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Abstract: Hurricanes lead to substantial infrastructure system damages, such as roadway closures
and power outages, in the US annually, especially in states like Florida. As such, this paper aimed
to assess the impacts of Hurricane Hermine (2016) and Hurricane Michael (2018) on the City of
Tallahassee, the capital of Florida, via exploratory spatial and statistical analyses on power outages
and roadway closures. First, a geographical information systems (GIS)-based spatial analysis was
conducted to explore the power outages and roadway closure patterns in the city including kernel
density estimation (KDE) and density ratio difference (DRD) methods. In order to provide a more
detailed assessment on which population segments were more affected, a second step included a
statistical analysis to identify the relationships between demographic- and socioeconomic-related
variables and the magnitude of power outages and roadway closures caused by these hurricanes.
The results indicate that the high-risk locations for roadway closures showed different patterns,
whereas power outages seemed to have similar spatial patterns for the hurricanes. The findings of
this study can provide useful insights and information for city officials to identify the most vulnerable
regions which are under the risk of disruption. This can lead to better infrastructure plans and policies.

Keywords: hurricane impact assessment; roadway closures; power outages; density ratio difference

1. Introduction

The United States is among the five countries hit the hardest by natural disasters over the last
decade [1]. According to the Federal Emergency Management Agency (FEMA), there have been 3728
nationally declared disasters between 1953 and 2018 in the US, including fires (1054), severe storms
(923), floods (786), hurricanes (341), and tornadoes (164) [2]. In 2017 and 2018 only, these disasters
led to more than 225 billion dollars of economic burden [3,4]. As such, FEMA suggests that, without
considering efficient plans, these disasters will have more long-term impacts on communities as well as
the economy [2]. Among these hazards, hurricanes, such as the Hurricane Hermine (2016), Hurricane
Irma (2017), and Hurricane Michael (2018), have caused substantial infrastructure system damages,
such as roadway closures and power outages, in the US, especially in the State of Florida [5,6].

The State of Florida has been exposed to 39 hurricanes, 22 severe storms, and 13 flooding cases since
1953 [2]. Accordingly, Florida ranks first for the number of houses at risk due to the occurrence of these
storms and hurricanes, especially because of its long coastline with approximately 2.5 million homes
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along it and the highest total reconstruction cost with nearly $490 billion [7]. These hazards disrupt
the roadway networks (e.g., roadway and bridge closures) and reduce the efficiency of transportation
networks [4,5]. For example, Hurricane Irene caused $65 million damage to the Vermont transportation
network in 2011 [8]. Also, in 1992, Hurricane Andrew caused 1.4 million Florida customers (44%) to
lose power [9]. Recently, Hurricane Michael (2018) left approximately 97% of electric utility customers
without electricity in the City of Tallahassee, the capital of Florida. Two years prior to Hurricane
Michael, approximately 80% of Tallahassee’s electrical system was affected by Hurricane Hermine
which represents 100,000 customers in the city [10-12]. Furthermore, Hermine caused a substantial
amount of roadway closures due to the presence of fallen trees in a one-week window in the City of
Tallahassee [5,13].

In the literature, there are several studies that have investigated the consequences of hurricanes on
a city’s infrastructure systems [14-19]. For example, Davidson et al. [20] investigated the performance
of power systems during five hurricanes in North and South Carolina. They examined the relationship
between hurricane disruptions and environmental factors such as rainfall, land cover, and maximum
wind speed. Demiroluk and Ozbay [21] developed spatial and statistical models to predict the downed
trees during two hurricanes in New Jersey. Their results showed that roadway density and maximum
wind speed were the most effective variables regarding downed trees probability. There are also
several studies that developed statistical models to predict the number of power outages due to the
fact of extreme weather events such as hurricanes [22,23]. For example, Reed [24] developed a linear
regression model in order to predict power outages due to the fact of windstorms in Seattle. In a
similar study, negative binomial regression-based approaches were used to predict hurricane-related
outages in North and South Carolina [25]. Eskandarpour and Khodaei [26], on the other hand, applied
logistic regression to predict power grid outages in response to an imminent hurricane. Similarly,
Han et al. [27] developed a regression model, namely, the generalized additive model (GAM), to
estimate power outages during an approaching hurricane. Also, Guikema et al. [28] developed a
spatially generalized model to predict hurricane-induced power outages; however, this model has
some limitations such as considering maximum 3 s wind gust. This model was used for Hurricane
Sandy. As hurricanes are rare events, none of these studies were able to compare multiple hurricanes
with a focus on both power grid and roadway networks together. Many of these studies also did not
have real-life power outages and roadway closures to test their models on.

Recently, Ulak et al. [5] investigated the effects of Hurricane Hermine on Tallahassee in terms of
power outages using spatial and statistical models. The findings showed that the areas with more senior
populations (65+) were highly affected with respect to infrastructure failures. Also, higher-income
families were affected less in comparison to other groups, and there was an inverse relationship
between power outages and family income. In a similar study, Kocatepe et al. [29] proposed a metric,
namely, the Accessibility Decrease Index (ADI) to determine the areas with reduced accessibility to
emergency facilities due to the presence of roadway closures before and after Hurricane Hermine in
Tallahassee. Also, they conducted a convolutional neural network (CNN) approach to predict the
probability of future hurricane-induced roadway closures. In another study, Sultan and Hilton [30]
conducted a spatial analysis via GIS techniques to investigate the power outages due to the fact of
different events such as tree falling on power lines and weather conditions.

Based on the research gap identified in the literature, this paper proposes the use of GIS in order
to identify those locations likely to have high power outages and roadway closure risks with a focus
on the City of Tallahassee. A key goal is to produce visual confirmation of event clusters on maps.
To the authors’ knowledge, there has not been any previous research done specifically focusing on the
spatial patterns of power outages and roadway closures involving real-life hurricane data. With this
motivation, this exploratory study focuses on identifying and analyzing the locations that pose a
high risk of outages and closures for different locations in the city using GIS-based spatial methods,
including kernel density estimation (KDE) and density ratio difference (DRD) methods. Observing
the need to delve into hurricanes” impact on communities, a multiple linear regression model was
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also developed in order to see which population segments were affected more as a result of the
hurricane-induced power outages and roadway closures. This is the key contribution of the paper,
which is an important first step towards understanding these dynamics.

The objectives of this paper were: (a) to study roadway closures and power outages in the City of
Tallahassee via a comparative assessment of Hurricane Hermine’s (2016) and Michael’s (2018) impact
on these infrastructure networks; (b) to present a GIS-based spatial analysis through the development
of the DRD metric which enables a spatial comparison of both hurricane impacts on different sections
of the city; and (c) to observe the spatial differences on the impact of hurricanes, a more detailed
statistical analysis was conducted through a multiple linear regression model by incorporating factors
on socioeconomics and demographics. This analysis can provide more detailed information on which
population segments are affected more from power outages and roadway closures. Note also that,
real-life power outage and roadway closure data are usually not available due to the lack of interest
from private power companies. However, the City of Tallahassee owns its utility services and was
willing to share the data under an agreement with the university. The following sections will describe
the proposed methodology and results in detail.

2. Methodology

This study consisted of three distinct steps to assess and explore the impact of Hurricane Hermine
and Hurricane Michael on the City of Tallahassee: spatial and statistical analyses of power outages and
roadway closures. The first step included the collection of the data for power outages and roadway
closures from the City of Tallahassee. The second step spatial analysis included: (a) data collection for
the infrastructure network components, (b) utilizing a series of spatial analytic methods to explore
the power outages and roadway closures patterns, including the KDE method to identify the most
affected areas due to the fact of Hurricane Hermine and Hurricane Michael, and (c) the DRD in
order to understand how the effects of Hermine and Michael are different for the city and assess the
differences in locations where power failures and roadway closures were experienced. Following
the spatial analysis, a statistical analysis was conducted to comprehend the complexity of power
outages and roadway closures in both hurricanes. In this final step, a multiple linear regression (MLR)
model was developed to assess the association between hurricane-induced roadway closures and
power outages (dependent variables) and demographics-, socioeconomics-, and transportation-related
variables (explanatory variables) for both hurricanes. It is important to note that roadway closure in
this paper is defined as follows: At least one lane was closed due to the fact of a hurricane. All the
above mentioned steps are explained in detail in the following sections.

2.1. Study Area and Data Description

The City of Tallahassee, the capital of Florida, was selected for the proposed case study in this
paper. According to the 2017 Census estimates, the population of Tallahassee is more than 190,000, and
it is the largest city in the Florida Panhandle region [31]. Tallahassee is also home to several universities
including Florida State University and Florida Agricultural and Mechanical University which are
located around the city center toward the east. The study area is shown in Figure 1. Tallahassee was
hit by three major hurricanes since 2016. These events, namely, Hurricane Hermine (September 2016),
Hurricane Irma (September 2017), and Hurricane Michael (October 2018) [1,26,27] were among the
most significant ones to ever hit the United States. As a result of these extreme events, a substantial
amount of roadway closures and power outages was reported due to the downed trees and power lines
in the whole city [1,11]. Note that, although Hurricane Irma was one of the most powerful hurricanes
in history, it did not hit Tallahassee directly. The most substantial damages to the power and roadway
network infrastructure in Tallahassee were due to hurricanes Hermine and Michael [32-34]. Figure 2
shows the radar images and paths of these hurricanes over Tallahassee and as observed, the direction
of these hurricanes were different [35,36]. It should be noted that DBZ in Figure 2 stands for decibels
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of z in which the higher values of DBZ show that the returned power to radar was large, and small
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2.2.2. Power Outage and Roadway Closure Density Ratio Differences between Hurricane Hermine
and Michael

In order to understand the spatial patterns of the hurricanes” impacts on the city in terms of power
outages and roadway closures, a comparative difference density analysis was used through the DRD
parameter which was first developed in Reference [40]. The DRD parameter evaluates the difference
between the normalized roadway closures and power outages density ratios for Hurricane Hermine
and Michael, respectively. The DRD is a useful index to identify and investigate hotspots. For example,
based on the calculation of normalized roadway closure densities, roadway closures density maps of
Hurricane Michael were subtracted from the roadway closures density maps of Hurricane Hermine.
The same idea was used for power outage densities with a focus on both hurricanes. Therefore,
the DRD index reveals the relatively different locations on the area which provides even more explicit
visual results in terms of geo-spatial differences between two different hurricanes. The formula of the
DRD metric is shown as follows (Equation (1)):

D; D;

max(D;) max(Dj)

DRD

)

ij =

where DRD;; is the “density ratio difference” between the compared maps i and j, whereas D; and D;
are the density values of the corresponding pixels, and max(D;) and max(D j) are the maximum pixel
density values of the compared maps, respectively. Figure 6a,b display the density ratio differences
between Michael and Hermine in terms of power outages and roadway closures, respectively. The
results of the spatial analysis are provided in the Results and Discussions section.

2.3. Statistical Analysis

As previously stated, multiple linear regression models, one of the most common regression
techniques, were developed to investigate the impacts of Hurricane Hermine and Michael on the City
of Tallahassee and to identify the association between several socioeconomics-, demographics-, and
transportation-related variables and power outages and roadway closures induced by these hurricanes.
Equation (2) shows the general form of a multiple linear regression model:

y:.BO"'Zﬁixi"'fi )
i=1

where f is the intercept term, x;, i =1, 2,..., n are the independent variables, 5; are the regression
coefficients, and vy is the response variable. Table 1 lists the independent variables utilized in the
statistical model along with their definitions. In the current study, four different scenarios were
defined: (a) Hurricane Hermine-induced power outages, (b) Hurricane Michael-induced power
outages, (c) Hurricane Hermine-induced roadway closures, and (d) Hurricane Michael-induced
roadway closures. In the first step of the statistical analysis, the Pearson correlation coefficients
between independent variables were obtained. Figure 4 shows the correlations between these variables.
It should be noted that the dependent variables of the models are the total number of segments in
the city network which experienced power outages and roadway closures due to Hurricane Hermine
and Hurricane Michael. A segment here is defined as the power line for the power network, and the
roadway link for the transportation network. Finally, the potential models were tested based on
the backward stepwise method in order to obtain the final model along with the corresponding
variables for each scenario. The findings of statistics-based analyses are summarized in Tables 2-5
for hurricane-induced power outages and roadway closures. The results of the regression models are
provided in the Results and Discussions section.



Table 1. Definitions of independent variables.

Variables Definition
Land Area (km?) Census land area (km?)
Normalized Population Normalized total population density
Energies 200 deedifzed Households Normalized total number of households’ density8 of 18
Average Household Size Average household size
White (%) Table 1. Definitions of 1ndepglﬂi€ﬁ¥‘@&%}ﬂ€§"’ hite populatlon

Young (al'galilﬁ’ ( % Percentage of Refi‘iﬂx'/'%rs DODulatlon
iﬁ‘%z T Percentage 0@@%’5&%&\1‘%@?6‘1‘&@ population
f;nilzeeg oﬁﬁlm Pergentage ThPACPIS: Efuﬁouc;? S level
Percentage of gg@pgg aJeagtcollege degree
Zero Vehlclwfﬁwf%)‘shlp (%) Percentage Refrpetqgle ofithitepoehitlerownership
Two or Mo@é@éﬁé@gr@%ﬁ@shlp (%) PercerRﬁ%@%ﬁ%ﬁﬁf@%Mr&fﬁW@%ﬂ%@Wﬁ%rshlp

Young (18-21) ( Perceptase ta@ 1A sars e ﬁﬁ@é cars for
Use of Car %&ﬂ%a@%@éf‘tﬁtlon (%) Pe C%nta ot Yearsy &H population
Below Poverty (%) Percentage of PESRISPRIRIBRIW poverty level
TransportatiegeMegtee Walk (%) Perceifeagentizped ptenisimithmbléasoedltegeed qgmaposes

ZB{ﬂP{eMs&mr bip (%) elléeﬁw %?ﬁﬁfﬁgjggﬁmg Bﬁ?féeewefmer

e of DI R Qifiﬁl&f% PechnlaE éﬁp%%%fs, RO

Total Ieagpoatiindesgeowark Power  Total lee;gém@ asidergrousisepeaNeblineserpehoseed by

Built Aifers2014 (%) Percentage of housigg)@aits built 2014 or later
t
Tosrt Lenpth DrONSbCad o o, RoalerRvs unéé?éfﬁﬁ%gwer o SIS
Total Length o fhead Power Lines Total length of overhead nes m (divided by 10 ,000)
nggclregﬁ%c% hty Area Totatanmbiesr of segneantsvithiihin ameprergendiitfaaidity

area

Heatmap of Pearson correlation between independent variables
Land Area (km’)

Normalized Population .

Normalized Households ..

Average Household Size .

White (%)

|
African American (%) .- i
Young (18-21) (%) .
Aging (65+) (%) ' .
Below Poverty (%) u .
College Degree (%) . .. 00
Zero Vehicle Ownership (%) .
2 or More Vehicles Ownership (%) _J.
Use of Car for Transportation (%) | 1 .
Transportation Mode: Walk (%) .. -0.4
Built After 2014 (%) .
Disability (%) .

Total Length of Underground Power Lines .
Total Length of Overhead Power Lines . -08
Emergency Facility Area .
~ ] -3 = . " o e o Y g v ot ot an L 2 o
s Sy ryyHreREsss
S S I I S A R I A PN
F RS ST FLE S FETFTFs &5
L. Los g & o & F & F O
T & Ff @ & T o g ¢F & R
e b 5 T oF s g F S P A S
& & O & & g & 9 T S
& F L L s § PS5 § o & TS & 7
Y FF L o aF F FF IS E o F g & g
& L S @ S & &
' T EFEE 5 & &g
= F & o - L5} &
Al e o F L 5 5
V- a3
A F & & s 5
@ s 'y
5 o8 N £ &
o 3 &~
Y & &
S
&R
&

Rigurecd Comelntionmatrilinssnsadratearinhis,.



Energies 2020, 13, 1098 9of 18

3. Rebultss20 Dis¢dssions 9 of 18
3.1. ShakesulisansPiscussions

3.1.1.3Hutriéigh&ridtic&asRbadway Closures and Power Outages Assessment

Ag qlisqusﬁedrﬂeziﬂ@p&d\ﬁommytmn@uae@iﬁtbB@wbspmialgéma]gseismastconducted in this study to
identify the most affected areas.in the City. ,of dadlahassee =X o the fact of Hurricane t{;lerr%%le and

1scusse 1a ana ysis was conducte

evious sec
Michggl yith faeuson m&ef&mgém%@@ty%mlmgé FIBHE R MRS ER R (PSR PP ER Rt ges
and rgad wayiclepwieh dansity snapsaihe aisydue dad Buwisane ficsmine aad MichaslesTine Japshadtected
areasdditezte dhdsehiwrigahes and pewenoptagahanidyrdad wayuelosiresiloariions dvdiehgeritified in
orderntostnfferstaradedscds tonmtreseffentd chbys anthgesven dwlagesres dverelspmtidliyuchsdtrmibat particular
regiordatifieHeinvesded iperaddrshpdré Seubtoesis thb griedePprtbiepa ttevh s lsbHIgsrivane Fhatialive and
Mich&B15 iR tiRatii HpfHes Fg e ih%rgqﬁadeﬁe%qﬁe%m&%s‘éryaﬂ%%f RYt He PRIFSH TS ower
outa %tzeafase%f ﬁgysé%m%&;l%&% ?R‘%%é%hﬁféaﬁmf&v%%h&&%e%f%ﬁ&%%sd J;‘fgggggsn@hbeﬁfghest
value g? R ﬂ}éﬁe r11§1‘ lca e‘f\‘z’ﬁ& —1nr e es&%‘ﬂsf%u a es Iyﬁ:f%é‘ae tg‘ose rease:gre%%ondmg

0W1’1 een e 1’11 est va en51 ane C

Value Hurrlcane ’r}; €S€e 1 ure revea f'gt OWGI' ﬁ S aﬂPI’O mate esame
outages was rea € corresponding value in 1Cane

ese ure evea

density patigin @m?géb Mr&m&km&%@%ﬁ@%@J@P&%@%ﬁﬁﬁ%@éﬁg@? HéYMREea%ﬁECtEd
by thgsrikuartisanas, MaoressegeHicallpdbmhighestpowenyukege Wlensities weseealeanesin dhe city
centehigbhddrgioresidentsaviansitere vistngbaepwsddirthiecitty conter explerniensiedrbehighestnivinger of
powerroutapds Stmndtarthy, Bipeniertcsd teebighbst roadven pighosvaesytapiesr il dhky cltgahae $o ¢hé éact of
Hurriexisel e ronteyd oheresebattapedinibi cThd vediviieiachof Mutiisenadbeniseread Mishakbsures
are sEEWEFBYethel RETegiNS mtbcﬁlbfgéeramﬁépémag@gax&@mgrfe@ma%m&&fsdﬁpl%fﬁcane
Hernfi %tr%séﬁ%e%%%d%fz&%s{u%h g%ea%le%eﬂ%an ﬁ%‘é‘%ﬁ%s}éhm I A iRenndnser 198y Houres

reater than the cor esp ing val ese f1 es demonst tha era
demons%ra%e‘@a severa}F ¥Fas 151 %’ W% ?Fe&é\él 1 rﬁ ermme cﬁ\/ilc]% T owever,

areas in the CI were attected in 1Cane ermme an OWQVGI' it discloses a erent
it discloses 2 £l T RaeIR Lon ROty BNIHCARES: ens%%h?ﬁrl% Fe densiy IdeTming vas Qgerved
around the city centeswd doniewn gfstlﬂ@h@ﬁ{srs PRitfeEen R Hsr%tsﬁaﬁx&%w%m&%town
roadwasrs werametadfenteddbat BurhbyiernnansMichaahjyra majarastsriely (mamalsviiomasville
Rd. ameiMiemioe St.) that leatitbondesstated O{Ta)Qhithehe diduthueantnd AovtswesT alf Fellababset had
the highdéighesdwaindpsiosidedsitidicb besasecaf HurricareNibhek [l TEkeseadedyspls plapintgrortant
roles TRIpr&v RIRIE AR SpoReIsH AR assHS AR o fehdhespdidento PiHB Rt étHReitaRate highwaly and
criticAE csHitice s iRAIHeR YRR TRERHAISs TR kIS ge %ﬂo@éﬁﬁé@@s shaﬂé%ﬁ%%fac@gawﬁy for
the peS%elseS%’ﬁlat%ofﬁicﬁga%F%’é’% At epdld %%ﬁet%f?lcfedr‘l%:c“?% e Rhidagy Of t%%m%‘%lﬁ PRI RNdings

findin 1&({ reveal that the areas 1 the theaster art e affected less

we
also rgv%af t e areab e southeastern part ec were affecte ess \}, both hurricanes.
urricanes.

Michael Power ()utage
High:25.7

Hermine Power Outage
High: 18.8

T Low:0 N 2

[ ] ity of Tallahassee

R Low 0

[ Jciyort

Figure 5. Cont.



Energies 2020, 13, 1098 10 of 18

Energies 2020, 13, 1098 10 of 18

Michael Roadway Closure
g High:2.4

Hermine Roadway Closure]
woem High:68

B ow o B w0

/
07515 | 3 45 &
o —— — il

(© @
Figurd B PBWaSE a8 RSB HIFRRINE GARAWHH 2RI (B PEwHEs I Rise by

Mich BB Bl ciRuEsh s PreHSTRIRG (hsensyusmst sty ighasl (@) Nel tat
at a i show her risk lpcations for nd rogdway closures dur: both

t i t d
areas}{ﬂrrr?caisjiglgv ﬁigher I'IS]E%OCatIOI‘IS for power oﬁ%%’gé and ¥oa way dostires gurmg oth furricanes.

3.1.2. Power Outage and Roadway Closure Density Ratio Differences (I]?RDS) between Hurricane
Herndihé-ausiicitiage and Roadway Closure Density Ratio Differences (DRDs) between Hurricane

Hermine and Michael

In Or%eéﬁghiefr“%%{(ﬁ@&%%%%ht%ém o O Her “}%‘eea%q%/é}fa%?%e%eé?f%}gﬁﬁé‘}t or She dity and
to asgess the differences i the,arcas alfpctechBy, 10AdWAY Qe AP ARV SE QU SRR petric
values yyereoblainadifen ot olasuss Ad At tadenEigv 6 2o iaRlpns tha P puistoutags drnity ratio
differemcesipriveen HamvicanaMichael endddeamineiianlallahassgpnibehighernighee obidifference,
the higfterenaenkenighgaweibetdagesveavaegbycddsudiopiituMichadllich sbosetiegiongioitaBededn the
findingsthi¢ famdbgeoitdandbel ¢hatltivedridas dneunchsheaitydcdreteityveretempactednpydhestibhrrticanes,
and thiesicanas aivt thersydiffertreesy Hisiereveesitlewnve bt sermadiviiétane Madhaehhoseasiperificant
impateBiitRRt PR recfstascthafliffereasads thevahies toahas awapdsths eritvesy Msivever,

thereJ98Fe SR T EE e STBI5s S Eh S EALEriB iS85 AR e thniRd s s de AAsesp SMénced

experienced more, power outages because of Hurricane.Michael which is shown by the purple color.
more pg clerl;l 1u ecause F %fu rlcanedle/fllc_{leie wrhl& is shown i}ff(f:l;le u ecolfo ‘p

S rly; Gi?i%ure shows the roadway closure .en51tty ratio ence between ﬁurricanes,
vnlanhatigie R et e raadwiay dlosure density rado ditferance Detwesh uricanse Michael
and Herming i dhscibyeimilarie-Fisrresra thearaas wi b the Siehervalupel differansedepals that
thosevyreabweere affectedmesadyMichacintarmont roadway closures Andidcuesay. Weddsgrve that
HurriepoeiMicharbethesetambroridadeyaYatlasasses dshond thaditywbibrder saidcekpgcindlfisoussadheast
and rhefthrey éstTatlajha sseeigbrswrerteariypletthytlatosed cotong Msidisenssbhll dbefdrertdy thayajdfectadidors
were ttpaeeahadpett dubiegHastia it Waehdderanaantpd b iharitiosenise sy adticetbeRndrieusitlast to
MichHRAIPRYntAS At QBN HEE cify bster WoB Al kieda b g¥eEY ABEHRROAA I these
regiofl  TRISTRIGEARY ??Fa‘%@éé‘%{é??ﬁ%‘%f&%% ftli‘é’s}‘%%f% leba{sﬁala%gﬁgﬂgg%%éﬁfsef%fg§hﬁ§ﬁ£§t%ﬁ%%al}é%ould
affecteld areas. Thig can possibly be achieved. by roadway modification and landsca Note that
111 o % the dﬁf’ cted areas. ﬁrllus can po 1%113/gbe achieved by
t of%a ?en% e CIS ?0

still be resilient enou erve se pe
roagway closureshappen generally ahie 6 the Fac rees or pole as opposed to power outages

roadway prodification aid eiidsearingnlos that roanway Slpsirss harRsR sshs i A Ut dhe dact of
falleqlggegﬁtgre%gls é;g?@_osed to power outages which can happen both because of fallen trees as well as

a failure at the substation which can impact the entire power grid.



Energies 2020, 13, 1098 11 of 18
Energies 2020, 13, 1098 11 of 18

Power Outage
| PR R
| [ATECED

| TR

[ 035 - 003
N - -v:u:u:.l
I:l R Hermime
[ oty of Taitahassee

Roadway Closure

Michael
B g
0.3-0.56

[ s

[ Joos2a-02

[ ]-012-0081 | ‘

I 041 --0.13 | SO s s

B oo 0a2 BilEs
Hermine Sturces Esii HERE, Garifin USGS: @ INCREMENT P NRCan, |

[ ] city of Tallahassee SR o Lo o e

(b)

Fligueeod. [Dendify restily difftarance hetween Michael and Hermine: (@) powerr @tagess; (D) resativeyy
clbesitees. Note that for power outages, higher demsitiks off pormearr @itagass caiises yy Wittagblaaee
iniddaaseriinprirpite. For these areas with more eyan colox, on the other hamdi, Himifieecausesimesee
ddamageshthanviMidedebiditailarlfor it toadwadyansreneteareds anchsatadinsde thasvlidiateMithered
nabecthdrrideeriine Nenrine tbexspoihe appelitiads vabeb fokmaredslue areas.

330 Sahiséiad1 Miypiss Resaltes

32011 HFisancHeamine dnd Hrsicane Michael-induced Bower Sutages

Threesulitdiptinticahanalyses ior Hurricane Hermine: and irssicanenvlishaelindreridovssr
oytnggeareRTANIdadk fiabiss redtd ah despeetivelyiJarthadahlestasies ficients vialves shrig e pRsitive

positive and negative effects of an independent variable on the response variable. “Standard Error”



Energies 2020, 13, 1098 12 of 18

and negative effects of an independent variable on the response variable. “Standard Error” estimates
the standard deviation of the coefficients in the model. That is, it measures the precision of the model.
Also, “p-values” reveal the significance level of different variables on the response variable. In this
study, we considered three different significance level including 90%, 95%, and 99%. For each variable,
the level of significance has been determined based on the corresponding p-value. Based on the results,
five variables seem to have statistically significant effects on power outages induced by Hurricane
Hermine at the significance level of 90% (Table 2). Similarly, five variables are statistically significant
with respect to power outages in Hurricane Michael (Table 3). “Land Area (km?)” variable is not
statistically significant even though it has a negative coefficient for Hurricane Hermine-induced power
outages. However, this variable has significant effects on power outages due to Hurricane Michael.
This indicates that people living in a census block group with larger land areas were affected more by
power outages caused by Hurricane Michael. “Average Household Size” variable has a large negative
coefficient for both hurricanes. That is, census block groups with larger families experienced less power
outages in both hurricanes. Another interesting finding is that “College Degree (%)” with its negative
coefficient is statistically significant for Hurricane Hermine. That is, census block groups where more
educated people are living suffered power outages less than the other regions in Hurricane Hermine.
One explanation for this finding might be the fact that these residents usually have higher income and
live in the areas of the city with more developed infrastructure systems. Moreover, “Transportation
Mode: Walk (%)” parameter reveals that census block groups with higher percentage of people who
walk for travel purposes suffered power outages less in Hermine in comparison to the people who use
other modes of transportation.

“African American (%)” variable, on the other hand, shows a different pattern with regards to
its positive coefficient in Michael. This means that, census block groups where higher number of
African American populations are living suffered roadway closures more than other locations. Also,
“Total Length of Underground Power Lines” and “Total Length of Overhead Power Lines” variables
are statistically significant with respect to their positive coefficients for power outages. These variables
disclose that the longer the power lines, the higher the power outages. As seen in Tables 2 and 3,
positive coefficients of overhead power lines are much larger than underground power lines for both
hurricanes. This means that the areas in the city with more overhead lines are more vulnerable to
hurricane-induced power outages which is an intuitive finding. As seen in Figure 3a, most of the
power lines and more specifically, overhead power lines are distributed around the city center and as
stated earlier, the areas around the city center suffered more power outages rather than other regions
(Figure 5a,b). Based on the findings for both hurricanes, it can be concluded that power outages are
highly associated with the “Total Length of Underground Power Lines” and “Total Length of Overhead
Power Lines” variables for both hurricanes Hermine and Michael.

Table 2. Model results for Hurricane Hermine-induced power outages.

Multiple Linear Regression Model: y ~ 1 + x1 + x2 4+ x3 + x4 + x5 + x6

Estimated Coefficients:

Significance Level

Variables Coefficient Standard Error ~ p-Value
99% 95% 90%

(Intercept) 188.076 53.001 0.001 v v v
Land Area (km?2) —-0.460 0.320 0.153 X X X
Average Household Size —54.118 15.503 0.001 v vV v
College Degree (%) -0.888 0.416 0.035 X Y, v
Transportation Mode: Walk (%) -2.394 1.338 0.076 X X v
Y. Length of UG Power Lines (m) 9.465 2.278 0.000 v vV v
Y. Length of OH Power Lines (m) 39.383 3.811 0.000 vV Vv Vi

Note: 157 observations, 150 error degrees of freedom, Multiple R-squared: 0.4695, Adjusted R-squared: 0.4483.
Residual standard error: 71.59, F-statistic: 22.12, p-value ~ 0.
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Table 3. Model results for Hurricane Michael-induced power outages.

Multiple Linear Regression Model: y ~ 1 + x1 + x2 + x3 + x4 + x5

Estimated Coefficients:

Significance Level

Variables Coefficient Standard Error p-Value
99% 95% 90%

(Intercept) 100.618 31.948 0.002 v v v
Land Area (km?) 0.705 0.310 0.024 X v v
Average Household Size —47.703 13.339 0.000 Vv Vv v
African American (%) 0.456 0.236 0.055 X X v
Y. Length of UG Power Lines (m) 15.056 2.218 0.000 v v v
Y. Length of OH Power Lines (m) 51.753 3.610 ~0 vV Vv v

Note: 157 observations, 151 error degrees of freedom, Multiple R-squared: 0.6626, Adjusted R-squared: 0.6514.
Residual standard error: 69.12, F-statistic: 59.31, p-value: = 0.

3.2.2. Hurricane Hermine- and Hurricane Michael-induced Roadway Closures

The results of the statistical models for Hurricane Hermine and Michael induced roadway closures
are summarized in Tables 4 and 5. According to the obtained results, five variables are statistically
significant regarding the Hurricane Hermine-induced roadway closures in the city (Table 4). Also,
five variables have significant effects on roadway closures caused by Hurricane Michael (Table 5).
Similar to Hurricane Hermine-induced power outages, the same assessment holds for “Land Area
(km?)” and “Average Household Size” variables for Hermine-induced roadway closures. Additionally,
“African American (%)” parameter indicates that census block groups with higher percentage of
African American populations were affected more by roadway closures in Hermine. “Young (18-21)
(%)” variable reveals a different pattern due to its negative coefficient in the case of Hurricane Michael.
That is, census block groups where higher percentage of young (18-21) population are living suffered
roadway closures less in Michael. According to Figures 3e and 5d, this result was expected. Also,
“Total Length of Overhead Power Lines” variable had statistically significant impacts on roadway
closures induced by both hurricanes. This indicates that the longer the power lines, the higher the
roadway closures. Similarly, “Total Length of Underground Power Lines” was statistically significant
at a significance level of 90% for roadway closures caused by Michael. However, the findings reveal
that “Total Length of Underground Power Lines” was not statistically significant for the case of
Hurricane Hermine. A comparison between Figures 3a and 5c discloses that most of the overhead
power lines are clustered in the areas of the city where more roadway closures were reported in
Hurricane Hermine. Another interesting finding is that “Emergency Facility Area” with its positive
coefficient was statistically significant in Hurricane Hermine. That is, census block groups closer to
critical facilities experienced roadway closures more than other areas. As seen in Figure 3¢, most of
these facilities are distributed around the city center and the areas around the city center (where critical
facilities are located generally) suffered more roadway closures rather than other regions in the case of
Hermine (Figure 5c). “Built After 2014 (%)” shows that census block groups with higher percentage of
housing units built 2014 or later suffered more roadway closures caused by Michael. “Disability (%)”
variable, on the other hand, shows a different pattern due to its negative coefficient. That is, census
block groups with a higher percentage of people (20-64 Years) with a disability were less affected by
the roadway closures due to Michael.
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Table 4. Model results for Hurricane Hermine-induced roadway closures.

Multiple Linear Regression Model: y ~ 1 + x1 + x2 + x3 + x4 + x5

Estimated Coefficients:

Significance Level

Variables Coefficient Standard Error p-Value
99% 95% 90%

(Intercept) 33.052 7411 0.000 v v v
Land Area (km?) -0.166 0.071 0.021 X v v
Average Household Size -11.738 3.035 0.000 vV Vv v
African American (%) 0.119 0.051 0.021 X v v
Y. Length of OH Power Lines (m) 2.442 0.831 0.004 v v v
Emergency Facility Area 0.163 0.073 0.027 X v v

Note: 157 observations, 151 error degrees of freedom, Multiple R-squared: 0.212, Adjusted R-squared: 0.1859.
Residual standard error: 15.8, F-statistic: 8.123, p-value: = 0.

Table 5. Model results for Hurricane Michael-induced roadway closures.

Multiple Linear Regression Model: y ~ 1 + x1 + x2 + x3 + x4 + x5

Estimated Coefficients:

Significance Level

Variables Coefficient Standard Error p-Value
99% 95%  90%
(Intercept) 4.429 1.773 0.014 X vV v
Young (18-21) (%) ~0.092 0.035 0.008 V V V
Built After 2014 (%) 0.871 0.335 0.010 X v v
Disability (%) -0.167 0.073 0.024 X vV v
Y. Length of UG Power Lines (m) 0.449 0.185 0.016 X Vv v
Y. Length of OH Power Lines (m) 0.995 0.314 0.002 v v v

Mote: 157 observations, 151 error degrees of freedom, Multiple R-squared: 0.219, Adjusted R-squared: 0.1931.
Residual standard error: 5.982, F-statistic: 8.468, p-value: = 0.

3.3. Final Discussion of the Results

The spatial model results indicated that the high-risk locations for roadway closures showed
different patterns for the two hurricanes. Roadways around the downtown suffered substantially during
Hermine, whereas roadway closures did not show specific clusters for Michael. On the other hand,
power outages seem to have similar spatial patterns for both hurricanes with the significant impacts
on residents living around the city center. However, the spatial results obtained may not guarantee
that the high-risk locations found possess statistical significance. In addition, the visual results do
not provide any information on which population segment has been impacted more than others.
A regression analysis, on the other hand, enabled us to interpret which communities were impacted
more by the hurricanes in the city via the introduction of demographics- and socioeconomics-related
variables in the regression model.

The information gained by statistical models showed that census block groups where higher
percentage of educated people were living suffered power outages less in Hurricane Hermine.
The results also revealed that there were more power outages where the length of power lines was
larger, and census block groups with overhead power lines were more vulnerable to power outages in
both hurricanes. On the other hand, census block groups with larger families experienced less power
outages than other areas. In terms of roadway closures, the results revealed that African American
population suffered more roadway closures in Hermine. Similar to power outages in both hurricanes,
longer overhead power lines were associated with increasing roadway closures. Also, census block
groups where young (18-21) populations were living were less affected by roadway closures caused by
Hurricane Michael.
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The findings of this study reveal the critical locations of the city that are under risk of disruption
due to the fact of hurricanes which can enable emergency and city officials to make accurate estimations
and identify the most vulnerable areas with a specific focus on roadway closures and power outages in
order to alleviate future disruptions. This might be obtained by deploying the restoration equipment
and personnel closer to these areas or establishing new emergency response facilities.

As a possible impact on developing urban development policies, the findings of this study can
help delineate the areas and the residents in the city that are under high risk of disruptions caused by
hurricanes. This type of analysis can help planners and emergency officials develop better strategies
in identifying critical and less resilient regions and make accurate estimations for targeted locations.
This information can be utilized to improve emergency response and urban development plans by
identifying and building the optimal roadway infrastructure which can help provide alternative
emergency routes to public in the case of a hurricane.

4. Conclusions and Future Work

In this study, the impacts of Hurricane Hermine (2016) and Hurricane Michael (2018) on the
City of Tallahassee were assessed using GIS-based spatial and statistical analyses. Spatial analysis
was conducted via a series of spatial analytic methods to explore the power outages and roadway
closures patterns including the KDE and the DRD methods. The latter was specifically utilized in
order to understand how the impacts of Hermine and Michael were different for the city and to assess
the differences in locations where power failures and roadway closures were experienced. Statistical
analysis, on the other hand, was performed to provide critical information about the relationship
between the magnitude of power outages and roadway closures induced by these hurricanes and
different socioeconomics-, demographics-, and transportation-related variables.

The results of this analysis indicate the following: (a) density ratio approach clearly indicates that
outage and closure maps for the hurricanes have different geo-spatial patterns, (b) a substantial amount
of power outages and roadway closures happened around the center of Tallahassee, and (c) vulnerable
population segments based on income and ethnicity suffered more from outages and closures. These are
important findings which basically separates those population groups from others. This knowledge can
allow planners and engineers to focus on those high-risk areas for safety-focused intervention efforts to
assist populations in need of power and accessibility. This can also help increasing the efficiency of the
emergency operations towards obtaining better policies and plans that focus on populations at risk.

As a future work, the effects of downed trees on the transportation and power networks can
be considered. Also, studying the problem temporally and looking at different temporal patterns of
solving the power outage and roadway closure problems is a good direction of future research to
consider. Furthermore, this study could be extended to using other methods such as Bayesian models
to predict the power outages and roadway closures based on different predictors. Also, using particle
filtering or Kalman filtering (linear quadratic estimation), the information related to hurricane’s track
can be added to the model [43-45].

There are several limitations to this study. For instance, as stated in the “Study Area and Data
Description”, the roadway closures and power outages data were obtained via DigiTally mobile app in
which the city residents can report the outages or closures online. Hence, there is a possibility that
some closures or outages in the city were not reported by the residents and this can indicate some
missing closure and outage data. Moreover, hurricane path as well as wind speed and direction are
other variables that can affect power outages and roadway closures and have not been considered
in this paper due to data availability. This is especially critical to have a more accurate measure of
the hurricane’s impact on roadway and power grid. As a future study, the impact of hurricane track,
wind speed, and direction on power outages and roadway closures will be investigated when the data
are available. In addition, to further understand the actual impact of the hurricane, high-risk locations
should be studied in more detail.
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