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ABSTRACT

Hurricanes are one of the most disastrous natural hazards impactingJiSecoastal regions
causing a huge damage to property every year. The damadéosssduring hurricanscan be
attributed to the simultaneous occurrence af twajor events high intensity windand heavy
rainfall. Moreover since hurricane is an atmospheric phenomenon, any changes in the present

climate could impadboth hurricane wind and rdadl, andthe correspondindamags and losses.

Studies havehown that future climatic conditions coddd different compared to present with an
overall increase in the sea surface temperature. This increase is found teupgforom spatially
based on the projections provided by Intergovernmental Panel on Cdnatge (IPCC 2013).
This could kad to vaying effecs on hurricane hazard and the corresponding losses at®ss
differentregiors, resulting insome low risk regions obseng a huge change in future hurricane

risks whereas others obseny only a slidit change.

Additionally, if the hurricaneproneregiors are inhabited by marginalized population, thba
overall hurricane risk in thee regiors would be even higheMany studies have found thedme
population groups anmore vulnerable to theazardimpactcompared twthers In other words
the differerces invulnerabilities of the differergopulationgroups could result in regions inhabited
by marginalized population to be more sensitive to the hazard compared to @tmssquently
assessment of climateependenturricane riskconsidenng thepopulation vulnerabilityof the
regioncould provideamore holistianformationin estimatinghe potentialassistancaeeds othe

impactedpopulation.



Accordingly, in this research, a detaileshalysisis performed to evaluate tlegionalhurricane
risk across different).S. coastalregions by considerinthe climate changempacton hurricane
hazard hurricane building damageand the correspondindosses.Residentialbuildings are
selected fothe damage and loss assessment since they aredsteviinerable structurde the
hurricanehazard Further this researchinvestigatesclimate changempact on hurricane risks

considering the vulnerability of the impacted population.

It is found that the wd speeds for different locatisacross the L$. south and east coast increase
by around 360 mphin future climatgyear 2100 under RCP 8.&)mpared to the present climate
(year 2005)The increase in wind speé&stl to an increase in tlaweragendividual building losses
by almost 3.5 times future compared to preserthis in turn greatly increases future regional
hurricane losseslowever different regions are found to have different degrees of incredise in
future losseswith higherpercentagéncreases found to be the northeast coastompared to the
southeast coast. In addition, it is also found tegionalhurricane riskaregreatly affectedby the

vulnerability of thempactedpopulation.
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CHAPTER 1: INTRODUCTION

1.1 Research Motivation

In the United States, hurricagareone of the mst devastatig natural disasters which cause a
huge toll to properties and human lives. Since 1990, out of the top ten costliest catastrophes
(inflation-adjusted) in theU.S, seven are due to hurricane damages (Insurance Information
Institute 2017). Thewerage annudiurricane loss from 1900 to 29 normalized with respect to

2018 sociceconomic conditions, is estimated to asund 17 billion U.S. dollars for the

continental United State$\einkle et al. 208).

Hurricanes present such a hazardous sitmatasthey ae a combination of two extreme events

high wind speed and heavy rainfall. The simultaneous occurrence of these two events trigger a
number of hazardous conditions whicéinlead to structural damage, tree fall, damage to crops
and livestocketc. Furthe the interaction of these two events could result in combined losses to
buildings much greater than if the individual events had occurred separately. This could be
distinctively observed in residential buildings where high wind spelanagethe external

structurs through which rainfall can enter damaging the intsréord conters

Due to the likelihood of hurricasgpassing through various regions in tieS. andtheir huge
impacs on the building structures, wind load has been listechasobthe major loadings in the
current building design load standard, ASCEG/Further thedesign in accordance with the code
are meant tpreventthe damagedue towind, whichalso inherentlyrevens thedamags of the
interior of building due to iia ingressfrom the impinging rain The design wind load in ASCE

was determined based on both hurricane andhuoncane winds and is provided in the form of



wind speed maps for different occupgeategories of structures. The hurricane wind load adopted

in the code is developed originally in Vickery et al. (2010), using the methodology described in
Applied Research Associates (2001), Vickery and Wadhera (2008), and Vickery et al. (2000,
2009a, 209b and 2010). This methodology utilizes Monte Carlo sitiarido generate hurricanes

based on a number of hurricane parameters. The statistics of the hurricane parameters are based
on hurricane data from 1990 t o eaAeOparameters, Vi c K
hurricane central pressure, is modelea aslative intensity parameter which is a function of sea

surface temperature (SST). Howew8CE %16 does not considemy probable effeaif changes

in SST on the wind loads undfeture climaic conditions

The United Nations Intergovernmental Panel@imate Change (IPCC) reported that the period

of 1983 to 2012 was the warmestagar period of the last 1400 years in the Northern hemisphere

and this warming trend is expected to continueuture (IPCC 2013). IPCC has attributed the
increase in tenmgrature to both natural and anthropogenic processes. Based on the anticipated level
of these processes in future, IPCC has projected four different climate change scenarios. All of
these climate @dnge scenarios show moderate to significant increases am sea surface
temperature in future. The rapid increase in temperature is unprecedented, hence the consequence
of climate change on damagand lossesdue to hazards that have some dependeane
atmospheric temperaturéke hurricanes, drought, crop yikletc. has not been fully understood

yet.

Studies based on the anticipated future climate have found an increase in hurricane wgid speed
future climate (Emanuel 2008, Knutson et al. 2010, @oat al. 2006). Besides, studies have

shown a positive rationship between rainfall rate and wind speed (Lonfat et al. 2004, Marks and



DeMaria 2003, Tuleya et al. 2007). This could cause incsgagbe future hurricane losses in
residential buildingsFurther, the impact of climate change on hurricane lossell wary by
location. Even at present, hurricane hazard varies widely across different regions as could be
observed from historical data. This is because hurricane hazard in a given locatiais dgmen

a lot of factors, including proximity to the oceaemperature of neighbimg ocean, Coriolis

effect etc. Besides, the IPCC projected climate change including the SST is distributed non
uniform spatially. Thus, the namiform SST in conjunctiomwith the above listed factors could
culminate into variabldegree of changen hurricane hazard and the corresponding losses across
different locations in th&).S. Additionally, if these regions are inhabited by vulnerable population

groups, then it mighlead to a huge magnification of their overall regidnaticanevulnerability.

Many studies have found that some population groups are more vulnerable to the hazard impacts
compared to other§or instarce studies have found that certain demographic groups, including
people with low income, newhite race, ciidren and old people, are known to suffer more
severely following a hazardous event (Fothergill et al. 1999, Elliott and Pais 2006, Sastry et al.
2009,HamamaRaz et al. 2014, Landry et al. 2007). More specifically,-io@ome population

were found to banore adversely affected in terms of their education, health and other needs
following a natural hazard (Kareem and Noy 2016). Similarly-wbite racewas found to have
difficulty evacuating following a hurricane, suffer higher job lagst{arelli 2008,Chaganti and
Waddell 2015%. Accordingly, the different vulnerabilities of the different demographic groups
could further project ipopulationbasedegonal hurricane riskresulting in regions inhabited by

marginalized population to be more sensitivéh®hazard compared to others.



A holistic approaclof assessingegionalhurricane riskoy considering population vulnerability

can help identify the ggons where people are most impacted by the hazard and thus help prioritize
resources to those regiomghich could be useful in préisaster planning phase. Such approach
would be especially beneficial for largeale hazardéke hurricanessince they equiremassive
resource allocatigrand hence need to be planned caref@dlyther, sincdoth hurricare hazard

and demographic composition cowiary spatially, thicould result in huge variabiigsin hazard

risks across different regions. Accordinglya comprehensivenurricane risk assessment
considering potential impact of climate chaage populatia vulnerabilityhelps provide valuable
guidance to prepare for future hurricane risk, by identifying the regions where people will be in

themost need of assistance.

Thus, this research aims to investigate in detail the potential effect of future dimthteregional
hurricane risk across théS.coast Eight counties across thkS.south and east coast are selected
for the assessment ahe hurricane riskThe impact of climate changen hurricane hazard,
building damage and the correspondingnetay losses are thoroughly investigated across these
counties Currently, damages are investigated only for residential buildings since theyeaod

the most vulnerable structures to hurricane damdégilitionally, non-monetary hurricane
impacts including need of emergency shelter and job loss ase evaluatedconsidering the
vulnerability of the hazard@npacted populationt is noted thasince the intent of this study is to
investigate the impact of climate change on future hurricane gidlgsany ptential changes in
building fragility, exposure, populatipandbuilding code changes futurearenot considered at

this time. Furtherthis study only considers the damage from wind and rain ingressother



modes of hurricane damagaich astom surge, floodingarenot consideredAccordingly, he

following section discusses the objective and the major tasks of this research.

1.2 Research objectives and specific tasks
This study aims to investigate the potential change ibltBehurricane riskprofile in future under

climate change scenarios.

1.2.1 Research objectives

Below are the research objectives of this research.

Objective 1. Develophurricane scenarios for present and future using a model capable
of capturing the impact of climate on the hurricanes.

Objective 2. Develm a hurricane loss assessment framework for residential buildings.

Objective 3. Evaluate the impact of climate change on the regional hurritcslh@cross
theU.S. coastal regionwithout considering population vulnerability

Objective 4. Evaluatethe impact of climate change tmeregionalhurricane riskacross

theU.S. coastal regionby considering population vulnerability

1.2.2 Research tasks

Below are thespecific tasks to realize the above research objectives.

9 Tasks for Objective 1.



Task 1.1. Develop a model for storm system simulatiogorporating sea surface
temperature.

Task 1.2. Obtain the sea surface temperature data for present and future climate
scenarios.

Task 1.3. Validatethe hurricane simulation model.

9 Tasks for Objective 2:
Task 2.1. Develop a hurricane damage model considering sffiexh both huricane
wind and rainfall for residential buildings.
Task 2.2. Develop a hurricane loss assessment model capable of capturing the wind
andrain damagein residential buildings.

Task 2.3. Validate the hurricane damage and loss models.

9 Tasks for Objective 3:

Task 3.1. Obtain prototype @dential building structures and building inventory for
selected locations.

Task 3.2. Assess hurricankeazard and the corresponding @aymin each residential
building prototype for each region under the climaépendent hurricane
scenarios.

Task 3.3. Evaluate regional |le®s for present and future climate scenarios by
combining the hurricane losses in individual building prototypes for the

correponding scenarios.



9 Tasks for Objective 4:
Task 4.1. Develop a model for assessinghurricane impacts considering the
differences impostdisaster responsef different demographic groups
Task 4.2. Gather past hurricanedatato develop the model, along witlhe data
regardingthedemographic compositidior the selected counties
Task 4.3. Evaluate regional population vulnerability-consideredhurricaneimpacts

across the selected counties present and future climate conditions.

1.3 Organization of Dissertation

This dissertation describes in detail the methodologies adopted to accomplish the tasks listed
above, along with the findings of the studyhe remainder fothis dis®rtation consists of six
chapters, followed by a list of referenc€hapter2 reviews the extsg studies investigating the
impacts of climate change on hurricane ri€kapter3 discusses the methodology adopted to
develop climatedependent tnricanerisk model.Chapter 4provides the findings dhe effect of
climate change ohurricanebuildingdamageChapter Sliscussethe findings of effect of climate

on hurricane risk across the.S. coast. Chapter 6 discusses thdindings of population
vulnerability-consideredegional hurricane risk across tteS. coast Chapter7 then summarizes

the findings othis researcland discussebe remaining future works



CHAPTER 2: EXISTING STUDIES INV ESTIGATING THE
CLIMATE CHANGE IMPAC T ON HURRICANE RISK !

2.1 Climate change

The global mean surface temperature has increased since the late 1@t (@G C 2013). The
global surfacéemperature data shows a mean warming of 0.85°C (land and ocean cqrobaned
the period from 1880 t8012.The upper 75 m of ocean suréaalone is found to have a mean
warming of 0.11°C per decade over the periodft®71 to 2010Further, his trend is expected

to continue, with the futur@rojectedto have a much warmer climate compared to present

(Andregg 2010, Bray 201®erheggeretal. 2014, Carlton et al. 2015, et al. 2016)

One of theleading bodks working on climate changes Intergovernmental Panel on Climate
Change (IPCC)IPCChas developed severaportsby assessing the numerous published climate
change researches and cancbnsidered as the mostdepth and statef-the-art climate change

studies which have been widely accepted and used in the scientific comnmBQiy.has
published five assessment reports to date, with the fifth assessment report being the most current
one IPCC has attributed the warming to a number of natural and @otjeaic processes and

substances that alter the earthdds energy bal ai

I Part of this dissertation has been published in

Pant, S., Cha, EJ. (281 Effect of climate change on hurricane damage and loss for residential buildings in Miami
Dade CountyJournal of Structural Engineerind 44(6), 04018057. doi:10.1061/(ASCE)ST.2%#1X.0002038

Pant, S., Cha. EJ. (2019). Wind and rainfall loss assegsfoe residential buildings under climatiependent
hurricane scenarioStruct Infrastruct E15(6), 771782.

Pant, S., Cha, EJ. (2019). Potential changes in hurricane risk profile across #uk States coastal regions under
climate change scenaridatructural Safety80, 5665.



gases (GHG) and shdived gases and aerosols, among which GH&kaown to contribute the

most to the global surface warming.

Thechage i n t he Ea rcanb@usantibed esingyadiativeafdrcang anetis expressed

in watts per square meter. Considering the anticipated radiative forcing, climate feedioties a
storage of energy by the climate systém,fifth IPCCreporthas projected the rate and magnitude

of global climate change for future in terms of four representative concentration pathways (RCP):
RCP2.6, RCP4.5, RCP6.0 and RCP8.5. Each RCP ischasnger the projected radiative forcing
values expected in the yeat@. Consequently, the higher the radiative forcing, the higher is the
surface temperature increase. If stringent mitigations are taken to lower the GHG emissions, it will
result in lowe radiative forcing corresponding to RCP2.6. However, without stringéigation,

the climate change scenario is expected to be within RCP4.5 to RCP8.5.

For each of the RCP scenarios, the temperature was projected both ftermeand longerm
future,for land as well as ocean surfaéggurel showsthe projection of SST change for near

term future based on concentratdrven Coupled Model Intercomparison Project Phase
5(CMIP5) simulations by IPCC (2013). Tigbobal mean surface temperatufesd and ocean
combined)for 2081 2100 is projected to arease relative to 1988005 by 1°C (RCP2.6), 1.8°C
(RCP4.5), 2.2°C (RCP6.0) and 3.7°C (RCP8.5). For the same time periods, the mean ocean
temperature alone is pegted to increase by 0.8°C (RCP2.6), 1.5°C (RCP4.5), 1.9°C (RCP6.0)

and 3.1°C (RCP8.5).
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Figure1l: Projected change in mean sea surface temperature relative to2(85for different
climate change scenarios.

2.2 Hurricane frequency

Since hurricane is an atmospheric phenomenon, future hurricane hazard could be impacted under
climate change. One of tmeetrics ofhurricane hazard is hurricane frequenclyeiie have been

many studieshat have investigatetthe impact of future climatenchurricane frequency. Out of

these, some studies have found an increasing trend of annual hurricane frequency for climate
change scenario (Mann and Emanuel 2006, Mudd et al. 2013, Liu 2014) based on the analysis of
HURDAT. However, various researchers davgued the completeness of HURDAT and insisted

that a large portion of past hurricane detamissing owing to lower hurricareporting ship

density as well as other observational and recording restrictions prior to satellite and aircraft

10



reconnaissancera (Landsea et al. 2010, Knutson 2010), hence analysis of unadjusted HURDAT

data to obtain frequency trend can be misleading.

Different methodologies have been devised to account for the missing data in HURDAT. Mann et
al. (2007) adjusted for missing ddty comparison of praircraft reconnaissance era (187943)

to recent data from 1942006 to estimate number of TC (Tropical Cyclone) missed and found an
undercount of 1.2 TC per year. After adjusting for the undercount, the frequency of TC was still
found to have an increasing trend with time. On the other hand, Landsea et al. (2010) and Knutson
et al. (2010) found no significant change when adjustment for missing TCs was done. Landsea et
al. (2010) based their analysis on adjusting medium andt@nthurricanes based on ship density

and other limitations in preatellite era. They also found that the increasing trend in hurricane data
was mostly due to short duration TCs which they attributed to changes in hurricane observing and

recording practices.

Further, various higiiesolution models showed a decrease in frequency ddartate change
(Bengtsson etl. 2007; Emanuel et al. 2008; Knutson et al. 2@08itson et al. 2013ender et

al. 2010 but an increase in high intensity storfsr exampleBengtsson et al. (2007) suggested
that even though the climate will be warmer in future, however the increase in the static stability
and reduced vadal circulation could contribute to the reduction in number of stokmstson et

al. (2015) using GFDL lgh resolution atmospheric model performed hurricane simulation for
SSTs corresponding to 192005 and late Zicentury based on RCP4.5 scenario. It was found
that tropical cyclones will be fewer in future climate, but frequency of intense category> and
storms will increaseBender et al. (2010) found nearly a doubling of frequency for category 4 and

5 storms by the end of the 2tentury, despite a decrease in the overall frequency of tropical

11



cyclones, usingraoperational hurricanprediction modelYoshida et al. (2017) based bigh-
resolutionsimulations from global atmobkpric models found that for ak4surface warming
climate, the global number of TCs decrease by 33%. However, TCs were fanockse in the
central and eastern parts of therattopical North PacificSugi et al. (2017) by usingtatistical
downscalingof ensemble of many higlesolution global modedxperiments found that in future
climatethe frequency of very intense tropl cyclones willincrease in most regions but dexse
in the south westerpart of Northwest Pacific, the South Pacific, and eagtart of the South
Indian OceanThus, based on the review of the existing studids,faund that climate change

effecton hurricane frequency is still a contended subject

2.3 Hurricane intensity

In addition to hurricane frequencgmother parameter to measure hurricane hazard is hurricane
intensity. Various studies have investigatbdw the increase in SST could impdmtricane
intensity For exampleEmanuel (2005) had tmd that a degree Celsius increase in SST could
increase the maximum wind speed of tropical cyclones byEs#anuel(1988, 2008had also
used physichased model and found an increase in the hurricané syieed with an increase in
the SST Based on thaveraged SST data for all the basins in the tropical cyclone sé&dsoer

et al. (2008had found thaa 1°C rise in SST increas¢he wind speed by 182.9m/s in the value

of 80thpercentile and 6.% 4.2m/s in the value of 90th percentidOAA (2019 had alsofound

that tropical cyclone intensities globally will likely increaseaverage by 1 to 10% according to

model projections for a 2°C global warmingoshida et al. (2017) Isad on higkresolution

12



simulations from global atmospheric models fothmat for a 4 K surface warming climate, lifetime

maximum surface wind speeds and precipitation rates are amplified globally.

As statedin Section 2.1 future climate is expected to learmer thanthe present climate.
Accordingly, studies havassesskfuture hurricane intensity under climate charfga. example,
Oouchi et al. (2006) had developed tropical cyclones (TCs) using high resolution, global
atmospheric model, based on which therease in the maximum wind speeds for the future
climate under IPC@1B scenario in 208@099 to the present climate was found to be 7.3 m/s for
the Northern Hemisphere and 3.3 m/s for the Southern Hemispherakami et al. (2012had
alsofound an imrease in high intensity storms in future climate basedheranalysisusing
atmospheric general circulation modesshijima (2012) performed risk assessment of typhoon
event from simulation based on suggh resolution atmospheric general circulatioodel. It

was found that at most locations of Japan, extreme windseaes most likely to occun future
thanat presentKnutson et al. (2010) found that hurricane wind speeds may increasé 1% 2n

the twentyfirst century, globallyKnutson et al(2015) performed hurricane simulation for SSTs
corresponding to 198005 and late ZAcentury based on RCP4.5 scenarging GFDL high
resolution atmospheric model and GFDL hurricane motied average cyclone intensity as well

as precipitation rates is found to increase in future climaBengtsson et al. (200Had also
suggested that the increase in temperature and water vapor in future climate would provide more

energy for the storms resulting in more intense storms.

Further,using statistical approachegludd et al.(2014) had investigateé the impact of climate
chang@ on hurricane intensity for the year 2100 under RCP 8.5 scenario. It was found that for

ASCE 710 design category Il wind speed, the majority of the NortHgastcoastline could see

13



an increase of about 15% in 2100 compared to the present climatgondieg to the year 2012.
The increase in wind speed in future climatas also found in Mudd et al. (201@therstudes
(Mudd et al. 2017, Rosowsky et &015)had found increases in both rainfall rate as well as the
wind speed in 2100 under RCP 8.®rsario conpared to 2012Accordingly, most studies agree

that hurricane intensity will increasetime future climate.

2.4 Hurricane losses

The increase in hurricanmetensity could result in the increaséhurricane losses under climate
change. This has s been investigated in various studies. For exanitenuel (2011) had
evaluated the property losses for hurricanes-fatlithg U.S. Gulf and East coasts undawnstant
climate as well as IPCC A1B scenario until 2100e property loss calculation wdmased on
empirical model which relates wind speed to fractiothefproperty loss. fie accumulated loss
since 2000 wa found to almost double in 2100 for AEBenario compared to constant climate
conditions.Nordhaug(2010) had investigated the impact ofbbal warming on hurricane losses
and had estimated th&S. hurricane losses to increase by 10 billih$.dollars due to the climate
change corresponding tloubling of atmospheric G@oncentrations. Choi and Fisi{g003)had
investigated the impacf alimate variability like EI Nino on hurricane losses for North Carolina
by performing regression analysis on historical data and found the climate vigrimbhave a
significant impact on hurricane losses. Hallegg@®7)had generated synthetic hiaanes using
model based on physical mechanism for th8. Atlantic and Gulf coasts. For future climate

scenario based on a 10% increase in potential itgeashigher percentage of intense hurricanes

14



were observed resulting in the increase of the alnhurricane damage by 54% in the future
climate scenario. Bouwé2013)had projected future extreme weather losses including losses due
to TCs by analyzingesults given in other studies. For TCs, the increase of average annual losses
in 2040 compared t@000 was found to be between 9% and 417%, with a median of 30%.
However, it has been suggested that for the year 2040, the contribution of the incressesin lo
could be more due to increasing exposure rather than due to anthropogenic climate cheinge. Li
al. (2016)had investigated the impact of increase in hurricane damages due to increase in hurricane
wind speeds. For an annual 5% increase in wind spgezdnnual probability of failure was found

to increase by 10% in 50 years. Wang and Rosowsky/ {2t also simulated hurricanes under
climatedependent RCP 8.5 scenario for the year 2100 in Charleston, SC and evaluated the loss
based otHAZUS software br present as well as the climatependent scenarios. The probability

of exceedance of losses wdbund to be higher in the climadependent scenario

Further, some studies have investigated and compared the climate change impact on hurricane
losses aamss different regions. For exampley (2014 had wused Vi 2@08)toy 6s mo
simulate hurricae for present and IPCC projected future climate scenarios andH4s8dS

software directly to evaluate the regional hurricane losses for Orleans, Miamestdivaand New

York. The future hurricane scenarios were modeled considering only a changensitynse

change in both intensity and frequency. In the model considering only the change in intensity, the
average increase in wind speed between RCP 8raisador the year 2100 and a no climate

change scenario was found to be betwed®r@/s for a retrn period of 10 to 1709ear. The

increase in 70§ear return period hurricane losses were found to be 1.8, 0.8, 1.2 and 9.9 and for a

300-year return perioavas 3.8, 1.1, 2.6 and 9.3 for Orleans, Miami, Charleston and New York

15



respectively. Bjarnadottit al. (2014) had also compared the increase in hurricane damage cost in
2100 RCP 8.5 scenario for three locationtami-Dade, New Hanover and Galvestodue to

change in hurricane frequency and/or wind speed. For a 10% increase in wind speed, an increas
in annual damage cost was found to be 18%, 30% and 24% respectively in the above listed counties
assuming a foreshore exposuresummary most of theexiging studies have found that hurricane

losses will increase in future climatic conditiaith varying degree of the increase by location

2.5 Population vulnerability -consideredhurricane impact

There are only a few studies that have investigated the pdteffeat of climate change on
regional hurricane risks considering population vulnerability. Bjdottir, Li and Stewart (2010)
had developed a metric to assess hurricanedadlied coastal community social vulnerability index
to quantify vulnerability bhurricaneprone areas under climate changhis metric wa evaluated
as a product of hazard @mweighted vulnerability factorsyhich wee scaled based on the method
given in Davidson and Lambert (200The coastal community sociallnerability indexs useful

in comparinghe overall populationvulnerability-consideredegional hurricane risksf different
regions In this study, the potential impact of climate change on future hazard is accounted by
changing the present value afth wind and storm surge hazard fretnto 15% at an increment
of 5%. Accordingly, hurricane risk considering popudet vulnerability is not well investigated

yet.

16



2.6 Limitations of existing works

From the review othe existing studiesit is noted thawarious studies have concluded that the
anticipated increase in temperature will have an effect on the magnitudeuref fuurricanes,

which will increase the degree of outer and interior damages in builéiing®st of theestudies
hurricane losss aralirectly assessefbr a given wind speed by using simple equations developed
based on losses incurred during pastibanes and expert judgmetiowever this approach

could potentially lead to loss of valuable information, especially for analysis pedoamder
climatedependent hurricane scenaridssessment of hurricane risk involves a lot of inherent
uncertaintiesand a detailed analysis considering the uncertainties could help get better estimates

of the results.

Further,even thougli is intuitive that during hurricarsewind damage causes rain ingress leading

to even more damage, the nature of this dependesmeyot been studied weBesides, though

both wind and rain ingress are the primary modes of hurricane damages, however most studies use
a single fragility curve combining both modes for hurricane loss evaluation. Howeeer both

wind and rain hazardan be affected under climate change, the nature infdependency might

as well be affectedrhis could affect the nature of thembined fragility curvén climate change

scenarios

Moreover it is also noted thastudies performing a thorough assessmof hurricane risks,
especially across different locations are still lacking. However, since the spatial variation of
climate change could impact hurricane risk across the different regions differently, sensklow

regions could observe a huge chamgéuture hurricane risks whereas others could see only a

17



slight change. If this factor is not properly accounted, then regions with historically lower
hurricane risks might not have enough preparedness to resisttiutuicanedn addition, if these
regions are inhabited by marginalized population, tthenoverall hurricane risks inflicted on the

people could be even higher.

Currently, there are extremely few studies that have ingattd hurricane risk under clate
changeby considering population wnerability One of such studies as listed above is by
Bjarnadottir et al. (2014)t is noted that though this study tries to account for the changing hazard,
the hazard is not directly assessed as a function afifpdtiture climatic conditionfurther, the

metric developdin the study isiseful in comparing the vulnerability of a region relative to other
regions; i.e., it can be used to rank different regions in terms of their vulnerability. However, the
metricis not easily related to the parameter real physical world and provislmited insight on

the need of helps against hazard impacts. For example, the individual metrics cannot be directly
interpreted in terms of financial implications for a regisnd asemergency shelter needs,

evacuain needs, medical needs.

Thus, a comprehensive hurricane @sisessmermonsidering climate changeuld be valuable in
long-termregionfocusedplanning fordisaster preparednegsccordingly, this study investigates
the changes in hurricane risk profderossthe U.S. south and east coast under the anticipated
climate changscenario, with consideration pbpulation vulnerabilityThis study deviates from
other studies in that it usestateof-the-art method to evaluate the overall loss in a buildigg
performing a detailed analysis lmfirricanedamage for each individual building component under
different climate scenarios. The analyisiperformed for each predominant building isetected

county andhe losses for all buildinggs@asummed to gehe overall regional loss. The aim of this

18



study is not only to understand the effect of climate change on hurricane losses for a whole region
but also to investigate the variations in #ffect on various types of buildings. Furthibis study
hasalsoconsiderediemographic compositiaof a region in evaluation eégional hurricaneisk,

in cases where applicablEhe details of the methodology are explained in the following sections.
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CHAPTER 3: CLIMATE -DEPENDENT HURRICANE RISK
ASSESSMENTMODEL

3.1 Development @ climate-dependent hurricane scenarios

A tropical cyclongTC) s a rotating, organized system of clouds and thunderstorms that originates
over tropical or subtropical waters and has aaddowlevel circulation. (NOAA 2018b)TC that

occurs in the Atintic Ocean and northeastern Pacific O¢eaalled a hurricane, if the omeinute
maximum sustained wind speed of the cyclone is greater than 74 mph. TCs with lower intensity

than hurricaes are called tropical storms.

Currently, there are various appcbas used to model the tropical cyclones. These approaches can

be broadly divided into two main categories based on the underlying modeling techinaness

using statistical methods and thiner using physiebased mathematical equations. In statistical
models, past data from HURDAT is analyzed to draw statistical inferences for TC parameters
which is then used to simulate TCs. M¢glusing this approach inclu@IPER model (NOAA

2018b), @®orgiou (1983), Georgiou, Davenport and Vickery (1983), VickeB0@2 etc. In
physicsbased models, various atmospheric processes like surface pressure, temperature, radiation,
cloud, etc. are used as inputs to simulate TCs using complex mathematatibrgu-or example,
NOAAOGs GFDL model u soébes notedhthatsthowagp therpbysimssied modlets 1 st
can capture various atmospheric processes, however they require rigorous computation making

them extremely time consuming.

In this study, Vick r yd6s model (2000) i's adopt esdnodélor t r

considers the genesis of TCs from the ocean as well as development and progress with time until
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the final dissipation. This is a statistical model, however also incorporates pbasext equation

to limit central pressure within suitable rangel@sated by atmospheric conditions and runs much
faster than other physitsased models. Besides, this model uses SST as an input, thus making it
easier to even incorporate climate changeliss. This model has already been used in various
research studgeincluding building design load standards ASCE 7 (ASCE 2016) as well as
hurricane hazarstudies under climate change (Mudd 2014, Liu 2014). It is noted that even though
the main focus ofhis proposed research is hurricane level winds since they caaseaijor
devastating damage, however both forms of TCs (hurricanes and tropical storms) need to be
considered in the origin and development phase since a tropical stornmeexsifyto ahurricane

anda hurricane could weaken to a tropical storm

The folowing sections detail the methodology adopted for the simulation of clidegtendent
hurricane scenarios in this research. Se@idri introduces IPCC projections on climate change
and the procedure of extracting the climate data for presedP&@@l pojected future scenarios.

Section3.1.2 discusses the methodology adopted for the hurricane simulation.

3.1.1 Climate change model

Climate is often described by various atmospheric parameters and the changes in these parameters
could change future clinbasignficantly compared to the present. One of the dominant and leading
work in this field is done by IPCC. Their reports show that various driving forces, the most
dominant being concentration of greenhouse gases in atmosphere can appreciably affect the

climate. More elaborately, they predicted radiative forcing in future using climate model based on
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changes in concentration of greenhouse gases dhe tmticipatedhanges in human activities.
Four different climate scenariefRCP2.6, RCP4.5, RCP6 aRLCP8.5were presented based on
the radiative forcing in the year 2100. Among these, RCP2.6 has the lowest difference between
current and future climate and RCP8.5 has the highest differdoeeever, it is also noted that
based on the warming to dateeaentstudy by IPC((2018)has predicted that the future warming

will likely exceed RCP 2.6 scenario.

In this research, climate is inputted in terms of SST in the hurricane model. Particularly, SST is
used to simulate the central pressure difference aslaton velocity of hurricanesThe
changing climate is introduced in terms of S$He analysis fothe present climate is based on

the year 2005. The year 2005 is also in conformance with the range of years considered for
hurricane simulation iIMSCE-16 (2016. Accordingly, for the present climate corresponding to

the year 2005, the SST is obtained from COBE data set as provided in KN€Aet al. 2005,

NOAA 2017a) COBE is one of the most comprehensive historical databases and was developed
by obtaning historical insitu observations from sources which include Kobe collection, ICOADS
release 2, buoy data sets and weather reports. These were then processed for monthly mean SST
starting from 1990 for a 1°longitude x 1°latitude across the ofishii et al. 2005) which are
provided in NOAA(2017a).In this study, hurricane is simulated for the warmer months of May

to NovemberFigure2 shows the @erage of the monthly mean SST for these warmer months for

the year 208.
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Figure 2: Distribution of SST (in Kelvin) for the year 2005 based on COBE database.

For the future climate, only IPCC RCP &sxonsidered. The projected climate ftbe RCP8.5
scenarias based ontheresults from CoupleModel Intercomparison Project (CMIP). The models
under this project follow specific protocol so as to provide a consistency among various climate
models runnig under this project. The latest protocol in conjunction with IPCC assessment report
5is CMIP5.NOAAGs GFDL has run <climate scenari os
radiative forcing as dictated by the RCP scend83AA 2017b) These values are algoven as

monthly mean for 1°longitude x 1°latitude across the ocean. These values are dilautitylan

this study. As expected, these values are not uniformly distributed across the ocean. The difference
betweenthe average SST of future climate coppesading to RCP 8.5 scenario in the year 2100

and the present climate for the selected warmerimsaatshown irrigure3. From the figure, it is

cleaty observed that the highest increase in SST in future is found to be near the ocean adjacent
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towards the northeast side of teS. Further, it is also observetat SSE arenot provided for
some grids as seenigure3. For our analysis, these areas were assumed to have the same SST

as the neighboring grids.
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Figure 3: Difference of SST (iKelvin) between 2005 and 2100dea on IPCC projected RCP
8.5 scenario.

3.1.2 Tropical cyclone simulation model considering climate impact

This study considers the genesis of TCs over ocean as well as its progress and development with
time. The TCs are simulatdy month, particularly for the warmer months from May to November

that were found to comprise more than 98% of past TCs formecdeiNdinth Atlantic Ocean

(NOAA 2018b). Their corresponding track and strength are assessed at each time step in terms of

translation velocity, approach angle and central pressure difference. The time step for this study is
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taken to be @our interval. The filbowing sections give the complete details of TCs genesis, their
propagation over ocean as well as land, validation ddithalated TCs and finally the evaluation

of corresponding wind and rainfall rate at desired locations.

3.1.2.1TC genesis and propagationer ocean

To initiate and simulate the storms, the North Atlantic Ocean including the Gulf Coast is divided
into a 5x5 grid. Then, for each of the warmer months, TCs are randomly generated in each grid
using Poisson distributioAs stated in the literate review, currently there is not a clear consensus
among the scientific community on how climate change could impadtaoe frequency. Thus

for this study, mean hurricane frequency is taken to be a constanta@btdirsed from historical
data.Accordngly, the meanmonthly TC genesis frequenayg obtained by analyzing the data
obtained from HURDAT. This frequency calatibn is based only on the data after 1944 since
various studies (Knutson et al. 2010, Landsea et al. 2010) have shown that the earlier data may be

incomplete due to inadequate ©Bserving technologies.

The TCs are randomly initiated using the monthégfrency and then simulated for a given climate
scenario using the SST datat@ibhed as discussed in Sectiad.B. The initial parameter values

for translation velocity, approachgle and central pressure difference are randomly sampled from
historical déa, which describe the initial state of the randomly generated TCs. Then, the parameter
values are updated for the next tisteps using statistical relationships to the relevantbles.

These relationships are obtained by performing regression anatypiast storm data obtained

from HURDAT (Landsea et al. 2015), which are explained below in detail.
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The central pressure difference is related to central pressure differerresioup time steps as

well as SST by using the method provided in Vickergl e€2000), which is given below.
a £0 ® © afo o afo w0 & &0 © Y ® Y Y - (1)

where'Qs the relativantensity,”Y is sea surface temperatuand- is a random error term. The
subscriptQrepresents the time step and since each time step-@areriod,Q p andQ ¢
represent ghour and 1zhour before the current time in the simulation. Thatre¢ intensity is
defined as the ratio afentral pressure difference for a given tropical cyclone to the maximum
central pressure difference that climate conditions allow (Emanuel 1988, Darling 1991). Relative
intensity is used for simulating central gsare since it helps to bound central pues difference
within the maximum allowable as dictated by the climate conditions (Darling 1991, Vickery et al.

2000).

The translation velocity is evaluatedy building uporthe equation provided idickery & al.

(2000). To better reflect the effect of climgpetentialdependence of translation velocity on SST
was investigated. It was found that translation velocity is negatively deddiathe SSTat the

center of the storm.e. as SST decreases translation velocity increases. A linear regression analysis
between the two for all the past North Atlantic TCs yielded a negedirrelationwith a pvalue

almost zero, suggesting temperat could be a meaningful addition foradwating translation
velocity. The inclusion of temperature for evaluating translation velocity was also found in Mudd

(2014). The following equation is used for the simulation of translation veldditgd 2014)

aEy O O B bk O — @Y - (2)
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wherel and_ are the latitude and longitude of the storm cembeis the translation velocity and
—is the approach angle. Similarly, approach angle is related to location, translatioty\aeidci

approach angle at previous time step using Eq. (3).

~ ~ ~
g ¥ g

W— 0 O] o O o O — O — - (3)

This equation builds upon the model by Vickery et al. (2000). One differencelis ihatis used
instead o6 . This is because approach angle was found to be more highly correlatédi/ith
and its residdavas closer to Gaussian distributitiah6 . Besides, dependence of approach angle

on SST was also investigated. However, no significant relationship between the two was found.

The coefficients of the Egs. (1), (2) and (3) are determined for&a8hgrid over the ocean by
linear regressio analysis. The updating of TC parameters using Egs. (1), (2) and (3) is continued

until the stormmakes a landfalbr dissipates in the ocean.

3.1.2.2TC propagation over land

Once the TC landfalls, the TC decays. Tdexay of TC is modeled through central puess
difference using Eq. (4) (Vickery 2005).

w00 o Qonl o (4)
wherew 00 is the central pressure difference at tiorafter landfall,w0 is the cenal pressure
difference at landfall, and is the decw constantThe value of the decay constanwaries by

region and are reported in existing studies (Liu 2012, Rosowsky et al. 1999, Vickery 2005). The

values for the study region are obtained frorokéry (2005). The approach angle and translation
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velodty are calculated for each tinstep after landfall as well, using the Eqgs. (2) and (3) without

the SST terms. The coefficients for approach angle and translation velocity in land are calculated
from the data in HURDAT similarly to the way they are caddat for TCs in ocean. If there are
insufficient data to calculate coefficient for a given grid, then the coefficients from the neighboring
grid is assumed to be useékhe neighboring grid is taken tme the former grid from which the

storm had traverse@he track and strength of TC at each tistep is simulated until the central
pressure difference of the storm decays to less than 1 mb. Following this procedure, 40,000 years
of the TCs for the yeard®5 and 2100 are simulated. The simulation for ye@024 done based

on projected RCP8.5 climate scenario.

3.1.2.3Validation

The simulated results for the parameters (frequency, central pressure difference, translation
velocity and approach angle) of TCs laasltihg U.S. have been compared with actual data
obtaired from HURDATfor validation of the model. These parameters are chosen for comparison
since all the other storm parameters in this study are calculated as a function of these parameters.
The values areompared for different locations along the coastiti@mestep just before landfall.

Figure4 shows the location of considered mileposts. For the considered mileposts, the root mean
square error betweethe sinulated mean and actual mean is found to be 0.046, 1.23 KPa, 12.1
and 1.7 m/s (3.8 mph) for frequency, central pressure difference, approach angle and translation
velocity, respectivelyiFigure5 shows the means thione standard deviation above and below the

means for each parameter from simulated result and actual data. It is noted that the number of
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actual samples is quite low. The numbereafordings is even lower for pressure parameter since
the data is propbr recorded only after around 1979. In spite of these limitations, the simulated

values are found to match liveith the historical values.

T T T T T T
L 1]
45 F‘&B,-f
.'.75
g6
Va7
,,cm‘)"w’
—_ 411
B4 / 1
e R A2
=1 N3
5} <5 M
=l /A
— \i.|4
2 16
2 7
= 35r 649?118 .
< 2
— .2’1
22
23
a0 24
0393837 \
301 43 O '3-.3535.;,4 425 1
& ESS 33 26
)4 ) hY
;;7 o2
b ‘?éo 28
25 450 1 L L [W.0) 1 1
-100 -95 -90 -85 -80 75 70 -65
Longitude (degree)

Figure 4: Locaton of mileposts for comparison of TC parameters.
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Figure 5: Comparison of the simulated TC parameters with the actual TC parameters.

Note that even though this methodology generates TCs which include both tropical storms and
hurricanes, only the TChat make a landfall as hurricane (based on thaisest wind speed

given in ASCE 716) are selected for damage and loss evaluation ireiteof the study.
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3.1.2.4Wind speed evaluation

The wind speed is evaluated using the hurricane parameters obtained from the tropical cyclone
simulation. For this study, thgradient wind speedxy) at a distanc&from the center of storm is

calculated as given below (Georgiou 1983).

® -G VrAW -od UWrm 20— Qo — (5)
wheref is the heading angldis the Coriolis parametet,is air density30 is the central pressure
difference 0 is pressure profile parameter, avid is radius to maximum wind speéd. can
be calculated frome0 andl , and® can be calculated usiny , "Q 30, and SST. These
relationships have been studied for hurricanes thanteae alandfall in U.S.in Vickery and

Wadhera (2008), which are used in this study.

The gradient wingpeed is then converted to the mean surface wind speed in two steps: fast to th
wind speed at 300 m and then to 10 m. This$te&p conversion is necessary because conversion
characteristic changes at 300m (Franklin et. al 2003). The first conversammésby using
conversion factors provided in Franklin et al. (2003). Theseraegtere obtained from the tests

to calculate mean vertical profile of wind speed using data from dropwindsonde tests and are given
as a function of distance with respectfo . The wind speed at 300 b ( ) is converted to 10

m (w ) using Eq. (6)Franklin et al. 2003, Pita et al. 2012).

®w o oO— (6)
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whered is the suface roughness lengthhe surface length is taken frddfAZUS, which provides
these values at census tract leUdle mean srface wind is finally converted to gust wind speed

using the conversion factor of 1.46 as provided in ESDU model (ESDU 1983).

3.1.2.5Rainfall evaluation

Besides intense wind, another characteristic of hurricane is heavy rainfall. Rainfall is the major
cause ofnterior and content damag€randell 1998, Stegman 1993, Stubbs and Perry 1993, Van
de Lindt et al. 200and thus rainfall evaldi@n is equally important for loss assessment. More
specifically, not only the rainfall through a horizontal plane but wireed rain, i.e. the rainfall
flowing through a vertical plane is needed to properly quantify the amount of rain entering through

the breaches.

The rainfall through a vertical plane is obtained based on the rainfall through a horizontal plane
and the effecthat wind has on changing the direction of rain. The relationship developed by
Straube and Burnett (2000) is used for this cosiverin terms of the rainfall rates in the two

directions, which is given in Eq.(7).

YY YY i o JOYO (7)
where'Y'Y i is the vertical rainfall rate, i.e. rainfall rate through a horizontal plaaelestance

i from the storm center locatioa, is the horizontal sustained wind at the height of interest and

0'Y ®the drivihg rain factor. Th® Y for hurricane level winds is taken to be 0.185 as calculated

in Pita et al. (2012).
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The rairfall rate through a horizontal plane is calculated basedGtiger model. RCliper model
is developed based on analysisatellitebased rainfall data recorded in Tropical Rain Measuring
Mission. The detail of the model is provided elsewhere (Lonfat. @004, Marks and DeMaria
2003; Tuleya et al. 2007). The vertical rainfall rates are calculated by using Eq. (8).

Y Y Y O— i
YY i (8)

Y Ron — i
wherei is the adial extent of the innezore rain ratéY, i is the neasure of radial extent of
the tropical system rainfall, aritf is the rainfall rate at=0. The above parametef¥, Y ,i ,i ,
are suggested to be functions ofxnaum wind speed of storm at each time in Tuleya et al. (2006).

These relationsps are directly used in this study.

3.2 Hurricane loss model for residential buildings

In this study, hurricane loss is evaluated for residential buildings since they aretbeenuist
susceptible structures to hurricane damage and their damage affgcispeds | i ves consi
many different aspects. The overall loss in a residential building can be categorized into three
specific types of losses: structural, interior awehtent loss. The structural loss is attributed to

wind damage of external compents of a building whereas the interior and content losses are
attributed mainly to damage due to rain ingress. The following sections detail the methodology

adopted in thistudy to evaluate the hurricane damage and loss in individual buildings.
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3.2.1 Damage nodel for individual structural components

The first step to evaluate the hurricane loss is to assess the déueatgewind As noted above,

high intensity wind is the primgrcause of structural damage during hurricanes. In this study, the
extent ofstructural damage for individual structural components in a building is estimated in terms
of damage ratio. The structural componrgmtes at the most risk during wind loading atentified

based on past observations (FEMA 2013, Cope 2004), which indoéisheathing, roof cover,
windows and doors, roof to wall connections, and wa#l shown inFigure 6. Since each
componentype can have multiple compents (for e.gthere could be multiple windows), the
damage in each componaitthe componentypeis assessed; and the final output is recorded in

terms of damage ratio which provides the proportion of damage to the compgreent

Roof Sheathing
Roof Cover

Roofto Wall
Connections

Openings

Figure 6: Vulnerable structural componetypes in aesidentialbuilding (Cope 2004).

To introduce the variability in material strength and workmanship, the resistances are

probabilistically modeled. Statistics of individual strength capacitiéiseo$tructuratomponents
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for prototype buildings (seBection3.3.2for details of prototype buildings) amsostly obtained

from HAZUS (FEMA 2013). These statistics are based on different experimental tests, analytical
models and expert judgmeiithe capaities of thecomponents used in this study are provided in
Table 1. For the window, both damage due to wind pressure as well asbemeé debris is

considered. The debris damage model given in Cope (2004) is utilized.

Tablel: Srength ofvulnerablestructural componestconsidered in this study.

Structural component | Distribution | Mean | COV | Notes

Sheathing Panel (6d) | Lognormal | 54.6sf| 0.11 | 6" center, 12"edges (nailing
patterr)

Sheathing Panel (8d) | Lognormal | 103psf | 0.11 | 6" center 12"edges (nailing
patterr)

Sheathing Panel (8d) | Lognormal | 133psf | 0.11 | 6" center, 6"edges (nhailing
patterr)

Cover Normal 70psf | 0.4

Window/Sliding Glass | Normal 40psf | 0.2

Door Pressure

Entry Door Pressure Normal 50psf | 0.2

Roofto-wall connection| Normal 1200b | 0.2 Strapup lift resistance

Wooden wall Normal 2142b | 0.25 | Damage due to damage of]

(connections of wall) connection

Concrete wall Normal 47.20sf| 0.2 Damage evaluated based (
yield theory

The wind load is calculated based on ASCESAASCE 2016), with some modifications to reflect
the actual loading condition as well as to realize the probabilistic nature of wind loading. The
method introduced by Cope (2004) is adopted. For example, B a@hd (10) are used to calculate

the wind loadn a structural component (ASCE 2016).

A omimch @ fU o (9)
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n'Y'a) J06 1) 0 (10)

whereU represents velocity exposure coefficient and is calculated based on formula given in
ASCE #16and0 represents topographic factor and assumed to'Bé@epresents the reduction
factor and has a value of 0.8. TN€éGs introduced to negate ttsafety factor embedded in the
pressure coefficients of the ASCE 7 wind load equation (Copé)20 represents-3ec gust wind
speed 00 represents product of external pressure coefficient and gust effect factor. To reflect the
uncertain nature of wihload, pressure coefficient©P Yfor roof and wall are assumed to follow

a normal disibution with mean equals to the nominal value given in the code and COV of 0.1.

is the internal pressure and is calculated based on the external damagsttoctiiee. Thus,
velocity pressurer| ) is obtained fron{9), which is inputted int&qg. (10) to get wind pressung)(

for a given structural component.

Further, since the direction of orientation of the building is not kn@awgiven wind speet
appledthrough eightinglesatincrements of 4% and the final damage ratio is takentesaverage

of damage ratiofor all directions The pressure coefficient zone is remapped as a function of wind
directionandthe directionality factov is taken ad. The complete details of these modifications

can be found in Cope (2004Jhus for each hurricane scenario, the corresponding wind speed at

a given time and given angle of incidence is used to calculate the wind load in all the components.
This is thercompared with the wind resistance of the component to determine the initial éilure
components. The initial failure statuses are updated by considering the interdependence of the
component failures. For example, if the sheathing has already failamotheover also fails by

default. Then, the internal pressure is recalculatedeaavbrage of the external pressure at the
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location of broken doors and windows. The comparison of load and resistance is repeated to record
any further damage due to theadlge in internal pressure. This process is repeated three times,
after which the damamge is typically found to be constant. The damage in a component type is
recorded in terms of damage ratio which indicates the average damage considering all the

componentsnd all the directionsf the same type in the building.

3.2.2 Damage model for inteor and content

In addition to structure, interior and content also comprise the major asset of a building. Various
poststorm surveys (Crandell 1998, Stegman 1993, StabldsPerry 1993, Van de Lindt et al.
2007) have conceded that rain ingress is theomeguse of damage to interior and content.
However, at present majority of loss studies either calculate overall loss as a function of wind
speed using empirical formulasthout differentiating the different modes of loss (Emanuel 2011,
Huang et al. 2001or in some studies calculate interior and content loss as a function of damage
in other structural components (Gurley et al. 2005). Recently, a few studies (FEMA 2816, Pi

al. 2012) evaluate interior loss based on rainfall defaticordingly in thisstudy, a detailed
assessment is done to evaluaterior and content damagg assessinthe amount ofain ingress

inside a building

3.2.2.1Rain ingress

As statedabove, © evaluate the interior and content damage, the amount of rain ingress in a

building needs to be determined. This rain enters through the openings or breaches caused due to
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wind damage in structural components. Further, there could also-esigneg breaches due to
deficiencies like vents, uncaulked windows, dogets. This study conside both form of breaches

to evaluate rain ingress. The deficiencies considered for this study included window deficiency,
door deficiency, wall deficiency, battwm vent, dryer vent, kitchen vent and outlet. The average
deficiency area provided in Americ&ociety of Heating, Refrigerating and Abonditioning
Engineers Handbook (ASHRAE 2001) is used for the calculation of rain ingress. From these
breaches, windrdsen rain (WDR) can enter the building either impinging directly or in the form

of surface ruoff from nearby undamaged envelope surface.

To calculate the amount of rain ingress, an empirical relationship developed by Baheru (2014) is
used in this studyThe relationships are provided in terms of two sets of coefficiendsn
admittance factor'Y 0 YGnd surface runoff coefficient(Y)oat different locations and wind
directions. These coefficients are based on a wind tunnel test and for lowldgsgs in suburban
terrain the pictorial representation of which is showrfFigure7. The'Y 0 "B representative of
impinging rain andY'Y @& a representativef gurface runoff. The values fo¥ 0 'Was provided

for both gable and hip roofs and for winds flowing at4b and 90. The values fofY'Y dvas
provided only for gable roof and thus the same values are used for hip roof for this study. Based

on theseoefficients, the rain ingress due to a particular damaged component is calculated as

& YO oYY YY8& OYY D (11)

where'YY is the horizontal rain rate i.e. rain rate passing through a vertical plaisehe area

of opening, 0 is the area for surface runoff andé is the total volume of water accumulated

38



due to the opening dimg time intervalo. The depth of water is then calculated by dividing the

volume accumulated from all the breaches by the floor area.

90°

(@) (b)

Figure 7: Rain ingressdst performed to get RAF and SRC valasTest wind direction, {b
RAF values when thegind direction is 09Baheru 2014)

3.2.2.2Interior and content damage ratio

As stated above, many studies agree that the major cause of interior damage is rain ingress, thus
the interior damage this study is evaluated bassdlely on rain ingressThis study utilizes a

similar relation as given in Pita et al. (2012) &#&ZUS (FEMA 2013) to model interior damage.

The interior damage is assessed in terms of interior damage ratio, which is calculated using Eq.

(12).

39



ooy T 2 o (12)
p Q o
where’OO i¥ interior damage rati is the depth of water anid is the hreshold depth of water
that represents compléteerior damage. In this study, the value of threshold d®pithassumed
to be 1 inch, which is the same value used in Pita et al. (2012). This value was validated in this
study by examining four histical hurricane losseHurricane Andrew, Hugo, irand Opal. For

this validation, the hurricane loss data were obtained from existing studies (Crandell 1998,

Bhinderwala 1995, FEMA 2013).

Similarly, content damage is calculated as a function of defpthater. Content comprises of
furniture, goods, apiances, clothesetc. inside a building. Content damage has been found to be
highly correlated to interior damage of building and hence assumed to be accrued at a certain rate
of interior damage in varis studies (FEMA 2013, Gurley et al. 2005). In ttigdy, content
damage ratio is related to interior damage ratio using the relationship provided in Gurley et al.

(2005), which is then used to relate content dawago to the depth of water.

3.2.3 Loss rato for individual buildings

In this study, the lossen the buildings are assessed in terms of loss ratio which is defined as the
value of the loss divided by the insured value of the building. Since loss ratio is independent of the
actual cost of the bldiing, it helps better visualize the proportion ainthge and losses to

individual buildings as well as compare the severity of the hurricane losses in one building to
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another regardless of their individual values. The loss ratid is obtained from daages of

individual components using Eq. (13).
0Y B 0OYIO'Y (13)

whereO Y represents damage ratio in tflecomponent)Y 6Y represents replacement cost ratio

for the I component, and is the number fall the considered individual components which
include the structural components like sheathing, windows, doors, etc. as well as interior and
content. The replacement cost ratio is defined as the cost of replacing the component divided by
the insured vale of the building including the contents. The replacement costs from Gurley et al.

(2005) are used for this study.

3.2.4 Validation

The damage and loss models are validated with the actual loss data from past hurricanes. The loss
data for twgpast hurricanegsed for this analysere (1) Hurricane Andrew for South Florida and

(2) Hurricane Hugo for South Carolina. The actual losses in the regions following the hurricanes
are provided in existing studies (FEMA 2013, Bhinderwala 1995), which areginally oltained

from insurance claim data. In the records, loss ratio is defined as the total claim paid divided by
the insured value of the structure and its contents. The corresponding wind speed obtained via a
reconnaissance aircraft and theaatf buildinggalling under the subcategories of building types

are also provided in the same literatures. By considering the ratios of buildings under the
subcategories, the mean loss ratios of individual subcategories obtained from the simulated model

are combined tdetermine the total mean loss ratios. The total mean loss ratios of buildings in the
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two affected regions given wind speeds are plotted together with the corresponding loss data,
which are shown ifrigure8. It is shown that the predicted loss ratios are in good agreement with

the loss ratios from the data.
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Figure 8: Comparison of mean hurricane loss ratio ohalated model to actual loss data from
(left) Hurricane Andrew and (right) Huilcane Hugo.
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3.3 Regionalhurricane lossmodelfor the U.S.coast

One of theintents of this research is tassessegionalhurricanelossesunder climate change
scenariosThis assessment is done at county level, and the counties are selected such &nat they
dispersed throughout thé S. south and east coa3ihe following sections provide the details of

the methodologies of the climatiependent regional hurrican@ssassessment.

3.3.1 Selection of study regions and building inventory

EightU.S. coastal couties are selected for hurricane risk assessment, which are listedarelow
presentedn Figure 9. These countiesontain cities which have been historically found to be
hurricane prone. For example, Chatham County contains SdvaripaHarris County contains

Houston city etc.

() New Orleans, LA
() Mobile, AL

() Miami-Dade, FL
W Chatham, GA

W Charleston, SC
W Norfolk, VA

w New York, NY
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Figure 9: Locations otthe counties

The regional loss is calculated for 1 anddyywooden or masonwalled buildings. The process

adopted in evaluating the regional hurricane loss in the selected coastal counties is described below

in detail.

3.3.2 Prototype structures

The first step in evaluating the regional hurricane loss is asgety& building inventy in the

region. Residential building inventory in a region contains a wide array of building types. In this
study, for simplification, prototype structures are selected to represent the damage and loss
characteristics of the ovefldlousing inventory. Té prototypes are chosen by considering the
wind-resistant characteristics of different residential building types and the composition of the

residential building types in the region. The following whedistant structural variationgere
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found common amagst the residential buildings in theS.coastal regions (FEMA 2013, Vickery

et al. 2006, Gurley et al. 2005, Cope 2004) and hence considered for this study.

1 Type of wall: masonry or woeftamed

1 Type of roof: hip or gable

1 Roof cove: shingle or tile

f Rod nailing: 6d with 6/120 nailing pattern.
nailing pattern

1 Number of stories: onstory or twastory

The percentage of each structural variation in the different regienssted irHAZUS software

(2018) which are used in this study.

The onestory buildings are assumed to have a plan area of 1800 sqft (1§7&tima height of

9 ft (2.7 m) and the twstory buildings are assumed to have the same plan area with a height of

17 ft (5.2m). The buildings hava roof pitch of 4/12 and roof sheathing nailing pattern is 6/12,

i . e. the spacing is 60 (15.2 c¢cm) on the edge:

overall configuration of the buildings is similar to as given in Cop@42

3.3.3 Regional hurricane lossmodel
Using the methodologies given $ection 3.1 and 3,Zlimatedependent hurricane scenarios are
simulated and the loss ratios evaluated for the prototype buildings listed in S&tdrnThe

regional hurricane loss fahe county, assesseéd terms of annual aggregated loss d Dis
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evaluated from the hurricane loss ratios)(see Eq. (13), of the individual prototypes using Eq.

(14).
860B B B 0Y 2 200 (14)

where'Odls the median insured vaiwf residential buildings in tH& zong ¢ is the number of

the "Q building type in thg™ zoneand¢ ds the number of building prototypesQis the total
number of hurricane per year, abdYepresents the proption of hurricanedss in a building to

its insured valuee in a given region is obtained from FEMA (2013) and Census (2&a8h

zone mostly comprises of 10 census trdeitpure10shows the census traah one of the counties
consideredn this studyi Miami-Dade County. In our study the counties havet® 79 zones,
dependingupon the size of the countffor this study, the insured exterrsatucture and interior

value is taken to be 50% of the median building value given in Censusgg&hSus Bureau 2005).

This percentage value is based on a study done by Davis and Palumbo (2008) which estimated the
external structure and interior value lie around 4'6% of the total building value with the
remaining percentage attributed to valudawfd for buildings in MiamiDade County. Further,
content insured value is assumed to be 50% of the total value of external structure and interior

(Bhinderwah 1995).
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2010 CENSUS TRACTS
MIAMI-DADE COUNTY, FLORIDA
1 o L

Figure 10: Census tracts in MiarriDade county.
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3.4 Population vulnerability -consideredhurricane impact model for
the U.S.coast

This study also investigates the regional hurricanesks by considering the population
vulnerability. Non-monetaryhurricaneimpactsare considered for the investigation, whigate

short tem need of emergency shelter immediately after hurricane, long term need of emergency
shelter after a month following a hurricane event and job loss. Accordingtitjs sectiona
population vulnerability-considered regional hurricane impact model is devebped which
incorporates the discrepancies in bieavior ofthedifferent demographicagainstthe hurricane
impacts The following sectiongletail theexisting studies that have investigated hazard risk

considering demographic factors, tled by the deils ofthe proposedhodel

3.4.1 Existing studies investigating hazardimpact considering demographic
factors

Inequity in the disaster impact experienced by different demographic groups has been noted in
many studies (Fussell and VanLandingHad®2 Peacockteal. 2014, Kareem and Noy 2016,

Zottarelli 2008). Fussell and VanLandingHam (200@\ve found that among the displaced

residents African-Americanresidents returned to the city at a much slower pace than white
residents based on the anadysf HurricanéKatrina survey data. Similarly, Elliot and Pais (2006)
havefound a strong difference onpreur ri cane evacuation based on
economic status by analyzing Hurricane Katrina data. For example, mosidfitla@-American

population vere found to evacuate only after the hurricane andilmeome group were found to

not evacuate at all. Zottarelli (2008), Chaganti and Waddell (2015) found that Afioaricans
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suffered more job loss thalhites following hurricane Katrind&eacock et a(2014)havefound

that housing in higheincome neighborhoods suffered less damage and recovers more quickly
based on the data from Hurricane Andrew and Hurricane Ike. Kareem and Noy (2016) analyzed
results of 38 papers (Rodrigué€reggia etal. 2013, Moges 2011, Hou 2010, Jakobsen 2012,
Reardon and Taylor 1996), which investigated impact on poverty by a wide variety of natural
disasters including floods, rainfall, tropical cyclones, droughts, earthquakes in Asia, Africa,
Central America, Sath America ad Oceania. Using meta&gression analysis of the data reported

on these papers, KareemandMayec oncl uded t hat disasters have
lives and the poor households have a tendency of smoothing consumption by reducing
consumption ohonfood items like health and education. Thus, the above studies along with many
others suggest that certain demographic groups, includingnimmme people, children and eld

age people, newhite race, have a higher vulnerability to hazangactcompare to others.

Accordingly, some studies have tried to account the hazgralctby considering the differences

in the vulnerabilities of the affected population. For example, Cutter (2003) has introduced a metric
to measure the vulnerability the populatbn in a region called Social Vulnerability Index (SoVI)
which is a summation of the normalized vulnerability factors. SoVI has been used in studies to
integrate social vulnerability into hazamipact assessment. For instance, Boruff, Emracid

Cutter (2@5) have evaluated erosion hazard vulnerability ofUtt. coast as a summation of
SoVI and coastal vulnerability index, where the coastal vulnerability index is a function of physical
indicators of hazard (mean tidal range, mean wave heighstal slog, rate of relative sea level

rise, shoreline erosion and accretion rates, geomorphoBgynidtlein, Shafer, Berry aricutter

(2011) have performed a regression analysis between the loss due to earthquake and PGA, distance
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and SoVI for hitorical earthgakes. Similarly, Emrich and Cutter (2011) have presented the
overall vulnerability for southern United States using bivariate maps that include both SoVI and
vulnerabilities for climate sensitive hazards (drought, flooding, hurricane winldsea levelise).
Although SoVI has been incorporated into hazard vulnerability analysis for a more comprehensive
assessment in many studies, SoVI has a limitation of not allowing relative weights for individual
factors (Cutter et al. 2003). In other wer each factois assumed to have an equal contribution

on the overall vulnerability. This assumption can lead to inaccurate results if some factors indeed
have a higher influence on the social vulnerability than others. It is also noted that most of the
abovementione studies integrate hazard and social vulnerabilities by adding or multiplying the

two without considering their relative weights.

Besides the studies using SoVI, other studies have also considered both hazard and population
vulnerability onthe evaluatia of the overalimpact In these studies, a metric is introduced which
assessampactas a product of scaled hazard and vulnerability param&avsdson and Lambert

2001, Hernandez et al. 2018jarnadottir,Li and Stewart2010. For exanple, Davidsonand

Lambert (2001) have proposed a metric called hurricane disaster risk index to compare hurricane
disaster in theU.S. coastal counties, considering factors for both hazard and population
vulnerability along with exposure and recovery calggbAll the considered factors are scaled to

get a dimensionless value amulltiplied considering their weightag® obtain the risk index.
However,it is noted thatn theabovestudies it is difficult to assess the parameters of the scaling

function and the weightsand the results can be sensitive to those parameters.

The aforementioned studies introduce various metrics to measuapact by considering

population vulnerability. These metrics are useful in comparing the vulnerability of a region
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relaive to otherregions; i.e. theycan be used to rank different regions in terms of their
vulnerability. However, the metrics are not easily related to the parameters in real physical world
and provide limited insight on the need of helps against hapspdcss. For examle, the
individual metrics cannot be directly interpreted in terms of financial implications for a region,
emergency shelter needs, evacuation needs, medical needs. Without the real physical parameter to
relate the metridf is difficult to ascertain thénfluence of the different hazard and vulnerability
factors on the metric, whiatesulted in a lack of the comprehensive assessment of the wiaights

the above studie®oreover, he hazard and vulnerability terms are simply multiplied atedd
together m the metricdn the above studiesHowever, two cases with a same value of metric
obtained by combining (1) low hazard and high vulnerability and (2) high hazard and low
vulnerability may not have the same consequence in real world. Futttkeinfluene of the
vulnerability and hazard factors might be different depending ointpact therefore a single

metric evaluated in the above studies might not be the representative of all the aspects of the hazard

impacs.

Some other studies hagpecifically onsidered the vulnerability of the population for a specific
hazardimpactby employing a factor to increase the hazardactfor the vulnerable population

group. Sutley et al. (2017a) have developed odd ratios for different demograpipis based on

past earthquakes, that indicate how the demographic groups were impacted relative to the baseline
population group following the earthqualBy multiplying the odd ratios dll theindividuals in

the county to thie respectivebaseline hazar@mpact Sutleyet al. (2017b) have obtained the
overall hazardimpacs at countylevel in terms of injuries, fatalitiesTSD and dislocated

households Similarly, FEMA (2003 has also provided coefficient for each individual

51



demographic group for asseggithe need oémergency shelter following a seismic event, based

on the study done by Harrald et al. (1994). These coefficients have also been used to evaluate the
need of emergency shelter for hurricane events (FEMA 2013). Khazai et al. (2012) have also
presented a mad to evaluate the demand for emergency shelter following earthquake damage
using a multicriteria decision model that considers inhabitability of building, shelter accessibility
analysis and socieconomic factors. This model has been irdggt into MAEMZ earthquake

loss estimation model, where the user can assign weights to the selected inditthtough the
abovestudies have tried to assess different hamapadcts considering both hazard and population
vulnerability,however these studies have soimherent assumptions which could impact the final
result For examplethe relative weights for a lot of factors in these studies are based on expert
judgment.Further,the different demographic factors could be correlated, and it is not clear how

the alove studies consider the correlation between the demographic factors.

From the review of the existing studies, it is noted that many studies agree that certain dé@mograp
groups are more vulnerable to the hazargdacs. Accordingly, there have beenats made to
account for thdhazardmpactconsidering both hazard and the population vulnerability. However,

in most of the existing studies, hazard and population vafhilgy are integrated to obtain a metric
which is useful to compare different regsoim terms of their overall vulnerability but does not
provide much insights on the regional need of helps against specific hagerck. In a few
studies that have l&ed at the specific hazamhpacs considering the population vulnerability,
majority of factors are based on expert judgment or have not considered correlation of the
demographic factors, as noted in the above paragraph. Further, most of the exisiasgostiyd

focus on hazard for present climatic scenario, but for clhdependent hazds like hurricanes,
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these assessments might not be able to capture th&elomgnpacs. Accordingly, this study has
developed a methodology to assess regional hugibazardmpact considering demographic
composition based on a comprehensive anabjgiast hurricanenpactrecord.Thismethodology

also considers hurricane building damage in haragphct assessment, making ¢apable of
accounting for the changirwirricanescenarios under the climate change conditions. The details

of the methodologgre explaned in the following sections.

3.4.2 Populationvulnerability-considerechurricane impactmodel

This study analyzes pastifiicane survey data to develpoepulationvulnerability-considered
hurricanempactmodel by not only considerirtge direct haricanerisk but also the demographics

of theaffected population. The direlotirricane riskconsidered in this study is hurricane building
damage. Hurricane building damage is selected since it is representative of the consequence of the
hazard on the bltienvironment; and is reflective of tieirricanerisko n peopl esd | i ves
other stidies have also found building damage to be one of the prime indicators of various types
of hurricanerisks. The demographic factors considered in this study ardegeage, income and

race. Accordingly, thé@urricanempactmodel developed in this studycorporates both building
damage and the demographic factors to assess the folldwinganeimpactsi need of
emergency shelter immediately after hurricane (NEfed of emergency shelter after a month
following a hurricane event (NESm) and job 143is). Assessment of NESi and NESm helps plan

for emergency shelters in hurricane prone regions; whereas JL helps gauge the financial

implications of hurricane evesnt
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The hurricaneimpactmodel in this study is developed by statistically analyzing thebeh of
different demographics following a hurricane event. For this, the data from Hurricane Katrina
Survivors poll (Gallup/CNNJ.SA Today/Red Cross Poll # 2088) is used, which was
conducted over the phone by Gallup organization between the da&epteimber 30, 2005 to
October 9, 2005. Hurricane Katrina is one of the most datragtnatural hazards that affected
various regions in the.S, and has been rigously studied, with considerable amount of records

in the public domain. The Hurricane Kiatt Survivors poll used in this study has records of the
building damage state, the demographic composition (gender, age, income and race), and a
measure of theuricaneimpactfor each of the surveyed individual, making it suitable to develop

a population vulnerability-consideredhurricane impact model considering bothhe hazard
consequence (building damage) dahd demographics. Further, 1,510 people were su/aéye

this poll who had residence prior to the hurricane in Louisiana, Mississippi, andwsabaus,

the data is representative of the hazargact behavior of people living in different regions across

theU.S.southeast coast.

The composition of the flerent demographic groups in the total surveyed population as well as
in the portion of thesurveyed population impacted by NESi, NESm and JL are showigume

11. A comparison of demographic compositions of thaltsurveyed ppulation and théazard
impacted population shows that some demographic groups are more vulnerablehtortbane
impactthan others. For example, in the total surveyed population, thevhibe race comprises
60.3%. However, the proportion of narhite race is higher in the portioimpacted by NESI,
NESm and JL, i.e. 80.3%, 82.1% and 75.6%, respectively, suggesting thahierraces are

more vulnerable than white race to thmirricane impact Accordingly, the population
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vulnerability-consideredurricaneimpactmodel developed in this section tries to account for the
behaviors of different demographic groups on lhinericaneimpact Besides the demographic
factors, the survey data also has records of the building damage state of each interviefies class
into four categories completely destroyed, damaged and unlivable, damaged but livable and no

damage.

Logistic regression is used to developltnericanampactmodel considering the building damage

and the demographic composition of the individuafifectedby the hazard. Logistic regression

can incorporate binary data for dependent variable and both categorical and continuous data for
independent variable, making it suitable for this analysis. Besides, logistic regression has the
advantage of prading the cbtailed statistical information that helps in understanding the extent

of influence of the independent variables on the output, compared to other approaches like Support
Vector Machine (SVM), neural network, etc. Logistic regression has alscelo@@oyedy other

studies to investigate the impact of demographic factors on hurricane impacts. For example, Elliot
and Pais (2006) have analyzed Hurricane Katrina survey data using logistic regression to assess
how race and class affect the sourcerbtonal spport (e.g. family and friends, religious faith,

formal organization, etc.) after disaster. HamdRaa et al. (2015) have used logistic regression

to assess the impact of gender in psychological reactions to Hurricane Sandy. Landry et al. (2007)
have used ogi sti ¢c regression on Hurricane Katrina
return to their pralisaster residence based on their income, college education, race, age, etc. Riad
et al. (1999) have used logistic regression to prediatuateon deisions following hurricanes

with consideration of evacueesbd race, gender ,

The general form of logistic regression is as given below.
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whered w is the logodds of the depemat variablan sare the coefficientsp represents each
considered independent variable @&ni thetotal number of the independent variables. For this
study, eachw is either a function of each of the corsidd demographic factors or theilding
damage statef the surveyed individual. Among the four demographic factors (gender, age,
income and race) used in this analysis, income and age are taken as continuous variables whereas
gender and race are takencasegorical variables. The buihd) damage state is taken as ordinal
variable. Out of the five abovaentioned variables, the finalodelconsists only of the variables
selected based on the best fit according to AICc (Akaike information criterion witcton).

The variables that aret selected are also found to be insignificant fowvalpe of 0.1. It is noted

that the pvalue of each variable is used to test the null hypothesis that the coefficient for the
variable is 0, with lower yalue suggestg a lower probability of the @fficient being 0. The
polynomial degrees of the variables also are selected in accordandheist fit for AlCc.

Thus using the methodologies as described above, thedomllationvulnerability-considered
hurricare impactmodel is developed foragh of the considerdaurricaneimpactand is listed in

Eq. @6), Eq. 17) and Eqg. 18) . The coefficients of these equations are provided in Table

a0 OY ) f 0°Y | 00 f oY T oY 1 0'Y | ‘00 (16)
aboYaf f OY T 8YTF OYT 0 (17)
avd T T OYMooeoR T oO6YT OYT 0T 11°Q0(19

wherea 0 'O "Y€ the logodds of the need of emergency shelter immediately following a

hurricane,& 0 ‘O "Ydis the logodds ofthe need of emergency sheltamonth after hurricane
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event, &0 Ois the logodds of job losss a result of hurrican®, "Gs the age of the impacted
individualnOis a function of the gender with 0 representing male and 1 representing fénale;
"O'Yandu “YepresenAfrican-Americanrace, Hispanic race and the remaining other racesgexce
African-American Hispanic and White race), respectiveljth 1 representing that race and 0
representing netOUs the incomdin 10000$)or the impacted individuabndO “Yepresents the
damage state dhfebuildinginhabited by the individualAs stated above, the survey data records
the building damage stateto four categories 1 (completely destroyed), 2 (damaged and
unlivable), 3 (damaged but livable) and 4 (no damdgjagethis analysis considers tharricane
impactsonly in the evenbf building damage, thus only data with damage stht® and3 are

considered.

Table2: Coefficients of the logistic regression for the varibusricaneimpacs.

Factor NESI NESm N
Intercept (1) -0.41411* -3.3564*** 0.79848**
Gender (a,) N/A N/A 0.3404*
Damage state -0.09044*** -0.02521*** -0.00937***
(7 d
Age (n-.) -2.48E08 N/A N/A
Race

African - 0.96729*** 0.77211 0.52122**

American (7 4)

Hispanic (7, 4) 0.54961 -98.399 0.8899
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Table 2 cont

Other (4) 1.1648*** 1.5675** 1.2138**

Income (L)) -0.16996*** N/A -0.38002**

*** p-value less than 0.001

**  p-value less than 0.05

*  pvalue less than 0.1

From Table2, it is suggestd that damage states a significant predictor for all the considered
hurricaneimpacs with a pvalue of 0.001Income levels alsosuggestedo besignificant for
NESi and Jlwith a pvalue ofat leas©0.05. For the race, the reference category is taken thébe
White. It issuggestedhatcompared to the White racal] the other races are significgntnore
vulnerable to the hurricane impacts, with most of them hawipgalue ofat least0.05. Besides
building damage statgycome and racegender is foud to be significant only for JL for ayalue

of 0.1. Age is found to bimsignificant in predicting the vulnerability of the population for any of

the considereturricanempact

It is noted that logpddsa w in logistic regression is a linear comhtion of the independent
variables In logistic regression, the probability of occurrence)afw could be determined in

termsa w as given below

i (19
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From Eq.(19), it is observed that a§ w increasesf) i w alsoincreases. Thusa positive
coefficient in Eq. 16) to Eq. (L8) indicate that an increase in the value ofitftependentariable

leads to an increase in thelodds and corrg®ndingly the prbability of the considereturricane

impact and viceversa. In the above equations, it is noted Eifalhas a Bgative coefficient for all

the consideregopulationhurricaneimpacs. SinceDS =1 indicates the highest damage degree
andDS = 3 indicatestie lowest damage degree in this study, this suggests that as the degree of
damage increases, the probabilityhafricanempactincreases. Similarly, the income level has a
negative coefficient suggesting that as income increases, thabiity of bothNESi and JL
decrease. For the race, the reference category is taken to be the white, thus a positive coefficient
for any other race indicates the probabilithhafricanempactto be higher for that race compared

to theWhite race, and ¢e versa. In thabove equations, all the other races are found to have a
positive coefficient, therefore all the other races are found to be more vulnerdhleit@ane
impactcompared to th&Vhite raceln the function for gendefQhas a value of 1 for female and

0 for male. Since the coefficient fdDis positive for JL, it indicates thaihe probability of JL

increasesvhen’Cis 1, suggesting thé&maleswveremore vulnerabléo JLthanmales

Thus using the methodology desmed above,the demographic factors that have the most
influence orhurricaneémpactsare identified and the degree of their influerscalsoquantitatively
assessed. Further, tpepulationvulnerability-considerechurricaneimpact model includes the
hazard parameter in terms of building damage, making it possible to extend the model te climate
dependent hurricane scenaridfis analysis isiext usedto evaluate regiondiurricaneimpact
considering the relative weights of abademographic factors antiet hazard parameteas

described in th&ection 3.4.3
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3.4.3 Populationvulnerability-consideredegional hurricaneimpact

The populationvulnerability-considerechurricaneimpactmodel developed ithe abovesection
helpsassess the hurricane impact on eaclividual, based on the demograpfactorsand the
building damage statef the individuab s r e .sThigineodeican beusedto assess regional
hurricane impact by considering regional demographic compositidiean proportion of
populationaffected bythe hurricane impacts is used a metric othe regional hurricane impacts

for this study. In this section, the regional hurricane impacts are evaluated for fixed damage states
for the selected countie@darris, New Ortans, Mobile, MiamDade, Chatham, l@rleston,

Norfolk, New York)to study regional variability in population vulnerability.

The four demographic factors considered intheicanampactmodel developed in Secti@¥.3

are gender, age, income and ra€kus, forthe regioral hurricane impct assessmenthese
demographic factors are obtained from the census data (Censusf@0&8g¢h of the selected
counties The most recent and detailed census data is available for the year 2010, thus it is used in
our study. The values of the demograpfactors for this census data are provided at census tract

level. Figurell shows the demographics of the selected counties as reported by the census data.
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Figure 11. Demographic composition of tleensidered counties

To assesshe averagevalue of the proportion athe hazardimpacted ppulation MonteCarlo

simulationis employed The averageproportion of the hazariinpacted population is obtained
from 500 simulations. For each simulatid®0individualsare randomlysampled per each zone
based on thdemographic composition of the e¢ay. The hurricaneimpactis evaluated for each

selected individuaby considering their demographic compositenmda fixed damage state.

Theaveragevalue of the proportion dhe hazardimpacted populatiogivenfixed damage state

is shown inTable 3. In addition, these resultsare compared with theegional hazard impacts
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