characteristics Along the Track

Next, hurricane characteristics are added to the averagle fior EAFB. This is done at
equally-spaced points along the track, including the figldaindfall location (Figure 4.4).
A spacing of 100 km is used. Since the human-affecting path@fhurricane is mostly
before and directly after landfall, the portion of the trdbkt is used covers its movement
across the Gulf and its initial inland penetration. The nendf track locations is arbitrary
but using a 100-km spacing ensures some uniformity in wiredp.

Hurricane characteristics are obtained for the purposeeating an EAFB track-relative
climatology, and for simulating an extreme EAFB hurricamerd in the HAZUS HM. The
model requires a set of values along a prescribed track tratacterize the hurricane.
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Figure 4.3: Average distance maps. The maps are based anthsia) 10 and b) 24 major hurricanes passing closest to
the fiducial point over the period 1851-2008. Contours iadiche weighted average distance of the set of hurricanes.
The outer contour encompasses the area that has an avestggceiless than°3of latitude and the inner contour
encompasses the area that has an average distance less7/iawith a 0.25 contour interval. The average track is a
line through the shortest distances on the average distaapend perpendicular to the contours.



95°W 90°W 85°W 80°W 75°W
35°N 35°N

30°N ; 30°N

25°N

\

20°N ‘ 20°N

0,
95°W 90°W 85°W 80°W 75°W

Figure 4.4: Points along the average EAFB hurricane tracknt® are equally
spaced at a 100-km intervals from the fiducial landfall poktirricane charac-
teristics are determined at these locations to create ltedative climatology.

These values, called “vitals,” include information abaaddtion, intensity, forward speed,
size, central pressure and wind speed decay. The vitalsbdaened from historical data
and known empirical relationships as described below.

4.4.1 100-Year Wind Speeds

Total damage depends to a large degree on the hurricaneiswmnmawind speed. Max-
imum wind speed refers to the estimated strongest (10-minlsostained) winds some-
where in the eyewall of the hurricane. The strongest windgygically found on the right
side of the hurricane track when looking in the directiontwé storm’s forward motion.
The radial distance from the center of circulation to theatamn of the strongest winds is
called the radius to maximum windByyy) and is, on average, 35 km for hurricanes over
the Gulf of Mexico (Vickery and Wadhera, 2008).

Since the focus of this chapter is the highest wind speedcdrabe expected, on av-
erage, in any 100-year interval for locations along thekirddnder the assumption that
the maximum wind speed of any hurricane occurs within 35 kitmefcenter of the storm,
hurricanes that have come within this distance of the pderdocation are selected. The
hurricane wind speeds are ranked from fastest to slowestietedmine the parameters of
an extreme-value distribution. However the historicabrdoof hurricanes is too short to
have many such hurricanes, so searching at larger distanoésies more hurricanes and
to accurately estimate the parameters of the distributiorear regressions of the distribu-
tion parameters on search radius allows us to estimate thenpters at the 35-km radius.
These estimated parameters are subsequently used to meténmhighest wind speed that
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can be expected within the 35 km radius in any 50-year intefilas 50-year return level
wind speed is used as the 100-year return level wind speestl lmsthe assumption that
the strongest winds are typically on the right side of theribane track and it is just as
likely for a hurricane to track to the right of the locationiags to track to the left of the
location. The method is developed and described in Elsnak €2008a), and applied to
Florida in Malmstadt et al. (in press).

The above procedure for estimating the 100-year wind speadazation is repeated
independently for all locations along the track with resghown in Figure 4.5. The points
indicate the estimated 100-year return level wind speed.98% confidence interval about
this estimate is indicated by the vertical line. The set oatmns is along the track (shown
by black circles in panel b) with the distance prior to, angmfandfall marked along the
horizontal axis. The peak 100-year sustained wind speeslis § at the location along
the track 600 km before landfall. At landfall the 100-yeandispeed is 48 m with a
90% confidence interval on this estimate between 44 and 51'm s

The 100-year wind speeds are strongest for locations pritartdfall and get weaker
as the locations get closer to the coast. The weakest wintg aver land. Based on
the historical record of hurricanes in the northern Gulf ofXito, EAFB can expect an
approaching strong hurricane to begin decaying approein&s0 km from landfall. Thus
if the hurricane maintains a forward speed of 6.5 Th, she weakening begins about one
day before the time of landfall.

The tendency for pre-landfall weakening is common to hanés in the Gulf of Mex-
ico, but its cause has received less attention than the raleant concern of inland hurri-
cane decay (Kaplan and DeMaria, 1995, 2001). Vickery andnéked(2008) suggest that
tropical cyclones in the Gulf of Mexico exhibit a weakening2@ hours prior to landfall
that is not exhibited in hurricanes striking other partshaf tJ.S. coast. This weakening
is characterized by an increase in central prespuaad an increase in thigyw, creat-
ing a more uniform distribution of the pressure gradientéoacross the diameter of the
hurricane.

Information on Hurricane Opal of 1995 is shown in Figure obdomparison. Opal
took a track farther to the west as it approached the basehkaverage EAFB track (see
Fiure. 4.5b) although the landfall locations are only 30 kpara Opal’s hourly wind speed
values are interpolated to the 100 km-spaced pre- and aodfdll locations. The wind
speed profiles are similar, although the extreme hurricamadane generally has higher
wind especially at large distances from the coast. Opahsitied rather rapidly reaching
a wind speed of 60 ms (Powell and Houston, 1998) over a warm-core ring in the veater
of the Gulf approximately 450 km from the coast (Hong et @00@). Opal decayed just as
rapidly, making landfall with 42 mst winds. This speed is just below the 90% confidence
interval of the 100-year return level. Opal’s intensityued were used in creating the
100-year return levels.

Likely causes for pre-landfall decay of hurricanes in tegion include movement away
from the warm core ring, entrapment of dry continental aginson et al., 2009), and the
interaction of continental aerosols (Khain et al., 2008)al3 more dramatic decay could
have resulted from enhanced advective mixing of dry contadeair due to an upper-level
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Figure 4.5: Intensities and tracks of the extreme event amdi¢dne Opal. a)
Wind speed (m st) profiles of the extreme event (black) and Hurricane Opal
(gray) along their respective tracks. Landfall values asek®d with an asterisk.
Values are given at 100-km intervals, with distances inrkidvers before (nega-
tive) and after landfall plotted on the horizontal axis. TH¥®-year return levels
are for a 35-km radius around the given point. Return levgalculated using
an application of Elsner et al. (2008). The vertical lines @re 90% confidence
interval. Wind speeds for Opal are the value of the closestlaur observa-
tion. b) Equal interval points along the track of the extreewent (black) and
Hurricane Opal (gray).
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trough over the coast (Shay et al., 2000).

4.4.2 Forward Speed

The amount of hurricane damage at a given location depesd®althe amount of time
the wind blows, which is a function of the hurricane’s fordi@peed and size. A hurricane
moving slower over an area will cause more damage than achngimoving faster, all
else being equal. The forward speed of hurricanes passitmgnvei 100-km radius of the
locations are used to compute an average. If a hurricane bees timan one observation
in the search radius, the maximum observed value is useckindltulation. The search
domain for the location 300 km from landfall and the averagmdlational speed as a
function of distance along the track are shown in Figure Résults show that, on average,
hurricanes approaching EAFB move at speeds of 6-7'mvith a slight acceleration prior
to landfall. After landfall there is a significant increasdarward velocity as the hurricanes
get pushed northward and eastward under the influence ofithéatitude jet streams.

4.4.3 Radius to Maximum Winds

The size of a hurricane is characterized by the radius tomaxi winds Ruyw). For-
mally, Ruw is defined as the distance from the center of the cyclone tiattieest extension
of the maximum wind speeds. A typicBlw is 30-50 km (Hsu and Yan, 1998). Vickery
and Wadhera (2008) note that in the Gulf of Mexico there istatistically significant re-
lationship betweeRyw and latitude oAp, which is the difference in the cyclone’s central
and peripheral pressures. Thus, gy can not be approximated using any of the infor-
mation already obtained. Vickery and Wadhera (2008) notttraits of Gulf of Mexico
landfalling hurricanes. First, the averaBgw is estimated to to be 35 km. Second, there
is a notable change iRy associated with the decay of a Gulf hurricane as it appr@ache
the coast. Finally, Gulf of Mexico landfalling hurricaneg amaller, on average, than their
Atlantic coast counterparts.

To check these relationships in the study aRggy data are obtained from the extended
best-track database (Demuth et al., 2006). The databagait®@mnformation for most
North Atlantic tropical cyclones since 1988. For 1988 an@3d%he data are from the
vortex messages of aircraft reconnaissance missions. ¥f@-present, the data are from
the National Hurricane Center archives, estimated fromaimnal data sources including
ship reports, aircraft reconnaissance data and satetiagery. Information is provided at
six-hour intervals. | focus on major hurricanes estimatékiw a region of the northern
Gulf of Mexico off the coast of EAFB. Within this region theerageRuw is 33 km with
a standard error of 12 km. As Vickery and Wadhera (2008) sstgtfeere is no significant
correlation betweemRyyw and maximum wind speeds, &yw and latitude. Thus, the
Vickery and Wadhera (2008) estimation of 35 km is used as ataatRy through the
length of the track.
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Figure 4.6: Track selection and forward speeds. a) TrackBeoB4 hurricanes
passing within a 100-km great circle distance of the tradk{@®@00 km from the
landfall location. The forward speed of each hurricane gagsed within 100
km of the location is used to compute the average. b) Averaneafrd speeds
(m s71) as a function of distance before and after landfall. Vattimars indicate
the + on standard errors above the mean speed. The number ofdmesicised
in the averaging are shown above the horizontal axis.
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4.4.4 HollandB Pressure Profile Parameter

The decrease of wind speeds away fromRiyg, is described by the HollarBlparame-
ter. Specifically, Hollan® dictates the shape of the surface air pressure field of echnei
The values are non-dimensional and range between 1 and 2l8ing Ryw and central
pressure constant, a decreaseBiindicates a weaker maximum wind speed with more
dispersed pressure gradients across the wind field (HQIE®®D). In other words, after
the hurricane reaches its peak wind speed, wind speedsaiiiadacrease away from the
eyewall in a nonlinear fashion. Thus a lower valueBohll else being the same, indicates
a larger area subjected to the strongest winds, but the niaximind speed is relatively
weaker. Constant pressure aRgly with a higher value oB cause a higher maximum
wind speed but a quicker decrease in velocity beyondrfjg.

Vickery and Wadhera (2008) provide the following empirifaimula for HollandB for
landfalling hurricanes based on observationRgfy and latitude @):

B=1.811—0.0055Ruw — 0.01295p (4.1)

This equation is used at each of the track locations. TheegadiB range from 1.32 at the
first location to 1.20 at the location farthest inland.

The complete set of vitals for each track location is listedable 4.2. The list is or-
dered by location along the track from farthest from coattnest inland. The minimum
central pressure values are obtained from the wind-pregslmtionship of Brown et al.
(2006) for Gulf of Mexico hurricanes. The “Inland” tag is $etl for locations over land.
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Table 4.2: Vitals for an extreme hurricane affecting EAFBeTatitude A) and longitude @) are those of the equal-
interval points along the average track. The wind speed (B refers to the 100-year return level for that point. The
translation speed (Trans) (Mm%, radius of maximum windRuw) (km), pressure (mb), and Holla®profile parameter
are obtained from past hurricanes and formulas based onrknelationships. The inland column is a binary variable
describing whether the point is over water (0) or land (1)eSénvitals are used to produce a wind field in the HAZUS
HM.

Wind Speed  Translation Rwuyw Central Holland

® A (ms?1) Speed(ms!) (km) pressure(mb) B Inland
23.0 —846 49.2 5.8 35 960.7 1.32 0
23.7 —853 54.8 55 35 949.8 1.31 0
24.4 —-859 56.5 5.8 35 946.4 1.30 0
25.2 —865 57.9 6.0 35 943.5 1.29 0
26.0 —86.9 55.6 6.1 35 948.2 1.28 0
26.9 -871 52.5 6.1 35 954.4 1.27 0
27.8 —-872 51.9 6.5 35 955.6 1.26 0
28.6 —87.2 52.8 6.3 35 953.8 1.25 0
295 —-870 52.3 6.6 35 954.8 1.23 0
30.4 —-8638 47.6 6.8 35 963.6 1.22 1
31.3 —866 34.5 7.7 35 985.0 1.21 1
32.2 —-86.3 23.9 12.9 35 998.6 1.20 1




4.5 Estimates of Wind Speeds and Wind Damage Losses
From HAZUS HM

Hurricane wind damage results from winds circulating tlgtothe storm as it moves
inland. HAZUS constructs a two-dimensional wind field asstd with a hurricane based
on a set of vitals. As the vitals change along the track so tteewind field. The vitals can
be provided by a user (deterministic mode), or intrinsic 84S based on a historical
event (historical mode) or a collection of synthetic huarie events (probabilistic mode).
In each mode, HAZUS uses the set of wind fields to generate @ sviiath containing the
fastest winds at any location and a resulting set of damauggkfoas estimates.

HAZUS was developed in the early 1990s and the hurricane ooet was added in
1997. It was released for research purposes in 2005 (Saresid Schauer, 2006) and it
continues with periodic updates. This work uses version MRyenerate a wind swath and
loss estimates from the set of vitals (Table 4.2). The HAZE&dninistic winds generated
with the set of hurricane vitals is compared to the 100-ygadwusts using the HAZUS
probabilistic mode. This is also compared to a historicalatiHurricane Opal.

45.1 Deterministic Mode

In the deterministic mode, a single set of user-defineds/italised to generate a wind
swath across the area of interest. The HAZUS HM is describetkiail in Vickery et al.
(2000a,b), and in the introduction of this dissertation.wihd swaths created from a set a
hurricane vitals (whether deterministic or probabilistice done in the same way. Wind es-
timates are made using two model components; the hurricarea¢h model and the terrain
model. The hurricane hazard model uses the hurricane witaleate wind fields through
the length of the track. The terrain model alters the windifidbased on local terrain.
Greater friction associated with a rougher land surfaceesia weakening of the average
wind speeds. Peak wind gusts on the other hand are lessealfegtsurface roughness
(Zhu, 2008). HAZUS HM incorporates a wind speed-surfacghmess relationship with
the terrain information from land use land cover (LULC) mapie set of wind fields from
these models result in a wind swath of the maximum winds tffg@articular geographic
locations.

The wind swath for the extreme event is shown in Figure 4. &ués on the map are
estimates of the maximum wind gusts by census track. As éageihe most intense winds
are experienced at landfall and for locations east. With@region there is a 24 nT'$
range in the maximum wind gusts, with a maximum gust of apiprately 58 m s.

4.5.2 Historical Scenario

The HAZUS HM contains information for all tropical stormstime Atlantic Basin that
occurred between 1886 and 2001 (Vickery et al., 2006a)wallp for the simulation of
historical events. In historical scenario mode, the HAZUM Hses a past hurricane’s
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Figure 4.7: Maximum wind gusts (nT$) for a) the extreme event and b) Hurricane Opal. The resgebtirricane
tracks are shown as a black line. One maximum wind gust iSgeo\vfor each census tract. The extreme event produces
wind gusts of 34-58 mg. Hurricane Opal produces wind gusts of 31-45Th.s



observations to estimate the associated wind field and lossiats. This allows us to
compare the losses from the extreme event to those of HoeiCgal.

As part of a validation procedure, Vickery et al. (2006b) pame HAZUS-modeled
economic loss to actual losses for several hurricanesydimey) Hurricane Opal. The val-
idation procedure shows that HAZUS loss estimates are maa$p similar to observed
losses, Opal included. The largest difference between ledded observed losses oc-
curred at wind speeds less than 45 nt.s This was likely because at the time of the
validation procedure, the HAZUS HM did not model damage friaften trees. Fallen
trees cause a large portion of damage from weaker tropicibicgs, causing them to be
estimated disproportionately less than their strongentaparts (Vickery et al., 2006b).
Since then, HAZUS has been extended to include tree-falbg@yrincreasing the accuracy
of the losses (FEMA, 2008).

HAZUS utilizes Opal’s six-hourly observations to estimated loads and economic
loss over the same region as the extreme event. THE HAZUS Hivhated wind gusts
for Hurricane Opal are shown in Figure 4.7b. The strongestimam wind gust for Opal
is approximately 45 m—s', while the weakest maximum gust experienced by a census trac
is approximately 31 mst.

4.5.3 Probabilistic Mode

In the probabilistic mode, hundreds of hurricane vital setsgenerated from a 30
year simulation of hurricanes across the North Atlanticdrhagach vital set is used to
create a wind field, and the set of winds is used to estimaterré¢vel wind speeds for
each census tract. The probabilistic results are avaitebtetable of return levels. Here the
HAZUS HM wind swath generated in deterministic mode from 10@-year wind speed
along the average track is compared to the HAZUS HM 100-yead wpeed generated
in probabilistic mode. A comparison of maximum wind gustsigde at the census tract
containing the landfall location (Figure 4.8). The proltigbc return level curve represents
wind gusts of this magnitude or higher somewhere in thisegtract on average once every
return period. The deterministic information is gathemeaf the wind swath resulting from
the hurricane vitals.

The deterministic wind swath shows a 100-year wind gustregé of 58 m s1. The
90% confidence intervals (53—63 M3 on this estimate are obtained by running similar
deterministic hurricanes, with intensity values of the éovand upper 90% confidence lim-
its from Figure 4.5. This is compared to the probabilisti®4@ar gust of 55 ms', which
is within the 90% confidence limits of the estimate. The plolstic 100-year wind gust
is based on a Monte Carlo simulation ofPi@ars of hurricanes across the Atlantic.

45.4 Economic Loss

Given the spatial variation of hurricane winds, the HAZUS Hbkbduces wind-loss
estimates at the census tract level. This integrates thogleihacomponents— a wind load
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Figure 4.8: Wind speed gusts for the Santa Rosa Island cérasiis The curve
shows 100-year return levels of wind gusts from the HAZUS Hidbabilistic
output. The points and error bars are from the HAZUS HM dei@istic output
using extreme hurricane vitals for EAFB.

model, a physical damage model, and an economic loss modadHnrmation on build-
ing types and materials from census data.

The wind load model includes wind pressure modeling, anddlaenne debris mod-
eling. The wind pressure model uses empirical data from wimael tests to estimate
directionally dependent wind-induced pressures (Vickatral., 2006a). Wind pressures
are important due to their strain on buildings, resultingpuilding damage and causing
windborne debris. Windborne debris modeling is a criticahponent of a physical dam-
age model. HAZUS has two windborne debris models: one fadeesal debris, and
another for roof gravel, which acts as a missile during hugida: The wind load model
provides information to estimate wind-induced damage asd (Vickery et al., 2006a).

Using detailed building stock information, the physicahe model estimates the
damage associated with the given wind load. The physicabdammodel predicts the fail-
ure of building components due to progressive failuregrivdl pressures, duration effects,
and changes in wind direction and speed. The model focusesimage to the exterior
of the buildings, including the windows, roof cover, roottllgjoint failures, and wall fail-
ures. Five damage states are used to describe the amoumaddo each of the buildings
(Vickery et al., 2006b).

The economic loss model uses the information from the physiamage model to
estimate hurricane wind-induced losses. The economicoste! takes into account actual
building losses, loss of contents and inventory, and lossudtling use (Vickery et al.,
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2006b). The model does not contain data for military butdstock, but provides damage
estimates for residential and commercial buildings. ThezZHS HM provides a basis for
assessing the military infrastructure damage, and theamjlbuilding stock information
may be added by the appropriate persons to estimate losses.

HAZUS estimates wind damages of $463 million in the studyaredconsisting of
Okaloosa, Walton and Santa Rosa counties) for the detesticigvent. This is accompa-
nied by over $110 million in business interruption lossasluding things such as income,
relocation, and renting a new facility. The total buildirgjated losses are over $573 mil-
lion. The model estimates that 461 households will be degaglalue to the hurricane and
require a temporary shelter. Approximately one fourth bbailding types are expected
to have some type of damage, providing an estimated thrdmmibns of debris. This
amount of debris would require 3359 truckloads for removal.

4.6 Summary

This chapter demonstrates a new method for estimatingskefilocal extreme winds
that combines historical hurricane records with a deteisimwind field model. First, a
hurricane track is created for a landfall location on thansl that represents a worst-case
scenario. The track is based on averaging the paths of ke&tdurricanes in the vicinity
of the landfall location. Second, an extreme-value staismodel is used estimate 100-
year wind speeds at locations along the average track agaadlon historical hurricanes
in the vicinity of the track locations. The locations areagped along the track at 100-km
intervals. Third, the 100-year wind speeds together witbrmation about hurricane size
(Rmw, and the Holland parameter) and forward speeds are used as input to the HAZUS
HM hurricane wind field model to produce a wind swath. Rigy is a constant 35 km
along the track and the weakening of winds beyondR{g, are characterized by the
Holland B parameter.

The procedure produces a 100-year hurricane wind gust dia 8aisa Island of 584
5) m s 1 (90% CI). An estimated 100-year wind gust at the same logdiased on a 0
year simulation of hurricanes is lower at 55 mtsbut within the 90% confidence limits.
Based on structural damage functions and building stock fdaitthe region contained in
HAZUS, the 100-year hurricane wind swath results in $574iomiltotal loss to residential
and commercial buildings, not including military infrastture, with 25% of all buildings
receiving at least some damage.

The 100-year wind gust estimated with the deterministicrapagh, while somewhat
higher, has a 90% confidence interval that includes the Ba®4yind gust estimated from
the HAZUS HM simulation. However, the real strength of thatistical to deterministic
approach is that it requires many fewer parameters thanrttpilistic approach, making
it useful for considering questions associated with clenagriability and climate change.
For instance, the extreme-value model parameters can besssgl on ocean temperature
providing a way to condition the 100-year wind speed (andatgsrpotential) on a future
climate featuring warmer oceans. The methodology can bieeaidp other coastal regions
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for local risk analysis.
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CHAPTER 5

A TRACK-RELATIVE CLIMATOLOGY OF
EGLIN AIR FORCE BASE HURRICANES IN
A VARIABLE CLIMATE

This chapter of the dissertation is a version of a book chiayititne same title, in press with
Hurricanes and Climate Change, Volume 2. The chapter is coauthored with Dr. James EI-
sner. The relevance of this work to the dissertation as aavisothat it shows the ease
at which the storm statistics may be manipulated in ordem@yae the affects of cli-
mate change. The work was supported with a contract from titeéeg§ic Environmental
Research and Development Program (SERDP SI-1700).

5.1 Introduction

The relationship between hurricanes and climate changeebaied a lot of attention.
Current attempts to understand this relationship focusheraffects climate change will
have on the frequency and intensity of future tropical cyekd Some question our ability
to discern changes in hurricane frequency due to climatagshaas the signals may be
masked by large natural variability (Trenberth, 2005). Tritensity of future cyclones is
also in question, but findings suggest a 30-year increasepital cyclone destruction po-
tential (Emanuel, 2005), especially in the strongest bames (Elsner et al., 2008b). This
increase in destructiveness, coupled with an increaseastabpopulations, will result in
greater economic loss due to tropical cyclones (Emanuéb;28allegatte, 2007). Others
suggest there is no basis for making such claims in the presstie of knowledge (Pielke
et al., 2005; Landsea et al., 2006), or infer that hurricaegquency variability is solely
due to cyclical climate shifts (Goldenberg et al. 2001). &dtess, one can not deny the
tremendous coastal devastation in the past decade dueptoalrayclone activity world-
wide, and the weariness associated with a possible increasstruction.

It is important for coastal communities to be prepared fourfel storms. This can be
achieved through sound prediction and mitigation strategin this regard, it is useful to
assess hurricane risk at a local, or decision-making |eleis chapter serves to analyze
the hurricane vulnerability of Eglin Air Force Base (EAFB)cated on the Florida Pan-
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handle, to help personnel understand the potential fordunirastructure damage (Figure
4.1). Utilizing a “point” analysis approach as opposed t® ¢ommon method of using
portions of coastline, provides a resolution suitable foderstanding local-specific hurri-
cane vulnerability (Muller and Stone, 2001) and the creatibthe average track provides
information additional to the standard hurricane climagyl

The method uses past hurricane events to understand thermaotvand characteristics
of the “typical” hurricane affecting EAFB. Through creatiof an average track a spatial
hurricane climatology is created for the area. Additiopaille show how past tropical cy-
clone characteristics can be used to understand the fute#kB hurricanes in a changing
climate. In Section 5.2, l illustrate our technique for doasting a climatological hurricane
track for a specific area based on the movement of past hnesca&n average track is cre-
ated to represent the typical EAFB hurricane. In Section&8rage hurricane character-
istics (i.e. intensity and translation speed) are found@lbe track based on past hurricane
events. Together, the track and wind characteristics sereetrack-relative climatology of
EAFB hurricanes. Further, in Section 4, separate climgiekare constructed for years of
warm and cool sea surface temperature (SST) anomalies.plidugdes a glimpse into a
possible future of EAFB hurricanes associated with a chan§&T. The methodology can
be repeated for any location to help understand the presesit$cale hurricane climate, as
well as the future of these storms in a changing climate.i@e&t5 provides the summary
and conclusions for the information presented in this adrapt

5.2 An Average Hurricane Track

Due to the nature of their driving forces, hurricanes moveomewhat predictable
patterns (Brettschneider, 2008). Thus, hurricanes stiki particular locale are likely to
follow similar pathways. It is thus possible to summarize biehavior of the typical track
of hurricanes for a specific location based off of past traligclone events. The goal is to
provide a technique for analyzing a local-level hurricahenate, and the affect changing
SST may have on the average hurricane. Thus, the first steprisdte an average hurricane
track for the location.

As explained in Chapter 4, the worst-case scenario trackA¢tB is a hurricane mak-
ing landfall on the western edge of the military base, on &&udsa Island, Florida. An
average hurricane track is created for EAFB based on pastanes making landfall near
the selected landfall location. The hurricane data are amlywinterpolated version of the
HURDAT data set (1851-2008). As described in Jagger anceE(2006), spline interpo-
lations are used to create hourly estimations from the sixllg HURDAT observations.
Using hourly-interpolated data reduces the chance of ngssihurricane passing through
a small area relative to the chance when using six-hourlg. detioreover, for an area the
size of EAFB, higher temporal resolution is not needed.

Figure 5.1 shows the 26 tracks that have come within a 100ddius of EAFB over
the period 1851 through 2008. Similar to the previous chaptke tracks have gray-scaled
to reflect their closest great-circle distance to the chdseation of interest; the darker
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Figure 5.1: Tracks of hurricanes affecting Eglin Air ForcasB (EAFB). All 26
tracks came within 100 km of Santa Rosa Island, FL (39.d4nd 86.8W) based
on data from 1851-2008. The gray shading is proportionah¢odistance the
track came to the landfall location. Darkest tracks aredhbat passed nearest
the island.

the track the closer it came to the location. Each of the tapiyclones reached winds
of hurricane force (33 m) or greater within the radius. An average of these tracks is
considered to represent the typical EAFB hurricane traplabke of producing catastrophic
winds across the region. This is similar to Chapter 4, buusige of all hurricanes rather
than only those Category 3 and higher. Thus, this chaptersis on the typical EAFB
hurricane (and as relative to SST) rather than the extrenteBHAIrricane.

The method used here to construct an average hurricaneusaska series of distance
maps (Scheitlin et al., 2010). A distance map is createddon ef the 26 hurricanes shown
in Fig. 5.1. The maps are subsequently stacked and IDW aseta@sed on their distance
from the chosen landfall point (Figure 5.2). The averagektia the line down the center
of the distance contours. This represents the track of @aymAFB hurricane. Here the
track is drawn within a threshold of 2.%ongitude of distance, but it can be drawn longer or
shorter depending on the purpose. The next step is to gatfeemation about the typical
hurricane characteristics along this track.
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Figure 5.2: Average hurricane track for EAFB. The averagekis the solid line
drawn through the minimum distance contours of the avedistance map. The
average-distance map is based on 26 hurricanes affectifdExer the period
1851-2008.
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Figure 5.3: The average EAFB hurricane track depicted agiassef equal-
interval points spaced 100 km apart and centered on thedtrd€ation of
EAFB. The tracks of all hurricanes passing within 100-kmiwadf the point
500 km from landfall are also depicted. Hurricane charasties (intensity, for-
ward speed, etc) are averaged based on the maximum valuaeszbfeom the
hourly data as the hurricane passes through the circle. muoegs is repeated for
each point.

5.3 Hurricane Characteristics Along the Track

An important consideration for a spatial hurricane clinh@gy is the hurricane charac-
teristics along the track, such as intensity and transiapeed. In this section, the average
track is sampled at equal-distant points, and the data osdthracterize each point comes
from past hurricanes that passed nearby the sampled points.

Figure 5.3 shows the average EAFB track represented bysspr@iced in 100-km in-
tervals before and after landfall. Tracks of all hurricapassing within a 100-km radius
of the point 500 km from landfall are also depicted. The radibout this point contains
the most hurricane tracks compared to the other track pointis 39 historical hurricanes
passing within 100 km. Hurricane characteristics (intgn#orward speed, etc.) are aver-
aged based on the maximum value obtained from the hourlyagathe hurricane passes
through the circle. For example, if the hurricane spends @shwithin 100 km of the
point, only the single maximum wind speed value is used iretle¥age. The average of
the maximum value of each hurricane is found.
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This process is repeated along the track, selecting a satotanes coming within 100
km of each of the track points. The average translation spaddntensity are calculated
from the selected hurricanes, again using the maximum zaln$ervation within the radii
for each event. Information regarding the average decayirgedsification behavior is
gathered from the change of average intensity over tratars.

Figure 5.4 shows the profiles of the average hurricane ctaarstics along the length
of the average track. The number of hurricanes used in thexgeas given inside the
horizontal axis. As noted, the frequency peaks at loca®®@sto 600 km from the landfall
point. As expected there are fewer hurricanes closer to dlastcand over land as the
tropical cyclones weaken below hurricane intensity dutivejr decay around landfall.

For the intensity profile, which is based on the maximum wipéesl, the dashed line
marks the Category 3 threshold. The hurricane stays abaveridgor hurricane thresh-
old for some distance prior to landfall. The hurricane reaschs maximum intensity of
approximately 52 mst + 2 m s™1 (s.e.) 400 km before reaching the coast. After that
point, hurricanes approaching EAFB, on average, begin takem until making landfall
with wind speeds of approximately 45 ms a Category 2 hurricane. The downward slope
of the intensity profile provides information about the tadidecay rate of hurricanes ap-
proaching the coast.

Although the intensity profile shown in Fig. 5.4 is based omagrage, a similar inten-
sity profile was exhibited by Hurricane Opal in 1995, whicfeafed EAFB. While much
more intense than the average EAFB hurricane, Opal exmederapid intensification in
the Gulf of Mexico and subsequent decay prior to landfathilsir to the average cyclone.
Approximately 450 km prior to making landfall just west ofrfa Rosa Island, Florida,
a warm-core ring in the Gulf of Mexico helped Opal reach Catggl intensity (Hong et
al. 2000). The late onset of intensification surprised faséers and an unsuspecting coast-
line. However, the average intensity profile shows that Gpalensification profile is the
rule rather than the exception. Although Opal is a more extrease, the average EAFB
hurricane exhibits some degree of intensification until-8@D km from landfall before
decaying during its final advancement towards the shore.

What is known about Hurricane Opal and other Gulf of Mexicaimanes can provide
insight into the average EAFB hurricane intensity profileni&r to Opal, it is likely that
the increased intensification exhibited by the averagadaire approximately 500-400 km
before landfall is due to especially warm SSTs in the Gulf @ddo. Areas of warm SST
are often associated with warm-core rings that separate tih@ Loop Current and travel
across the Gulf of Mexico (Vukovich and Crissman, 1986). Thep Current is a stream
of warm upper-ocean water in the Gulf of Mexico that flows hesrd between Cuba and
the Yucatan peninsula into the Gulf of Mexico then exits #a®ugh the Florida Straits.

Once a tropical cyclone reaches tropical storm strengththtermodynamic structure
of the upper ocean plays an important role on storm interigityanuel, 1999). For Opal
and the average EAFB hurricane, the extra heat content efah@-core ring increases the
thermodynamic instability that fuels the hurricane asavéls northward toward the Gulf
coast.

While the intensification of the average EAFB hurricane silganterpreted, the decay
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Figure 5.4: Hurricane characteristics along the averaagkir Average a) wind
speeds and b) translation speeds at 100-km intervals diertgetick. Distances in
kilometers before (negative) and after landfall are ptbtia the horizontal axis.
Standard errors (s.e.) about the mean are drawn as veitiealdnd the number
of hurricanes used in the averaging are shown above theombaizaxis.
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of the hurricane as it approaches inland has a more compj#aretion. That being said,
it is no surprise that the hurricane decays in such a mannariddne Opal experienced
similar pre-landfall decay, and Vickery and Wadhera (208&g that this 12—24 hour pre-
landfall decay is common in, and exclusive to, hurricanekingalandfall along the Gulf

Coast. Levinson et al. (2009) add that this pre-landfallkee&ng is more prominent in
stronger Gulf of Mexico hurricanes.

There are at least three factors associated with the pdéaihrecay of the EAFB
hurricane. One obvious factor is the movement of the hurgcavay from the warmest
waters associated with the warm-core rings of the Loop @uri®econd, the entrainment
of dry continental air works to “fill in” a hurricane as a pantiof it begins to reach the coast
(Levinson et al., 2009). This will affect larger storms fiias$ they will interact with the drier
air earlier than smaller storms as they approach landfathirl, lesser-known factor in the
pre-landfall decay is the effect of continental aerosolsrribe coast. Khain et al. (2008)
found that aerosols decrease the convective intensityeigehter of a simulated hurricane
leading to weakening. These three factors help explainitidgmdfall weakening.

In addition to intensity, the average EAFB hurricane tratish speed is also gathered
from the historical data set. Figure 5.4b displays the tedgizsal speed profile along the
average track. On average, hurricanes are acceleratingaapproach EAFB. And the
acceleration rate increases, especially after landfait. aHarge portion of the track, the
average forward speed is in the range of 6-7h &xtrapolation from a constant transla-
tion speed of 6.5 ms from the location of maximum intensity, the hurricane wordelch
EAFB in about 17 hours. This extrapolation would error on Wreng side for coastal
communities and EAFB employees as the tendency is for anesatien of the hurricane
resulting in an arrival earlier than anticipated.

5.4 Warm versus Cool SST Years

A major concern about hurricane risk is the possibility ttne risk will change in a
warming world. Once again, it is useful to take a local-s@dproach to this research in
order to provide information at the decision-making levihis also allows us to account
for different affects of climate change based on locatiapievious studies have shown
that intense hurricanes in different ocean basins aretatfesomewhat differently by a
warming environment (Elsner et al. 2008). The next anaiggs how SST variability has
affected past EAFB hurricane characteristics. This mayigeinformation regarding the
affects of future SST changes on local hurricane activity.

SST data are obtained from the Caribbean SST Index proviglBilAA Earth System
Research Laboratory. The data set contains monthly SST aesnfor the Caribbean
Sea from 1951-2006. For this analysis, an August-Septe@biber anomaly average is
calculated each year. The yearly averages are dividedimttst(terciles), with the top third
representing warm years, and the bottom third representingyears. The lower tercile
is a -0.060C temperature anomaly with a minimum value being a -0’87dnomaly. The
upper tercile is a 0.19€ temperature anomaly with a maximum value being a @72
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anomaly. Intensity and translation speed profiles are edefatr cool and warm years by
finding the average maximum values for each cyclone passihgwt00 km of each track
point during the appropriate years. The track stops 100 kaméhdue to decreasing sample
size.

Figure 5.5 displays the EAFB intensity profile for the a) cand b) warm years, along
with the standard error of the mean. It is important to notd the time frame for these
graphs is 1951-2006, differing from that of Figure 5.4, vihis based on data over the
period 1851-2008. The number of events used to calculate#ams are given above the
horizontal axis. Larger samples during the cooler yeargtieat since 1951, more tropical
cyclones have passed nearby the average track in coolertpearwarmer years. However,
the warmer years exhibit greater wind speeds at each locafibe highest average wind
speed for warm years is 50 ms(threshold for a Category 3 hurricane), occurring 800
km before landfall. The large standard error associateld thg warm years suggests the
possibility of much greater intensities. The warm yeare &shibit the largest range of
wind speeds along the track. During cooler years the avenage speed peaks at 42
m s~ (a Category 2 hurricane), 600 km prior to landfall. On averdge hurricane makes
landfall at Category 1 intensity for warm and cool years.

Figure 5.6 shows the average translation speed for the danddo) warm years. There
is little difference in forward speed of the average huneapproaching EAFB between
warm and cool years. The exception is near the coast. Onges/éina warm years feature
slower moving hurricanes as they approach and cross the. cBas warmer years, the
slightly more intense hurricane will move more slowly oviee tandfall area. While it is
difficult to draw conclusions from such a small sample sihesé data suggest that more
destruction may be expected from hurricanes occurring inmagears, or in a warming
environment.

5.5 Summary

This chapter provides a methodology for developing a Iscale hurricane climatol-
ogy and assessing the impact of SST on hurricane chardictgris)sing Eglin Air Force
Base (EAFB) as an example, an average hurricane track iedreand the average char-
acteristics along the track are attained based off of pasicane events. The process is
repeated for warm and cool SST years. The results produeelartelative climatology of
the average EAFB hurricane, as well as the average warm-catgyear EAFB hurricanes.

First, an average EAFB hurricane track is created based pHst hurricanes. A land-
fall point just west of EAFB on Santa Rosa Island, Floridah®sen because it places
EAFB in the front right quadrant of the cyclone. Historicairiicanes (1851-2008) com-
ing within 150 km of this point are selected, resulting in 26ricanes. A distance map
is created for each hurricane, the values of which displaydiktance from the hurricane
track to any point on the map. The distance maps are averajyegl an inverse-distance
weighted approach favoring the hurricanes that passecestetdne landfall point. A line
down the center of the averaged distance map is the clingatallbEAFB hurricane track.
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Figure 5.5: Average hurricane intensities along the aweteark for hurricanes

during a) cool and b) warm SST years. Distances in kilomdtefsre (negative)

and after landfall are plotted on the horizontal axis. Séadckrrors (s.e.) about
the mean intensities are drawn as vertical lines and the audailhurricanes used
in the averaging are shown above the horizontal axis.
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Figure 5.6: Average hurricane forward speed along the geetiack for hur-

ricanes during a) cool and b) warm SST years. Distances amigters before
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(s.e.) about the mean translation speed are drawn as Vértesaand the number
of hurricanes used in the averaging are shown above theombaizaxis.
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Next, hurricane characteristics are assigned to the agdragk. This is done by rep-
resenting the track with a series of equal interval poingaced in 100 km intervals before
and after landfall. Past hurricanes coming within 100 kmhefse points are selected, and
their maximum hourly-observation within the radii are aged to represent the mean char-
acteristics for that location. The average intensity anddlation speed are shown in the
form of track profiles, creating a track-relative climatgjyo The average EAFB hurricane
reaches its maximum intensity of 52 mis+ 2 m s71 (s.e.) 400 km prior to landfall. The
cyclone continues to travel towards the coast at approin&t5 m s, before making
landfall with winds of 45 m s

The characteristics along the track are determined, this tising only those hurricanes
occurring in warm or cool SST epochs. The lack of Caribbeam &&a prior to 1951
makes it difficult to discern the impact of SSTs on EAFB hwanies. However, since 1951,
warm-year hurricanes have exhibited slightly higher wipdexds and moved a slower pace
than their cold-year counterparts. In addition to incrdasand speed, higher storm surge
should also occur with warmer SSTs for two reasons. Firsatgr wind speeds result in
a higher surge. Second, storm surge is best correlated vinith speeds farther from the
coast, rather than wind speeds at landfall (Jordan and Qia@908). Thus, the relatively
larger difference between the pre-landfall wind speedsarmwersus cool years will likely
resultin large differences of surge damage. Since an isen@ssurge and wind speeds will
cause more destruction, the economic impacts of warmer Si&ldd be further analyzed.

While EAFB is likely to accrue greater hurricane damageshpgricane in a warmer
climate, it may be especially worthwhile to look at strortgg®rms. Since the most in-
tense hurricanes are the most destructive, and are alreddyiteng strengthening in the
North Atlantic (Elsner et al., 2008b), it would be useful twadyze the affect of changing
SSTs on major hurricanes. This chapter provides a methggdbo obtaining a local-scale
hurricane climate and the basis for understanding thetaftd(SSTs on the hurricane char-
acteristics. The technique can be made more useful withiaddi variables such as storm
surge and economic loss, and by employing return levelolodbthe most extreme events
relative to warmer and cooler SST years.
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CHAPTER 6

CONCLUSION

A hurricane spins poleward like a top, steered by high anddoegsure patterns and the
coriolis force. Sometimes the hurricane is pushed towaadd,land suddenly nature’s
mechanism for distributing global heat has catastroptiectf. Understanding the track-
ing of hurricanes is integral for coastline preparation amtigation. This dissertation
investigates a technique for visualizing hurricane trattieg helps decipher their overall
patterns. This involves constructing an average track fi@alected set of hurricanes.

The technique involves using distance maps to averageipetylPresented in Chapter
2, this method provides a way to summarize large sets ofaatiyline data. Each poly-
line has its own distance map, which shows the distance frenpolyline to any point on
the map. The distance maps are subsequently stacked andltles averaged. The aver-
age distance map can be visualized as contours of averagaaisn units ok (longitude
for most spatial data). A line digitized down the center ad tontours through a chosen
range of values is the average polyline. The average pogéinde thought of as the line of
smallest average distance to the original polyline set. @waimples are shown where this
technique may be used in hurricane research which utilizensrse-distance weighted
average that weights some of the hurricane tracks morelie@tiese ideas are applied in
more detail in Chapters 3-5.

In Chapter 3 the distance-map averaging technique is usegctmstruct historical
hurricane tracks. Historical hurricanes are those priat861 that have been uncovered
through written documents, such as ship logs and newspapersexample, Chenoweth
(2006) is a comprehensive list of hurricanes from 1700-18%% have been uncovered
using historical documents. Each of the hurricanes isdiatea series of 1-4 locations of
observation. These locations are largely qualitativehsditst step is digitizing the loca-
tions by approximating their latitude and longitude conedes. Now the location data can
be plotted, but there are large gaps between most hurridaser\@tions. Since hurricanes
move in predictable patterns, the average track of siméleemt hurricanes provides clues
about where the historical event was likely to travel. Rétemricanes passing nearest the
known historical hurricane landfall points are averagemhstructing a possible track for
the series of points.

Chapter 4 is an example of using the distance map technigue ficore operational
problem- local hurricane risk analysis. A spatial climatp/ is created for Eglin Air Force
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Base (EAFB), which is located on the Florida Panhandle, @eoto obtain information
about major hurricane tracks affecting the base. This igeseld by using distance maps
of past major (Category 3 or higher) EAFB hurricanes to finchegrage major hurricane
track. Next, characteristics (intensity, size, etc.) oD8-Year EAFB hurricane are added
to the track, creating a track-relative climatology. Thisnatology is entered into a de-
terministic model to obtain wind fields and damage estimasgs®ciated with a 100-year
event. The process of using local hurricane statistics iatarchinistic model is a simple,
dynamic way to address local hurricane risk.

Chapter 5 also looks at EAFB hurricane risk, but this timewa@able climate. A track
is made for the “typical” EAFB hurricane, meaning all huame strengths are included in
the averaging. Then, using information from past hurrisaoharacteristics are applied to
the track for both warm and cool SST anomaly years. Combithiagnethods of Chapters
4 and 5 can begin to provide information about how econonss lmay change relative
to climate. This is discussed in section 6.2. The remaindlé¢nise chapter summarizes
the outcomes of this dissertation and additional appbcatiof distance-map averaging in
hurricane climate research.

6.1 Summary of Outcomes

The outcomes of this research include a set of tools, dath,aaalysis. Also, the
research is clearly a basis for future spatial hurricamaatiology research.

6.1.1 Tools

Three specific tools (or techniques) were created in thisares. In Chapter 2 | in-
troduce a tool for averaging polylines that may adapted &rous spatial datasets. The
technique was developed using R, but is described in geteenits so that any GIS software
with distance map functionality may be employed. This disdi®n applies the technique
to hurricanes, but it is useful for any relevant spatial pfiob/data set. In Chapter 3 | de-
scribe a tool for constructing historical hurricane trackiis is also done using R, and the
R code for selecting modern tracks is available on the HamecClimate Lab’s website at
myweb.fsu.edu/jelsner/Data.html. The remainder of the technique uses the methods
described in Chapter 2 for averaging distance maps. Finall@hapter 4 | create a track-
relative climatology- a tool for local-scale hurricanekrenalysis. This involves creating
an average track for a location using the distance map tqeohniand adding hurricane
characteristics that enable simulation of the hurricartee 3pecific example is for EAFB,
but may be easily adjusted to analyze any hurricane-praree ar

6.1.2 Data

In Chapter 3, the Chenoweth Archive is digitized, meanirgghalitative locations are
given approximate latitude and longitude coordinates. digéization method is based
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on the type of location given. For example, for an island teeti@l point of the island
is found. The entire archive is digitized, providing approate coordinates for all of the
listed locations. These data are available onlingyatb.fsu.edu/jelsner/extspace/
ChenowethArchive.csv, and in the appendix (Table A.1). Also, there is the potétdia
provide a set of historical hurricane tracks based off of@Gmienoweth Archive and the
methods in this paper. Prior to creating a database of ttheksnethods may be further
analyzed, as discussed in Section 6.2.1.

6.1.3 Analysis

In addition to providing a tool set for spatial hurricanedis, this dissertation provides
an analysis of the techniques that were created for thiedasn. Chapter 3 analyzes the
abilities of using known past hurricane tracks to recomsthistorical events. The tech-
nique is tested by attempting to construct known tracksgusimy a few of their locations.
Specifically, this is done for Hurricanes Charley and Denttisvas shown that the meth-
ods are capable of constructing a fairly accurate track thighuse of only a few locations.
The technique is more reliable with a large number of locetithat are more dispersed
over space. Filtering the track analogs by time of year msgy kaélp the track-construction
reliability.

The application of the techniques also provides an anabfstee risk of hurricane
winds specific to EAFB, and how EAFB hurricanes are affectgclbmate variability.
Chapter 4 concludes with information about hurricane wis# to the area, and associ-
ated economic loss estimates. It was shown that EAFB cancespstained winds of
approximately 58 ms! every 100 years. A hurricane of this force will cause over@50
million worth of wind damage alone. This information is theginning of an assessment
of EAFB hurricanes in a changing climate and assists thaanylin proper mitigation and
preparation.

6.2 Future Research

This work describes two applications of spatial hurricalmatologies, but opens the
door for additional research that may utilize the presetgelniques. Here | discuss two
specific continuations of this research.

6.2.1 Comparing Constructed Hurricane Tracks

In Chapter 3 | present a methodology for constructing hisébhurricane tracks. The
methodology is especially useful for constructing tracksew provided only a few lo-
cations, such as in Chenoweth (2006). While the archived ded¢ useful for hurricane
researchers, Michael Chenoweth, the author of the chrggplas more data (from both
sources and his own intuition) in the form of hand drawn magsese maps are not dig-
ital, therefore not available to the public, and are partgda on his best estimate of the
cyclone’s behavior.
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Figure 6.1: Two reconstructions of Storm No. 314. The shaated is our
climatological pathway, and the line is a digitized versidthe hand-drawn track
of Michael Chenoweth. Comparisons like this may help refireetechnique for
reconstructing historical hurricanes.

One way to testing the methodology presented in this dessent is to compare the
constructed tracks to the hand-drawn tracks of Michael Giweth. While we will never
know the exact track of the hurricane, we will see if this noeblogy produces a similar
track to one that is produced using all uncovered knowledigiesocyclone. This will give
a general idea of the validity of the track construction mdtilogy presented in this work.

To compare the constructed tracks to those of Michael Chetigva small sample of
hand-drawn tracks have been obtained from Chenoweth. é&gardepicts two renditions
of Storm 314. The line shows the hurricane as constructed ich&él Chenoweth using
historical information, while the gray pathway is constagtusing the technique described
above. The approximation of the pathway’s ability to represChenoweths hurricane
account can be obtained from the contour values of the agat@sgance map. If it shows
that it is worthwhile to use the distance map method to cansthe tracks, an entire set
of historical hurricane tracks may be constructed and abkalfor use in modern hurricane
climate research.

One weakness with the methodology presented here may badkefimodern tracks.
Some hurricanes are limited to only a few realistic analagauke in track construction.
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Additionally, Chapter 3 shows that filtering the analogsimetof year may provide a more
realistic track, but in most cases this is too limiting on dla¢a set. A way to overcome this
would be using synthetic tracks, such as those of Kerry Emlarithis way, an unlimited
number of track analogs can be created based on the physgsabpities, rather than only
those that have occurred. This will allow for increased ecneg of the analogs as well-
based on time of year, intensity, or other information thitlttvelp provide the most realistic
hurricane analogs for the archived event. Using thesedaureis in place of the best track
data provides a third comparison that will help develop thetlpossible technique for
historical hurricane reconstruction.

6.2.2 Spatial Patterns of Major Hurricanes

Chapters 2 and 4 use the average major hurricane tracks feesta@n and the Florida
Panhandle, respectively. During both of these construstith was noticed that the major
hurricane tracks have more in common (average distancdssaethan the track sets in-
clusive of weaker events. For example, Figure 6.2 showsethdéairricanes (wind speeds
>33 m s 1) passing nearest Galveston, and their average distanceFmeper, Figure 6.3
shows the same for the ten nearest tropical storms (windispeE8 m s'1). When com-
paring the map of major hurricanes to one inclusive of alricanes and tropical storms,
it is evident that the weaker storm tracks are more randothtranel an increased number
of directions. This causes the contours to be more circaltwer than suggestive of a rea-
sonable track. Polyline similarity testing, as mentione€hapter 2, would provide more
information regarding their spatial similarities.

Much of this dissertation focuses on the spatial patterdsiaicanes, and, in this sec-
tion in particular, the clustering of the strongest trackkere may also be some temporal
clustering of the strongest hurricanes. For example, idatee19th century Georgia was
hit by a handful of major hurricanes. However, approximafielO years have passed and
Georgiais yet to be hit by another hurricane of such intgn$his could perhaps be related
to the climate scenarios that encourage a major Georgiechng. This section shows that
in order for a hurricane to reach major intensities it mayurexgymore specific standards-
including a specific track on top of favorable climate coiis along that track. Thus,
since the 19th century, the specific standards may have eotrhet. This is another exam-
ple of how the tracking of hurricanes is seen as a return tateedocal level- not only for
frequency, but also on intensity. It is also another illastm of the space-time hurricane
problem.

The methods presented in this dissertation provide a wayrtbdr analyze the spatial
and temporal clustering of major hurricane tracks. For edancreating average major
hurricane tracks for locations relative to climate corgralich as El Nifio Southern Oscil-
lation and sea surface temperatures may provide more iattwmregarding their spatial
patterns. Itis shown that the spatial patterns of hurrisas@nportant for adequate coast-
line preparation, and this dissertation provides the taal$ analysis to provide a deeper
understanding of these patterns.

86



50°N

40°N

30°N 30°N

20°N 20°N

10°N 10°N
40°N 40°N
30°N 30°N
20°N 20°N

Figure 6.2: Creating an average Galveston hurricane tagckhe 10 hurricanes
(wind speeds>33 m s™1) passing nearest Galveston between 1851 and 2008. b)
The average distance map of the 10 tracks. These tracks hglysless in
common than the 10 major hurricane (wind speed® m s1) tracks used in
Figure 2.2 as indicated by their average distance map in& 3.
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Figure 6.3: Creating an average Galveston tropical staaokira) The 10 tropical
storms and hurricanes (wind speed$8 m s 1) passing nearest Galveston be-
tween 1851 and 2008. b) The average distance map of the k8 trHgese tracks
have slightly less in common than the 10 hurricane trackd us€&igure 6.2 as
indicated by their average distance map.
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6.2.3 Return Levels of Economic Loss

In Chapter 4, economic loss is estimated for a 100-year EAlBidane. The losses
are obtained from HAZUS, which bases the estimations on darfram hurricane winds.
Repeating this process for hurricanes of various returesrétO-year, 20-year, etc) pro-
vides a set of return levels for economic loss of hurricanedwsi Further, by modeling
the hurricanes in a storm surge model such as SLOSH, stomge $figights and perhaps
total economic loss estimates can be obtained. This infikomas useful for insurance
companies, emergency managers, and other stakehold®riglipg them with information
about the return rates of hurricanes of various intensarestheir likely effects based on
the current climate.

That being said, the climate is changing and hurricanestaeging with it. Emanuel
(2005) shows that there is an increasing trend in hurricasé&dction that may be partially
due to a warming climate. | have mentioned several timeghieatombination of methods
used here- statistics to deterministic modeling- is uskédause it can easily be altered
to represent a changing climate, compared to the widelg-td@vnscaling approach” to
climate research. Chapter 5 shows how a track-relativeattilogy may be created for
warm and cool SST anomalies. In this case, a track climayostguld be made that
merges the methods from Chapters 4 and 5 by finding the re¢wsisl associated with
the warmer and cooler years. Then, a “100-cooler-year”itame can be compared to its
warmer year counter part. Ultimately, this can result inrecoic loss information from
a set of hurricanes in warmer and cooler years, which canigeav glimpse into what
may happen with a change in climate. Indeed, the impactsrofit change are more far-
reaching than SST variability, but this is still a valuablayo examine possible climate
impacts on hurricane damage.

6.3 Concluding Remarks

Understanding the tracking of a hurricane is an important @aassessing local hur-
ricane risk. This dissertation provides the basis for ariaty hurricane tracks and other
spatial polyline data. The previous chapters display tloadbwutility of this technique in
hurricane climate research- from constructing histoteaticane tracks to estimating eco-
nomic loss from a hypothetical 100-year event.

This work challenges hurricane climatologists to take p bk and think of the hur-
ricane as an event across space rather than a local evemtoiniticharacteristics. In doing
S0, a spatial hurricane climatology is created. The spatrahtology is useful in local hur-
ricane risk assessment as well as basin-wide trackingrpattAssessing a range of scales
using the same technique may provide information aboutuhgdane-climate relationship
that is not evident with a more narrow research scope.

In addition to hurricane tracks, the distance-map avegatgohnique is applicable for
the geovisualization and exploration of any spatial pakyldata set. Perhaps, similarly to
my experience with hurricane climate, upon adopting thebinéque researchers will find
the potential for numerous applications of the methodologynvestigation in their field.
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Itis my hopes that this work will encourage exploration af fipatial patterns of geographic
phenomena, and further, more techniques for the analysisatial polyline data.
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APPENDIX A

DIGITIZED CHENOWETH ARCHIVE
LOCALITIES

91



c6

Table A.1: Digitized Version of the Chenoweth Archive. Theay, month (M1 and M2)
and days (D1 and D2) of the first and last event from the hurécae given. The Storm
Number (SN) and maximum intensity (hurricane (HU) or trapistorm (TS)) are as listed
in the Chenoweth Archive. The track is the description disite the archive. The point
(Pt) refers to the event number of the given event (1-4) aadoitation is the description
Chenoweth assigned to that point. Last are the method usdigitize the point (M), and
the resulting latitude and longitude locations.

1700 9 13 9 14

[

HU  South Carolina and Virginia 1 South Carolina 3 32.87 -79.63

1700 9 20 9 20 2 HU  Barbados 1 Barbados 4 13.18 -59.56

1702 9 24

©

26

w

HU  Barbados to 1711N 6949W 2 1711N 6949W 1 17.18 -69.82

1703 10 18 10 19 4 HU  Virginia to New England 2 New England 9 4280 -70.66

1705 8 16 8 18

[¢)]

HU  Havana, southeast coast of Florida 2 Southeast Coast of Florida 8 26.71 -80.06

1706 10 5 10 15

]

TS  Barbados to New England 2 New England 9 4280 -70.66

1707 9 9

©

11

~

HU  Nevis, Antigua, Montserrat, St. Thomas 2 St. Thomas 4 18.33 -64.92

1712 9

(o]
©
=
o
©

HU  Barbados-Jamaica-Cuba 1 Barbados 4 13.18 -59.56

1712 9 6

©
=
o
©

HU  Barbados-Jamaica-Cuba 3 Cuba 4 21.61 -79.03

1713 9 4

©
o
=
=

HU  Lesser Antilles, Puerto Rico 1 Lesser Antilles 9 13.90 -60.97

1713 9 10

©
=
~
=
N

HU  North of Antigua to South Carolina 1 North of Antigua 6 18.28 -61.79

1713 10 7 10 15 13 HU  Antigua to Nova Scotia 1  Antigua 4 1728 -61.79

1713 10 24 10 26 14 HU  Jamaica (to Bermuda?) 1 Jamaica 4 1815 -77.31

1714 8 13 8 14 15 HU  Guadeloupe 1  Guadeloupe 9 16.24 -61.53

1714 9 5 9 9 16 TS

N

Barbados to Jamaica Jamaica 4 18.15 -77.31

1715 7 21

~
W
-

17 HU  Barbados to Florida 2 Florida 9 28.66 -82.50

1715 10 14 10 20 19 HU  West of Jamaica to Mobile, Alabama 1 West of Jamaica 6 18.27 -79.37

1716 8 20 8

N
o
N
o

HU  Bermuda 1 Bermuda 4 32.31 -64.75
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1716 10 13 10 22 21 HU  Jamaica to Alabama to off New England 2 Alabama 3 30.27 -87.89

1718 9 6

©

7 22 HU  Antigua, Puerto Rico 1  Antigua 4 17.28 -61.79

1718 9 19

©
N
[y

23 HU  Martinique 1 Martinique 4 14.65 -61.01

1720 24 HU  North of Puerto Rico to Florida Straits 2 Florida Straits 9 23.93 -80.93

(o]
©
=
N

25 HU  Jamaica to Louisiana 2 Louisiana 3 29.33 -91.38

S
[oe]
©

27 HU  North of Antigua to New York City 1 North of Antigua 6 18.28 -61.79

[ee]
w
o
N
[e¢]

HU  Lesser Antilles to South Carolina to Pennsylvania 1  Lesser Antilles 9 13.90 -60.97

[ee]
w
o
N
[e¢]

HU  Lesser Antilles to South Carolina to Pennsylvania 3 Pennsylvania 3 39.72 -76.38

©
=
[¢e]
w
o

HU  North of Antigua to Bermuda 1 North of Antigua 6 18.28 -61.79

HU  Bermuda 1 Bermuda 4 32.31 -64.75

HU  3837N 6715W, Eastern New England 1  3837N6715W 1 38.62 -67.25

HU  Charleston, South Carolina 1 Charleston, SC 2 32.77 -79.92

HU  Antigua to St. Thomas to Hispanolia 2 St. Thomas 4 18.33 -64.92

HU  North of Leewards to Bermuda to 42N 53W 1 North of Leewards 6 18.71 -61.85

1728 8 31 9 8 36 HU  North of Leewards to Bermuda to 42N 53W 3 42N 53W 1 42.00 -53.00

1728 9 21 9 30 37 HU  Antigua to 33N 71W 2 33N71W 1 33.00 -71.00

1729 8 14 8 19 38 HU  Northern Leeward Islands to South Carolina 2 South Carolina 3 32.87 -79.63

1730 8 26 9 7 39 HU  Barbados to South Carolina 2 South Carolina 3 32.87 -79.63

1730 10 15 10 20 40 HU  Jamaica, Cuba 2 Cuba 4 2161 -79.03

1731 8 24 9 5 41 HU  Barbados to Windward Passage to off SCto 4IN51W 2  Windward Passage 9 20.00 -75.83

1731 8 24 9 5 41 HU  Barbados to Windward Passage to off SCto 41N 51W 4 41N 51W 1 41.00 -51.00

1733 7 10 7 16 42 HU  Central Lesser Antilles to Florida Straits 2 Florida Straits 9 23.93 -80.93
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1733 9 9 43 HU  Florida Keys to Alabama 2 Alabama 3 30.27 -87.89

1734 9 9 9 12 44 HU  Barbados to Jamaica 2 Jamaica 4 18.15 -77.31

45 HU  West of Grand Cayman to Pensacola, Florida 2 Pensacola, FL 2 30.42 -87.22

46 HU  Antigua to Hispanolia 2 Hispaniola 4 19.00 -70.67

a7 HU  Antigua to Puerto Rico 2 Puerto Rico 4 18.23 -66.48

48 HU  Antigua to Nassau to Dry Tortugas to Louisiana 2 Nassau 2 2508 -77.35

48 HU  Antigua to Nassau to Dry Tortugas to Louisiana 4 Louisiana 3 29.33 -91.38

TS  Virgin Islands to Puerto Rico to Hispanolia 1  Virgin Islands 9 18.34 -64.75

TS  Virgin Islands to Puerto Rico to Hispanolia 3 Hispaniola 4 19.00 -70.67

HU  Jamaica Fleet and South Carolina coast 2 South Carolina coast 7 32.87 -79.63

1743 10 28 11 4 52 TS  Jamaica to off coast of U.S. 2 off coast of U.S. 6 29.38 -76.45

HU  Jamaica, Cuba 1 Jamaica 4 21.61 -79.03

HU  Barbados to Florida Keys to central U.S. Gulf Coast 1  Barbados 4 13.18 -59.56

HU  Barbados to Florida Keys to central U.S. Gulf Coast 3  central U.S. Gulf Coast 8 29.79 -89.04

56 HU  3847N 5423W to 4014N 5254W 2 4014N 5254w 1 40.23 -52.90

1747 9 29 10 6 57 HU  Lesser Antilles to 4306N 5530W 2 4306N 5530w 1 43.10 -55.50

1747 10 13 10 18 58 HU  Jamaica to Nassau to Bermuda 2 Nassau 2 25.08 -77.35

1747 11 3 11 6 59 HU St Kitts 1 St Kitts 4 17.30 -62.73

60 HU  Dominica to Rattan (Bay of Honduras) 2 Rattan 4 16.30 -86.50

61 HU  Jamaica to Delaware 2 Delaware 3 38.70 -74.99

62 HU  28-29N off Florida to Virginia Capes 2 Virginia Capes 9 3729 -75.58

64 HU  Antigua to Jamaica to Florida 1  Antigua 4 17.28 -61.79

64 HU  Antigua to Jamaica to Florida 3 Florida 9 28.66 -82.50
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1752 9 8 9 16 66 HU  St. Kitts to South Carolina 1 St Kitts 4 1730 -62.73

1752 9 26 10 2 67 HU  Havana to Nova Scotia 1 Havana 2 23.12 -82.35

1752 10 28 11 3 68 HU  Havana to Pensacola 1 Havana 2 23.12 -82.35

25 69 TS  Cumberland Is., Georgia 1  Cumberland Is., GA 4 30.85 -81.43

26 70 HU  Lesser Antilles to off North Carolina 2 off North Carolina 6 35.75 -74.55

17 71 HU  Leewards Islands to Jamaica 1 Leeward Islands 9 17.30 -62.73

1756 10 1 10 3 72 HU  Cayman Islands, Cuba 1  Cayman Islands 9 19.30 -81.38

1757 9 1 9 3 73 HU  Eastern New England, Nova Scotia 1  Nova Scotia 4 4485 -63.20

1758 8 22 8 24 74 HU  Lesser Antilles 1 Lesser Antilles 9 13.90 -60.97

1758 10 17 10 24 75 HU  West of Jamaica to Florida to New Jersey coast 2 Florida 9 28.66 -82.50

1759 9 12 9 15 76 HU  Near Jamaica to Southwest Florida 1 Near Jamaica 6 16.74 -77.27

6 77 TS  Charleston, South Carolina 1 Charleston, SC 2 32.77 -79.92

8 79 HU  Vera Cruz, Mexico 1 Vera Cruz, Mexico 2 18.70 -89.07

6 80 HU  Jamaica to South Carolina to 36N 72W 2 South Carolina 3 32.87 -79.63

1761 9 22 9 23 81 TS  West of Jamaica 1 West of Jamaica 6 18.27 -79.37

1761 10 19 10 25 82 HU  Northwest of Jamaica to Hispanolia to Quebec 2 Hispaniola 4 19.00 -70.67

1761 11 9 11 10 83 HU  Cartagena, Colombia 1  Cartagena, Colombia 2 10.38 -75.50

1763 6 16 6 16 85 TS  West of Jamaica 1 West of Jamaica 6 18.27 -79.37

3 87 HU  Near western Jamaica 1 Near western Jamaica 6 18.27 -79.37

20 88 HU  Apalachee Bay, Florida and western Carolinas 2 western Carolinas 8 3523 -80.84

16 90 HU  Lesser Antilles-Hispanolia-off New England coast 1  Lesser Antilles 9 13.90 -60.97

16 90 HU  Lesser Antilles-Hispanolia-off New England coast 3 off New England coast 6 4111 -69.43
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1765 11 13 11 14 92 TS  Caribbean to St. Domingo 1  Caribbean 5 15.16 -75.88

1766 8 13 8 16 93 HU  Martinique to south of Jamaica 1 Martinique 4 14.65 -61.01

1766 9

=
©

4 94 HU  Gulf of Mexico to Texas 1 Gulf of Mexico 5 24.82 -90.14

1766 9 8

©

13 95 TS  Atlantic to Off Virginia to west of New York City 1  Atlantic 9 3136 -35.09

1766 9 8

©

13 95 TS  Atlantic to Off Virginia to west of New York City 3  westof NYC 6 40.70 -75.00

1766 9 17

©

24 96 HU  Lesser Antilles to 2345N 6403W to 33N 57W to Azore 2 2345N 6403W 1 2375 -64.05

1766 9 17

©

24 96 HU  Lesser Antilles to 2345N 6403W to 33N 57W to Azore 4 Azores 9 38.65 -27.22

1766 10 5 10 13 97 HU  Lesser Antilles to Puerto Rico to off South Carolina 2 Puerto Rico 4 18.23 -66.48

1766 10 15 10 24 98 HU  South of Haiti and Jamaica to Pensacola, Florida 1 South of Haiti 6 16.52 -74.04

1766 10 29 11 1 99 HU  Havana to east of Florida 1 Havana 2 23.12 -82.35

1767 8 6 8 10 100 HU Lesser Antilles to 3148N between SC and Bermuda 1 Lesser Antilles 9 13.90 -60.97

1767 9 21

©

24 101 TS  Off North Carolina to southeast Massachusetts 1 Off North Carolina 6 35.75 -74.55

1767 10 13 10 18 102 HU  Gulf of Mexico to SE US coastal waters to 35N 73W 1 Gulf of Mexico 5 24.82 -90.14

1767 10 13 10 18 102 HU Gulf of Mexico to SE US coastal waters to 35N 73W 3 35N 73W 1 35.00 -73.00

1768 8 8 8 10 103 HU Barbados to Grenada 2 Grenada 4 12.12 -61.68

1769 8 7

[oe]

9 105 TS  South of Jamaica 1 South of Jamaica 6 16.74 -77.27

1769 9 4

©

9 106 HU 23N 64W to New England 2 New England 9 42.80 -70.66

1770 6

(o]
o

6 108 TS  Charleston, South Carolina 1 Charleston, SC 2 32.77 -79.92

1770 10 19 10

N
o

109 HU 3530N 7330W to New England 2 New England 9 4280 -70.66

1771 5 23 5 24 110 TS  Westof Jamaica to Cuba 2  Cuba 4 2161 -79.03

1771 9 30 10

N

111 HU  Florida Keys to off South Carolina coast 2 off South Carolina coast 6 3277 -78.92

1772 8 2 8

]

112 HU  Antigua to north of Jamaica to Bayamo, Cuba 2 north of Jamaica 6 19.48 -77.30

1772 8 30

©
w

113 HU  3330N 7455W to off Cape Henlopen 1  3330N 7455W 1 33.50 -74.92
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1772 8 28 9 3 114 HU Havanato Louisiana 1 Havana 2 23.12 -82.35

1772 8 115 HU  North of Antigua 1 North of Antigua 6 18.28 -61.79

1772 8 116 HU  Antigua to western Cuba 2 western Cuba 8 2241 -81.75

1773 6 117 TS  Tobago to Grenada 2 Grenada 4 1212 -61.68

1773 7 118 HU Bahamas to Cuba 2 Cuba 4 21.61 -79.03

1773 8 119 HU North Carolina to Virginia 2 \Virginia 3 37.29 -75.58

1773 9 120 HU Tobago to Venezuela to southwest of Western Cuba 2 Venezuala 3 10.58 -66.89

1774 11 121 HU Cuba to north of Bahamas to 30N 67W 1 Cuba 4 21.61 -79.03

1774 11 1 11 3 121  HU  Cuba to north of Bahamas to 30N 67W 3 30N67W 1 30.00 -67.00

1775 7 122 TS  Martinique to Puerto Rico 2 Puerto Rico 4 18.23 -66.48

1775 8 3 123 HU Barbados to Maryland 2 Maryland 3 38.23 -75.14

1775 9 5

©

12 124 HU Leeward Islands to Newfoundland

N

Newfoundland 3 49.00 -56.00

1775 9 12 9 14 125 TS  Antiguato Cuba 2 Cuba 4 2161 -79.03

1775 10 16 10 19 126 TS  North and Central Leeward Islands 2 Central Leeward Islands 8 17.30 -62.73

1776 9 5 9 12 127 HU Guadeloupe to Louisiana 2 Louisiana 3 29.33 -91.38

1777 10 23 10 31 128 HU Eastern Caribbean to Cuba 2 Cuba 4 21.61 -79.03

1777 11 22 11 23 129 TS  Southeast of Jamaica and across western Haiti 2 western Haiti 8 18.38 -73.09

1778 8 7 8 13 131 HU Bahama Banks to New England 1  Bahama Banks 9 2353 -75.83

1778 9 16 9 17 132 HU Jamaica 1  Jamaica 4 18.15 -77.31

1778 9 29 10 10 133 HU Tobago to Pensacola, Florida 2 Pensacola, FL 2 30.42 -87.22

1779 8 18 8 18 135 HU New Orleans 1 New Orleans 2 29.95 -90.07

1779 8 28 9 3 136 TS  Martinique to near South Carolina 2 near South Carolina 6 3277 -78.92
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1780 8 25 8 26 138 TS St Kitts 1 St Kitts 4 17.30 -62.73

1780 10 2 10 8 139 HU  Western Jamaica to 37N 6745W 2 37N 6745W 1 37.00 -67.75

1780 10 10 10 20 140 HU Barbados to Bermuda to 43N 50W 2 Bermuda 4 32.31 -64.75

1780 10 15 10 26 141 HU near Jamaica to Gulf of Mexico to 4450N 4228W 1 near Jamaica 6 17.18 -78.31

1780 10 15 10 26 141 HU near Jamaica to Gulf of Mexico to 4450N 4228W 3 4450N 4228W 1 4483 -42.47

1781 8 9 8 11 143 HU South Carolina and North Carolina 1 South Carolina 3 33.87 -78.58

1781 8 16

[oe]

23 144 HU  Westof Jamaica to New Orleans 2 New Orleans 2 29.95 -90.07

1781 9 3

©

7 145 TS  St. Lucia to southwest of Jamaica 2 southwest of Jamaica 6 17.18 -78.31

1782 5 30

(&)]
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147 TS Southwest of western Jamaica 1 southwest of western Jamaica 6 17.18 -78.31

1782 9 16

©
=
()]

149 HU North Atlantic 1 North Atlantic 9 42,91 -26.96

1783 10 5 10

©

151 HU  West of Jamaica to New England 1  Westof Jamaica 6 18.27 -79.37

1784 7 10

~
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~

152 HU Grenada to Curacao to Honduras 1 Grenada 4 12.12 -61.68

1784 7 10

~
[uey
~

152 HU Grenada to Curacao to Honduras 3 Honduras 3 14.82 -86.62

1784 7

[ee]
al

153 HU Dominica to Jamaica to Pensacola, Florida 2 Jamaica 4 18.15 -77.31

1785 8 154 TS Northern Leewards to Jamaica to Belize 1 Northern Leewards 8 17.28 -69.79

1785 8 23 8 31 154 TS Northern Leewards to Jamaica to Belize 3 Belize 3 17.20 -88.70

1785 9 16 9 25 156 HU Leeward Islands to Bahamas to NC to Canada 1 Leeward Islands 9 17.30 -62.73

1785 9 16 9 25 156 HU Leeward Islands to Bahamas to NC to Canada

w

NC 3 3469 -76.45

1786 6 5 6 5 157 TS  Western Jamaica 1 Western Jamaica 8 18.15 -77.82

1786 9 2 9 10 159 HU Barbados to Nassau to off South Carolina 1 Barbados 4 13.18 -59.56

1786 9 2 9 10 159 HU Barbados to Nassau to off South Carolina 3 off South Carolina 6 32.77 -78.92

1786 10 19 10 23 161 HU Jamaica to Havana to Bahamas 1 Jamaica 4 18.15 -77.31

1786 10 19 10 23 161 HU Jamaica to Havana to Bahamas 3 Bahamas 9 23,53 -75.83
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1787 8 2 8 7 162 TS Dominicato Grand Caicos to 40N 64W 2 Grand Caicos 4 21.08 -73.35

1787 8 6 8 11 163 TS  Grenada to Jamaica to Bahamas Bank 1 Grenada 4 12.12 -61.68

1787 8 6 8 11 163 TS  Grenadato Jamaica to Bahamas Bank 3 Bahamas Bank 9 23.53 -75.83

1787 8 23 8 28 165 HU Central Leewards to Bahamas to South Carolina 1 Central Leewards 8 17.30 -62.73

1787 8 23 8 28 165 HU Central Leewards to Bahamas to South Carolina 3 South Carolina 3 32.87 -79.63

1787 8 29 9 2 166 HU Dominica to Belize 2 Belize 3 17.20 -88.70

1787 9 19 9 23 168 HU Eastern Cuba and Jamaica to Belize 1 Eastern Cuba 8 18.15 -77.31

1787 9 19 9 23 168 HU Eastern Cuba and Jamaica to Belize 3 Belize 3 17.20 -88.70

1788 7 19 7 24 170 HU Bermudato US 1 Bermuda 4 3231 -64.75

1788 8 14 8 16 171 HU Central Leewards to Haiti 1 Central Leewards 8 17.30 -62.73

1788 8 17 8 19 172 TS  SE Pennsylvania to western New England 1 SEPA 8 39.72 -76.38

1788 9 8 9 9 173 TS  Jamaica 1  Jamaica 4 18.15 -77.31

1788 9 19 9 23 174 TS  US Coastto Newfoundland 2 Newfoundland 3 49.00 -56.00

1788 9 29 10 6 175 TS  South of Jamaica to eastern Caymans to South Caroli 2 eastern Caymans 8 19.73 -79.73

1789 8 17 8 18 176 HU New Orleans 1 New Orleans 2 29.95 -90.07

1790 8 10 8 12 177 HU Tobago to Curacao 2 Curacao 4 12.18 -69.00

1790 8 29 9 2 178 HU Barbados to Jamaica 2 Jamaica 4 18.15 -77.31

1791 6 18 6 23 179 HU  Western Cuba to Florida Panhandle 2 Florida Panhandle 9 30.05 -85.74

1791 9 27 10 4 180 HU Jamaica to Bahamas to 37N 62W 2 Bahamas 9 23.53 -75.83

1792 7 14 7 14 181 TS St Eustatia, St. Kitts 1 St. Eustatia 2 17.50 -62.97

1792 8 1 8 12 182 HU Leeward Islands to near Caicos Is. to 37N 57W 1 Leeward Islands 9 17.30 -62.73

1792 8 1 8 12 182 HU Leeward Islands to near Caicos Is. to 37N 57W 3 37N 57W 1 37.00 -57.00
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1792 10 29 10 31 183 HU Western Cuba to South Carolina 2 South Carolina 3 32.87 -79.63

1793 8 12 8 18 184 HU Northern Leewards to Bahamas to Louisiana 2 Bahamas 9 23.53 -75.83

1793 10 21 10 23 185 HU Western Jamaica to Bermuda 1 Western Jamaica 8 18.15 -77.82

1794 5 28

al

28 186 TS  Westof Jamaica 1 West of Jamaica 6 18.27 -79.37

1794 8 25

©

1 188 HU Cuba to Louisiana 1 Cuba 4 21.61 -79.03

1795 7 20

~

20 189 HU Near Mouth of Mississippi River 1  Near Mouth of Mississippi River 6  29.20 -89.23

1795 7 27

[oe]

3 190 HU Central Leewards to North Carolina 2 North Carolina 3 34.69 -76.45

1795 8 2

[oe]
=
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191 TS  North of Puerto Rico to north of Hispanolia to Virginia 2 north of Hispniola 6 20.93 -71.33

1795 8 18

[oe]
N
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192 HU Northern Leewards to Caicos Islands 1 Northern Leewards 8 17.28 -69.79

1795 10 10 10 10 193 TS  South Carolina 1 South Carolina 3 32.87 -79.63

1796 8 25 8 27 194 HU Florida Straits to Louisiana 2 Louisiana 3 29.33 -91.38

1796 10 2 10 4 195 HU Jamaica to Bahamas 2 Bahamas 9 23.63 -75.83

1797 10 17 10 21 196 HU Bahamas to South Carolina 2 South Carolina 3 32.87 -79.63

1799 6 2 6 9 197 HU Central Cuba to off U.S. Coast 2 off U.S. Coast 6 29.38 -76.45

1800 8 10 8 18 199 HU Leeward Islands to Louisiana 1 Leeward Islands 9 17.30 -62.73

1800 8 27 8 28 200 HU Exuma, Grand Bahamas 1 Exuma, Grand Bahamas 4 23.53 -75.83

1800 10 31 11 5 202 HU Jamaica to Eastern Cuba to Crooked Island to Bermui 1 Jamaica 4 18.15 -77.31

1800 10 31 11 5 202 HU Jamaica to Eastern Cuba to Crooked Island to Bermui 3 Crooked Island 4 22.75 -74.22

1801 7 2 7 25 203 HU Nassau to Gulf of Mexico 1 Nassau 2 25.08 -77.35

1801 8 15 8 16 204 HU Mobile, Alabama 1  Mobile, AL 2 30.68 -88.03

1803 8 31 9 1 206 HU North Carolina 1 North Carolina 3 34.69 -76.45

1804 8 18 8 19 208 HU Jamaica 1 Jamaica 4 1815 -77.31

1804 9 3 9 12 209 HU Barbados to New England 2 New England 9 4280 -70.66
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1804 9 22 9 24 210 TS Cubato South Carolina 2 South Carolina 3 32.87 -79.63

1804 10 4 10 10 211 HU North of Puerto Rico to southeast New England 2 southeast New England 9 4140 -71.47

1805 7 27 8 1 212 HU 27N 58W to 36N 62W 2 36N 62W 1 36.00 -62.00

213 HU Matanzas, Cuba to Maine 2 Maine 3 44.38 -68.00

24 214 HU 17N 57W to Carolinas to 4139N 59W (Cape Fear, NC 2  Carolinas 9 33.83 -77.95

3 215 HU Mona Passage to 35N 72W 1 Mona Passage 5 18.06 -67.91

[y

18 216 HU Dominica to Mississippi Dominica 4 1543 -61.36

29 217 HU  South Carolina, North Carolina and Virginia 1  South Carolina 3 3287 -79.63

29 217 HU  South Carolina, North Carolina and Virginia 3 \Virginia 3 3729 -75.58

218 TS  Jamaica to South Carolina 2 South Carolina 3 32.87 -79.63

1807 9 1 9 5 220 TS Leeward Islands to Trinidad de Cuba 1 Leeward Islands 9 17.30 -62.73

221 HU Tobago-Curacao-near and west of Jamaica 1  Tobago 4 1115 -60.67

221 HU  Tobago-Curacao-near and west of Jamaica 3 near and west of Jamaica 6 18.27 -79.37

222 TS  Dominica, Guadeloupe 2 Guadeloupe 9 16.24 -61.53

224 TS Jamaica 1 Jamaica 4 18.15 -77.31

1810 8 12 8 15 225 HU Trinidad to near Jamaica 2 near Jamaica 6 18.15 -77.31

1810 9 28 9 28 227 HU Eastern Cuba 1  Eastern Cuba 8 2106 -77.21

1810 10 20 10 27 228 HU  South of Cuba to Southwest Atlantic 2 Southwest Atlantic 9 21.79 -61.05

1811 9 8 9 12 229 HU Key Sal, Cuba to Charleston, South Carolina 2 Charleston, SC 2 32.77 -79.92

1811 10 11 10 11 230 HU Pensacola to Fort Stoddart, Alabama 2 Fort Stoddart, Alabama 2 33.73 -87.90

1811 10 20 10 25 231 HU Westof Jamaica to Cuba 2 Cuba 4 21.61 -79.03

1812 8 8 8 8 233 TS  South Carolina 1 South Carolina 3 32.87 -79.63
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1812 8 14 8 20 234 HU Eastof Jamaica to Louisiana 2 Louisiana 3 29.33 -91.38

1812 10 12 10 17 235 HU Jamaicato 37N 51W 2 37N51W 1 37.00 -51.00

1813 7 2 7 29 236 HU Barbados to 3830N 6500W 2 3830N 6500W 1 3850 -62.00

1813 7 29 8 3 237 HU Leeward Islands to Belize 2 Belize 3 17.20 -88.70

1813 8 3 8 7 238 HU  2923N 6347W to 4127N 5619W 2 4127N 5619W 1 4145 -56.32

1813 8 239 HU Caicos Islands to South Carolina to Virginia & Marylan 2~ South Carolina 3 3287 -79.63

1813 8 240 TS Dominica to south of Jamaica 1 Dominica 4 15.43 -61.36

1814 7 23 7 24 241 TS Dominica to Puerto Rico

=

Dominica 4 15.43 -61.36

1815 7 27 8 10 242 HU 17N 53W to Grand Banks of Newfoundland 1 17N 53w 1 17.00 -53.00

1815 8 26 9 5 243 HU 16N 51W to off the U.S. Coast 1 16N 51W 1 16.00 -51.00

1815 10 16 10 23 244 HU Martinique to New England 1  Martinique 4 1465 -61.01

1815 10 18 10 22 245 HU Jamaica to Caicos Islands 1 Jamaica 4 18.15 -77.31

1816 6 1 6 12 246 HU  Westof Jamaica to South Florida to 3128N 6823W 1 West of Jamaica 6 18.27 -79.37

1816 6 1 6 12 246 HU  Westof Jamaica to South Florida to 3128N 6823W 3 3128N 6823W 1 3147 -68.38

1816 9 3 9 11 247 HU Martinigue to eastern Cuba to South Carolina 2 Eastern Cuba 8 21.06 -77.21

1816 9 15 9 25 248 HU Dominicato 38N 70W

=

Dominica 4 15.43 -61.36

1817 8 1 8 9 249 HU Tobago to Pennsylvania 1 Tobago 4 11.15 -60.67

1817 10 20 10 26 250 HU Barbados to Nicaragua 1 Barbados 4 13.18 -59.56

1818 8 26 9 5 251 HU 26N 50W to 5002N 2648W 1 26N 50W 1 26.00 -50.00

1818 9 252 HU  Yucatan to Texas to Mississippi 1  Yucatan 9 20.83 -89.00

1818 9 252 HU  Yucatan to Texas to Mississippi 3 Mississippi 3 30.37 -88.95

1818 9 253 HU Leeward Islands to North Atlantic 2 North Atlantic 9 4291 -26.96

1818 10 12 10 14 254 HU Northeast of Jamaica to central Bahamas 2 Central Bahamas 8 23.53 -75.83
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1818 11 6 11 13 255 HU Southwest Caribbean to Jamaica to Cuba 2 Jamaica 4 18.15 -77.31

1819 7 24 7 30 256 HU Bahamas to Mississippi 1 Bahamas 9 2353 -75.83

1819 9 19

©

26 257 HU  1530N 56W to 3026N 6755W 1 1530N 56W 1 15.50 -56.00

1819 10 13 10 15 258 HU Leeward Islands 1 Leeward Islands 9 17.30 -62.73

1819 10 27 10 28 259 TS Cubato Bahamas 2 Bahamas 9 23,53 -75.83

1820 9 8 9 10 260 HU Florida to North Carolina 2 North Carolina 3 34.69 -76.45

1820 9 26 10 1 261 HU  Dominica to Haiti to South Carolina 2 Haiti 4 18.93 -72.68

1821 9 1 9 9 262 TS  Guadeloupe to western Cuba 1  Guadeloupe 9 16.24 -61.53

1821 9 1

©
w

263 HU Off US Coast to New York City 1  Off US Coast 6  29.38 -76.45

1821 9 9

©
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~

264 HU Antiguato U.S. Gulf Coast 1  Antigua 4 1728 -61.79

1822 7

~
~
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265 HU Central U.S. Gulf Coast 1 Central U.S. Gulf Coast 8 29.79 -89.04

1822 9 266 HU Bahamas to North Carolina 2 North Carolina 3 34.69 -76.45

1822 12 267 HU Eastern Caribbean Sea to Martinique to Venezuela 2 Martinique 4 14.65 -61.01

1823 7 10 268 TS Curacao to near Jamaica 1 Curacao 4 12.18 -69.00

1823 8 2 8 3 269 TS  Seas south of Jamaica 1 Seas south of Jamaica 6 15.16 -75.88

1823 9 1 9 14 270 HU 2324N 9504W to Central U.S. Gulf Coast 2 Central U.S. Gulf Coast 8 29.79 -89.04

1824 8 7 8 15 271 HU Guadeloupe to Georgia and South Carolina 2 Georgia 3 3139 -81.17

1824 8 26

[ee]

27 272 TS  1630N south of Jamaica 1 1630N south of Jamaica 6 16.50 -76.80

1825 5 28

o

5 273 HU  Southeast of Jamaica to Florida to 37N 74W 2 Florida 9 28.66 -82.50

1825 7 25

[oe]

2 274 HU Leeward Islands to 38N 6650W 1 Leeward Islands 9 17.30 -62.73

1825 9 28

=
o
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275 HU Haiti to northeast coast of Florida 1 Haiti 4 18.93 -72.68

1826 8 31

©

10 276 TS Dominicato near Jamaica to Grand Banks 1 Dominica 4 15.43 -61.36
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1826 8 31 9 10 276 TS  Dominicato near Jamaica to Grand Banks 3 Grand Banks 9 46.00 -51.50

1827 9 17 9 23 277 HU Antigua to Jamaica to Vera Cruz, Mexico 2 Jamaica 4 18.15 -77.31

1827 8 20 8 27 278 HU Northern Leewards to New England 1 Northern Leewards 8 17.28 -69.79

1827 8 27 9 5 279 HU Northern Leewards to Northwest Florida 1 Northern Leewards 8 17.28 -69.79

1827 8 29 9 8 280 TS  North of Leewards to 3650N 6650W 1 North of Leewards 6 18.71 -61.85

281 HU 18N 60W to 44N 5218W 1 18N 60w 1 18.00 -60.00

282 TS  Gulf of Mexico 1 Gulf of Mexico 5 24.82 -90.14

1829 8 23 8 30 283 HU South Carolina to 3830N 6609W 2 3830N 6609W 1 3850 -66.15

1830 8 3 8 9 284 HU  Trinidad to western Cuba 2 Western Cuba 8 2241 -81.75

1830 8 11 8 19 285 HU Leeward Islands to South Carolina to 43N 58W 2 South Carolina 3 32.87 -79.63

1830 8 19 8 26 286 HU North of Leeward Islands to 37N 69W 1 North of Leeward Islands 6 18.71 -61.85

1830 9 29 10 1 287 HU  2246N 65W to 4025N 5824W 1 2246N 65W 1 2277 -65.00

1830 10 6 10 6 288 TS  South Carolina 1 South Carolina 3 32.87 -79.63

1831 6 22 6 28 290 HU  South of Barbados to Yucatan 1 South of Barbados 6 12.01 -59.53

1831 8 10 8 17 291 HU Barbados to Louisiana 1 Barbados 4 13.18 -59.56

1831 8 27 8 30 292 HU Western Louisiana 1 Western Louisiana 8 29.69 -92.22

1832 6 5 6 8 293 HU Nassauto Bermuda 2 Bermuda 4 32.31 -64.75

1832 8 12 8 18 294 HU Key Westto NW Florida to South Carolina 2 NW Florida 8 30.05 -85.74

1832 8 21 8 21 295 TS  1251N 3926W 1  1251N 3926W 1 12.85 -39.43

1832 8 23 8 27 296 HU Central Leeward Islands to east of Jamaica 2 east of Jamaica 6 17.97 -75.19

1833 8 10 8 10 298 TS  South Carolina 1 South Carolina 3 32.87 -79.63

1833 8 14 8 20 299 TS St Kitts to 23N 66W 2 23N 66W 1 23.00 -66.00

1833 9 14 9 14 301 TS  South Carolina 1 South Carolina 3 32.87 -79.63
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1833 10 16 10 19 302 TS  Cuba, Gulf of Mexico 2 Gulf of Mexico 5 2482 -90.14

1834 9 3 9 6 303 HU Off Georgia coast to 39N 67W 2 39N 67W 1 39.00 -67.00

1834 9 5 9 7 304 TS  Gulf of Mexico to Western Louisiana 2 Western Louisiana 8 29.69 -92.22

1834 9 20 9 30 305 HU Central Leeward Islands to Western Louisiana 2 Western Louisiana 8 29.69 -92.22

1835 8 12 8 18 306 HU 1655N 5345W to Rio Grande, Texas 2 Rio Grande, Texas 2 26.37 -98.82

1835 9 2

©

13 307 HU Barbados to North Carolina 2 North Carolina 3 34.69 -76.45

1835 9 15 9 19 308 HU Key Westto 3109N 78W to South Carolina 2 3109N 78W 1 3115 -78.00

1835 10 22 10 29 309 HU Turks Island to South Carolina 1 Turks Island 4 21.08 -73.55

1836 9

N

9 3 310 HU Cayman Islands 1  Cayman Islands 9 19.30 -81.38

1836 10 9 10
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311 HU  South Carolina to North Carolina 2 North Carolina 3 34.69 -76.45

1837 7

©
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12 312 TS  Barbados to Hispanolia 2 Hispaniola 4 19.00 -70.67

1837 7 26

[oe]
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313 HU Barbados to Georgia 2  Georgia 3 31.39 -81.17

1837 8 1
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314 HU Leeward Islands to Northwest Florida 2 Northwest Florida 8 30.05 -85.74

1837 8 13

[oe]
N
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315 HU 18N 60W to SE U.S. coast to 39N 58W 2  SEU.S. coast 7 32.69 -79.87

1837 8 23

[ee]
N
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316 HU 28N 61W to 3537N 5742W 1  28N61W 1 28.00 -61.00

1837 8 30

©
N

317 HU Northwest Florida to North Carolina 1 Northwest Florida 8 30.05 -85.74

1837 9 1 9 16 318 HU Nassauto 31N 71W 1 Nassau 2 2508 -77.35

1837 9 22

[y
o

10 319 HU Barbados to 33N 76W 1 Barbados 4 13.18 -59.56

1837 10 18 10 26 320 HU 20N 75W to Cuba 1 20N 75W 1 20.00 -75.00

1838 5 20

(&)]

21 321 TS  Westof Jamaica 1 West of Jamaica 6 18.27 -79.37

1838 6 15

o

21 323 HU Florida Straits to South Carolina to 4011N 44W 1 Florida Straits 9 23.93 -80.93

1838 6 15

]

21 323 HU Florida Straits to South Carolina to 4011N 44W 3 4011N 44W 1 40.18 -44.00
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1838 7 29 8 12 324 HU Northeast Caribbean to Texas 2 Texas 3 28.40 -96.38

1838 9 2 9 4 325 HU  2948N 6806W to 37N 66W 2 37N 66W 1 37.00 -66.00

1838 8 30 9 13 326 HU Barbados to off U.S. Coast 2 Barbados 4 29.38 -76.45

1838 9 28 9 30 327 TS  South Carolina to off SE U.S. Coast 2  Off SE U.S. Coast 6 3269 -79.87

1839 8 23 9 1 328 HU 17N 62W to North Carolina to Grand Banks 2 North Carolina 3 34.69 -76.45

1839 9 329 TS 24N 84W to Lake Charles, Louisiana 1 24N 84W 1 24.00 -84.00

1839 9 330 HU 21N 46W to Newfoundland 1 2IN46W 1 21.00 -46.00

1840 6 19 6 23 331 TS  Gulf of Mexico to Western Louisiana 1 Gulf of Mexico 5 24.82 -90.14

1840 9 17 9 18 332 TS  Galveston, Texas 1 Galveston, Texas 2 29.30 -94.78

1841 9 7

©

16 334 HU Barbados to Northwest Florida to South Carolina 1 Barbados 4 13.18 -59.56

1841 9 7

©

16 334 HU Barbados to Northwest Florida to South Carolina 3 South Carolina 3 32.87 -79.63

1841 9 25 9 27 335 HU Off Hatteras to Nova Scotia 2 Nova Scotia 4 44.85 -63.20

1841 9 25
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4 336 HU Barbados to Southeast New England 2 Southeast New England 9 4140 -71.47

1841 10 18 10 21 337 HU Cubato Bermuda 2 Bermuda 4 3231 -64.75

1842 7 31

[oe]

2 339 TS Cedar Keys to Jacksonville 1  Cedar Keys 9 29.13 -83.03

1842 8 24

©

8 340 HU Leeward Islands to Rio Grande, Texas 1 Leeward Islands 9 17.30 -62.73

1842 9 9
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341 HU Tobago to Gulf of Mexico to Newfoundland 1  Tobago 4 11.15 -60.67

1842 9 9
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341 HU Tobago to Gulf of Mexico to Newfoundland 3 Newfoundland 3 49.00 -56.00

1842 9 30
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342 HU St Thomas to Louisiana to Florida to Bermuda 2 Louisiana 3 29.33 -91.38

1842 9 30
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342 HU St Thomas to Louisiana to Florida to Bermuda 4 Bermuda 4 32.31 -64.75

1842 10 24 10

N
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343 HU  Southwest of Madeira to northeast of Madeira 2 Northeast of Madeira 6 33.19 -16.17

1842 10 24 11 1 344 TS  Off Florida to Bermuda 2 Bermuda 4 32.31 -64.75

1843 7 11 7 14 345 TS  Jamaica to Florida Keys 2 Florida Keys 9 24.67 -81.54



L0T

1843 9 13 9 15 347 HU Central Florida to Maryland 1  Central Florida 8 28.66 -82.50

1844 8 4 8 5 348 HU  Matamoros, Mexico 1 Matamoros, Mexico 2 25.87 -97.50

1844 9 8 9 16 349 HU Central Florida to South Carolina to North Atlantic 2 South Carolina 3 32.87 -79.63

2 350 TS  Southern Leewards to Jamaica to Key West 1  Southern Leewards 8 1543 -61.36

2 350 TS  Southern Leewards to Jamaica to Key West 3 Key West 2 2455 -81.77

10 7 351 HU Barbados to Cuba 2 Cuba 4 21.61 -79.03

1845 10 27 10 29 352 HU Bermudato 37N 53W 2 37N53W 1 37.00 -53.00

1846 9 5 9 11 353 HU Northeast of Crooked Island to 35N 7330W 2 35N 7330W 1 3500 -73.50

1846 9 10 9 24 354 HU Leeward Islands to 5130N 2730W 2 5130N 2730W 1 5150 -27.50

1846 10 5 10 13 356 HU 14N 72W to Atlantic Coast 1 14N T72W 1 14.00 -72.00

1847 10 10 10 13 357 HU 12N 54W to Venezuela 1 12N 54W 1 12.00 -54.00

2 358 HU East of Barbados to 42N 43W 1 East of Barbados 6 13.15 -58.41

N
o

359 HU 25N 90W to Grand Banks of Newfoundland 1 25N 90W 1 25.00 -90.00

1848 9 17 9 24 360 HU Northeast of Leeward Islands to 4824N 5001W 1 Northeast of Leeward Islands 6 18.39 -61.92

1848 9 28 9 29 361 TS  Westof Cape Verde 1  Westof Cape Verde 6 15.05 -25.91

1848 10 5 10 15 362 HU Cubato near South Carolina to 3900N 4930W 2 near South Carolina 6 32.77 -78.92

1849 9 4 9 15 363 HU 26N 60W to South Texas 1 26N 60W 1 26.00 -60.00

1849 9 10 9 22 364 HU 26N 6620W to Nassau to North Carolina to Bermuda 1~ 26N 6620W 1 26.00 -66.33

1849 9 10 9 22 364 HU 26N 6620W to Nassau to North Carolina to Bermuda 3 North Carolina 3 34.69 -76.45

1850 7 10 7 19 365 HU Leeward Islands to New England 1 Leeward Islands 9 17.30 -62.73

1850 8 16 8 25 366 HU Barbados to 36N 75W 1 Barbados 4 13.18 -59.56

1850 9 2 9 9 367 HU Cape Verde to 42N 28W 1  Cape Verde 5 15.11 -23.62



80T

1850 9 4 9 10 368 HU 3158N 75W to North Atlantic 1  3158N 75W 1 31.97 -75.00

1850 10 14 10 18 369 HU  2459N 4710W to 2558N 4119W 1  2459N 4710W 1 2498 -47.20

1851 8 16 8 28 370 HU  13.4N 48.0W to 48.5N 54.2W 1 13.4N 48.0W 1 13.40 -48.00

1851 11 7 11 8 371 HU  Western Jamaica 1 Western Jamaica 8 18.15 -77.82

1852 8 19 8 30 372 HU 20.5N67.1W to 41.0N 68.0W 2 41.0N 68.0W 1 41.00 -68.00

1852 9 3 9 13 373 HU Antigua to Florida Keys to Tampa to 35N 6545W 2 Florida Keys 9 2467 -81.54

1852 9 3 9 13 373 HU Antigua to Florida Keys to Tampa to 35N 6545W 4 35N 6545W 1 35.00 -65.75

1852 9 21 374 HU 16.1N58.5W to 3650N 3230W 2 3650N 3230W 1 36.83 -32.50

1852 10 5 10 11 375 HU  Western Jamaica to 3923N 6840W 2 3921N 6840W 1 3938 -68.67

1853 8 30 9 10 376 HU 12.1N 23.2WNA 4710N 2530W 2 4710N 2530W 1 47.17 -25.50

1853 9 26 9 28 377 HU 25.8N62.0W to 3510N 5320W 2 3510N 5320W 1 3517 -53.33

1853 10 19 10 25 379 HU 2730N 7830W to Nova Scotia 1  2730N 7830W 1 2750 -78.50

1854 9 3 9 12 380 HU Nassau to 38N 4530W 1  Nassau 2 2508 -77.35

1854 9 9

©

21 381 HU Leeward Islands to Texas 1 Leeward Islands 9 17.30 -62.73

1854 10 18 10 22 382 HU North of St. Thomas to northeast of Bermuda 1 North of St. Thomas 6 19.58 -64.94

1855 9 24

©

31 383 HU 12.0N55.9W to Louisiana 1  12.0N55.9W 1 12.00 -55.90
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