Risk-Based Input-Output Modeling and Uncertainty Analysis of Hurricane Impacts
on Interdependent Regional Workforce Systems

by Rehman Akhtar

B.Sc. in Mechanical Engineering, September 2005HARWET Peshawar
M.Sc. in Mechanical Engineering, June 2008, NWFH Beshawar
M.Sc. in Engineering and Technology Managementdan?2010, The George
Washington University

A Dissertation submitted to

The Faculty of
The School of Engineering and Applied Science
of the George Washington University
in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

May 18, 2014

Dissertation directed by

Joost R. Santos
Assistant Professor of Engineering Management andyStems Engineering



The School of Engineering and Applied Science o George Washington University
certifies that Rehman Akhtar has passed the Firahthation for the degree of Doctor
of Philosophy as of February 27, 2014. This is final and approved form of the

dissertation.

Risk-Based Input-Output Modeling and Uncertainty Analysis of Hurricane Impacts
on Interdependent Regional Workforce Systems

Rehman Akhtar

Dissertation Research Committee:

Joost R. Santog\ssistant Professarsf Engineering Management and Systems
Engineering, Dissertation Director

Johan Rene van Dorprofessorof Engineering Management and Systems Engineering,
Committee Member

Thomas MazzuchPRrofessorof Engineering Management and Systems Engineé&ring
of Decision Sciences, Committee Member

Gregory Shaw, Associatrofessorof Engineering Management and Systems
Engineering, Committee Member

David Gallay,Vice Presidentinfrastructure and Engineering Management, LMl an
Adjunct Professor, Committee Member



© Copyright 2014 by Rehman Akhtar
All Rights Reserved



Dedication

| dedicate my dissertation work to my loving pasent



Acknowledgments

My first and foremost acknowledgement is directedny academic advisor and
mentor, Dr. Joost R. Santos. | am extremely guatef him for his great guidance,
contributions of time, and encouragement througihogtcademic journey.

| would like to express my sincere gratitude to digsertation committee chair,
Dr. Johan Rene van Dorp, for guiding me in thedfief uncertainty analysis and
statistical dependence. His scientific advice dbated immensely in my personal and
professional growth. The uncertainty analysis arndtistical dependence studies
discussed in this dissertation would not have beessible without his support and
encouragement. | would like to thank my dissertatommittee members for reading my
dissertation. In particular, | am extremely thankifon Dr. Thomas Mazzuchi and Dr.
Gregory Shaw for providing me positive feedback tordeviewing my scholarly work.
| would like to thank Dr. David Gallay, for his temand insightful questions during my
oral defense.

| would also like to gratefully acknowledge the dlimg sources that made my
doctorate work possible. | was funded by the Ergjimg Management and Systems
Engineering Department, the National Science Foumaa and the Logistics
Management Institute.

Lastly, | would like to acknowledge my parents dadily for all their love,

support, and prayers.



A major portion of this dissertation is part of fiedowing journal article but is original
for the purposes of this research:

Akhtar R, Santos JR. Risk-Based Input-Output Arialgé Hurricane Impacts on
Interdependent Regional Workforce Systems. Matdazards, 2013; 65 (1): 391-405.

\



Abstract
Risk-Based Input-Output Modeling and Uncertainty Analysis of Hurricane Impacts
on Interdependent Regional Workforce Systems

Hurricanes have the potential to damage criticélastructure systems, disrupt
workforce and commodity flows, and can cause a@veoEioeconomic impacts on the
affected regions. Workforce disruptions in the raftath of a hurricane can degrade
regional productivity because the majority of bess operations are labor-dependent.
Furthermore, the recovery process is further eXxated by the inherent
interdependencies among economic sectors, whick gse to direct and indirect
economic losses in the affected regional econorhis d@issertation research extends the
economic input-output (I-O) model to formulate aaditer recovery model for assessing
the economic losses triggered by workforce disamsti The research develops a risk-
based framework that can guide the process of sisge@mnd managing hurricane impacts
on regional interdependent systems. Furthermorns, misearch presents an impact
analysis model to assess the uncertainties assdciaith workforce recovery. The
uncertainty in workforce disruptions is linked tarhicane intensity levels inducing a
statistical dependence relationship between huneicatensity and the recovery period
estimates for each workforce sector. This researchthe best of our knowledge,
demonstrates the first attempt to integrate sustatistical dependence relationship with
an economic I-O modeling approach. Additionallye tiesulting methodology is capable
of identifying and prioritizing the most critical oskforce sectors on the basis of

economic loss and sector inoperability metrics. aatification of such critical sectors

VI



supports the decision-making process by narrowirggfocus on sectors that incur the

greatest production losses due to workforce unalbitly.
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CHAPTER 1

INTRODUCTION

This chapter provides the statement of the probleesearch questions,
significance, goals and objectives, and the scape lanitations of this dissertation

research.

1.1  Statement of Problem

Disasters are disruptive events that can causstogphic consequences such as
loss of human lives, economic losses, adversetsftecthe environment, and disruptions
to continuity of government. Disasters are subdididnto three main types (Shaluf,
2007): (i) natural disasters; (i) man-caused desas and (iii) hybrid disasters. Some
catastrophic disasters of recent times around ltii®gnclude Hurricane Katrina in 2005,
earthquake in Haiti in 2010, Indian Ocean tsunamndonesia on December 26, 2004—
causing over 200,000 fatalities, the 9/11 attaeks] the 9.0 magnitude earthquake in

Japan on March 11, 2011—resulting in a tsunamiraratear power plant failures.

Hurricanes are tropical storms with sustained vapéeds of at least 74 miles per
hour (Shatz et al.,, 2006). Hurricane effects onioreg economic production are
inevitable. Strong tropical winds and flooding cadidy hurricanes can damage critical
systems such as communication, health, transpamtadind electric power supply, among
others. In addition to the physical damages recebsesuch critical systems, hurricanes

trigger many other cascading effects such as dismgptoworkforce mobility and access



to place of workln turn, workforce absenteeism can affect the ggaind availability of

essential services provided by infrastructuresesyst The reduced levels of workforce
will affect business activities and will degradewqgiuctivity of industry sectors resulting
in serious economic loss. Furthermore, the rippleces will further delay recovery as
industry sectors are interdependent in an econoagion. Hence, disruptions of critical
systems will result in degraded production and wilpede business operations for
months, and to some extent, years. Since the l&ckvailability of workforce is a

common theme within the disruptions of interdependedustry sectors, we specifically
want to investigate to what extent, that commomiderives the uncertainty in economic
losses and inoperability as a function of hurricamensity. To that end, we model
workforce uncertainty separately utilizing expedadgment elicitation and create a
statistical dependence model to capture the comtheme aspect that workforce

availability plays in hurricane recovery.

1.2 Research Questions

This dissertation addresses three primary reseprestions:

1. To what extent does workforce availability reducteffect the productivity of the
interdependent sectors in the event of a hurricane?
In modeling workforce recovery in the aftermath huirricanes, the proposed
approach is to develop novel extensions to the aoaninput-output (I-O) model
and its dynamic formulation to explicitty model thegple effects caused by
workforce unavailability in the aftermath of disarst Utilizing established I-O

data, this research investigates the linkages scdifferent economic and



infrastructure systems to quantify the economicsdsspropagated by workforce
disruptions in an event of a disaster.
How can the process of critical sector prioritizati be influenced by the multiple

objectives surrounding disaster recovery?

Typically, different disaster recovery objective® &xpected to generate different
criticality rankings for the affected interdepenti@rdustry sectors. This statement
is also true for thanoperability and economic losamnetrics, which will be the

primary objectives to be used in this researchtiqdarly in the area of critical

sector prioritization. Economic loss refers to thenetary worth of the damage,
while inoperability is a dimensionless index thascribes the proportion of the
incurred loss relative to the sector’s total outpgdgnce, it is essential to consider
both metrics in identifying and prioritizing theitezal industry sectors. The

prioritized list of critical sectors that are deehwitical in the recovery process can
provide insights in the formulation of risk assessmand management policies

(e.g., resource allocation strategies).

How significant is the impact of hurricane integsdn sector-specific workforce

recovery durations?

In today’s society, infrastructure and economidelys have become more complex
and highly coupled. Reduced workforce levels in #feermath of hurricanes

involve uncertainty and ignoring uncertainties vidad to misguided conclusions.
In this research, workforce recovery durations fodividual sectors will be

modeled as random variables. Subsequently, thetirgsuworkforce recovery



distributions will be linked to hurricane intenslty invoking statistical dependence

analysis.

1.3  Significance

Natural disasters like hurricanes as well as marsed disasters have historically
shown to cause catastrophic consequences. Hursiteve the potential to cause serious
economic loss and catastrophic damages to critidastructure systems. According to
Pielke et al. (2008) hurricanes cause approxime®&ly billion damage to the United
States each year. A case in point, although Hamaclsabel weakened to a category 1
storm, the damages to the Commonwealth of Virgwwere still considerably large.
Hurricane Isabel caused $625 million in damagesht&o Commonwealth of Virginia
(Bond et al., 2007). Furthermore, about 90% of homed businesses suffered electric
power outages (Dominion Virginia Power, 2003).Maeeently, Virginia suffered an
estimated economic loss of $757 million from Huarie Irene in 2011 (Armstrong,

2011).

A hurricane scenario has been identified in théedif all-hazards national
planning scenarios developed by the Federal intei@gcommunity (Howe, 2005). The
National Research Council (NRC, 1999) developedhdetfor the top ten catastrophic
events on the basis of insurance claims paid—fiteobten were hurricanes in the list of
top ten costly disasters. Economic losses fromidanes are at the top of the ranking of
catastrophic events, and are even costlier tharadoes and terrorism (Malmstadt et al.,

2009).



Hurricanes can directly or indirectly affect infragture systems and
interdependent workforce sectors. Consider a suernar a hurricane damaging a
transportation infrastructure element, such asdgér(direct impact). A damaged bridge
can affect accessibility and mobility of workfor@gedirect impact). In addition, hurricane
winds can topple electric power lines, which withpede the functionality of traffic
lights, interstate traffic signs and cameras. Thessnarios will significantly affect the
ability of workforce and the general public to coote further resulting in increased
workforce absenteeism. A case in point, Midtown Aelnvas closed for 28 days due to
severe flooding in the aftermath of Hurricane I$afiéis tunnel closure resulted in
severe traffic congestion throughout the Hamptomadgoregion (VDOT, 2003). High-
speed winds and downed trees cause damages tocepawer lines leading to electric
power outages. The electric power outages impededtibnality of traffic lights,
interstate traffic signs and cameras. These outamgsficantly affected the ability of

workforce and public to commute, which resultedhicreased workforce absenteeism.

To date, industry sectors are increasingly becommoge complex, large-scale,
and highly interdependent. These sector interdegrarids make them more vulnerable to
disasters, as the disruption of one or more ingustctors will adversely affect others.

The ripple effects will lead to serious economigaussions in an economic region.

The economic losses from natural and man-causexdtdis have motivated the
need for further studies on disaster strategicgregness and risk management policies.
Risk analysis of disasters motivates the need varaz the field of disaster preparedness
and recovery management. Hence, a comprehensiigjdhand robust interdependency

analysis is required in order to achieve rapid vecp. Risk analysis and optimal decision



policies must be developed to minimize inoperabilévels and economic loss to
industry sectors. Strategic preparedness poliaidsriak analysis development will lead
to accelerated recovery topre-disaster equilibretate. While interdependencies and
interconnectedness across the industry sectorsimmreasing, continuous research
attention is required to fill the significant resea gaps for improved disaster
preparedness and recovery policies, particularlynateling workforce-related recovery

losses within the context of interdependent infragtire and economic systems.

1.4  Scope and Limitations

This research aims to fill significant gaps in titerature on disaster management
as it provides information on the relationship besw workforce absenteeism and
economic loss. Pertinent literature is availablestimate the economic loss caused by
disasters; however, there are scarce search sthdiesstimate economic loss to industry

sectors due to workforce perturbations in a huneca

This research extends the capabilities of the Dyodnoperability Input-output
model (DIIM) by incorporating a recovery functioralled full-day equivalents lost
(FDEL) to prioritize the sectors on the basis adremmic loss and inoperability metrics.
The inoperability metric (a dimensionless quantity between 0 antiat s similar to
‘unreliability’) describes the proportion with wiica sector capacity is disrupted. The
inoperability metric identifies the critical secsonot necessarily on the basis of the
monetary worth of the economic loss, but rathethen‘normalized’ loss of each sector
as a proportion of its total production outputcbntrast, theeconomic lossneasures the
monetary worth of the reduced production of an sidusector. We investigate the

adverse effects of hurricanes to interdependenkfanre sectors using the DIIM. The

6



DIIM will be used in this research to analyze therkforce recovery dynamics for
different hurricane scenarios. Furthermore, thieaech will contribute to the knowledge

in the field of interdependency analysis and indbmain of input-output modeling.

A risk-based framework is developed in this redearghich will enable the
parameterization of the proposed workforce recoveoglels through literature surveys
on post-hurricane workforce sector recovery and Bloeeau of Economic Analysis
(BEA) regional data. This risk-based framework wilbt necessarily provide the
decisions; nevertheless, it will provide informatim decision makers as to which sectors
are deemed critical in the disaster recovery pac&siecision analysis tool is utilized by
integrating the economic loss and inoperability nmstto study the interdependent
effects of various hurricane intensities on Virgiei workforce sectors. Given the
constraints in budget and disaster preparednessirees, it is essential to identify the
critical industry sectors. The prioritized list @ftical sectors can provide insights in the
formulation of risk assessment and managementigslisuch as resource allocation
strategies). Expediting the pace of recovery isartgnt in achieving the ideal levels of
regional economic stability at minimum levels of oeomic losses and sector
inoperabilities.

This research investigates the effects of reduceukforce levels on the
production outputs of industry sectors in the afigh of a hurricane. As is commonly
true for most scenarios, workforce unavailability the aftermath of a hurricane can
impact industry sectors in different ways dependingheir criticality and coupling with
the production or service requirements of interdeleat sectors. In the proposed

research, the dependence of critical industry seato workforce availability will be



modeled primarily on the basis of the economic lasd inoperability metrics. Fig. 1
describes the scope of this research and alsoidnglthe proposed contributions. The
figure depicts the factors that contribute to tihsemteeism of the workforce during a

hurricane.
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Fig. 1. Scope of research in the context of overaglroblem

The term workforce absenteeism is used in the zordkthis research as the
“inability” of the workforce to report to work inhe aftermath of a hurricane, such as

what would occur when access routes to the placgook is impaired. This should be



distinguished with the term “willingness” of the worce in a disaster to report to work
(i.,e., in some disasters, such as disease pandenhiess are other reasons for
absenteeism such as fear of contagion and carirfgrialy members). This research will
focus on the economic losses caused primarily bykferce absenteeism to industry
sectors due to a hurricane. As such, the resultioglels and applications will not
encompass economic losses caused by other facidnisas inventory shortages, electric
power disruptions, and other physical infrastruetdisruptions. This research provides a
framework, along with a set of tools, to aid pofigkers to assess and manage the risk
imposed by a hurricane. The study relies on thelyagput-output data, Gross Domestic
Product (GDP)-by-industry data, yearly workforceicbper sector, and yearly local area
personal income data (LAPI).

The geographic scope of this study is the UnitedeSt as applied specifically to
the Common wealth of Virginia. Hence, the simulatesults that will be obtained from
various hurricane scenarios are particularly infleeed by the economic structure of the
region. Nevertheless, the extended Dynamic Inopégalmput-output Model developed,
risk-based framework, and the decision support ¢aal be implemented in other regions

and nations.

In addition, this research contributes to advant¢ihegcurrent state of research in
developing hurricane impact analysis models. Indeaccounting for uncertainty
involved in the workforce perturbations can providsights on developing robust risk

analysis and decision policies.



1.5

Goals and Objectives

The proposed research aims to analyze the imp#&disrdcanes on workforce

sectors and their ripple effects to interdependdrastructure and economic sectors. The

proposed methodology integrates regional economda \®orkforce recovery data to

identify critical industry sectors on the basiseabnomic loss and inoperability metrics.

With resources often limited, identification andopitization of critical industry sectors

become increasingly important in disaster prepassinand recovery domains. This

research highlights the importance of workforceilabdity to industry sectors subjected

to a disruptive event like a hurricane. The maimtgbutions of this research are as

follows:

To explicitly formulate workforce perturbation mdslebased on published
surveys of workforce absenteeism in the aftermétiuaicanes.

To integrate regional analysis to the DIIM to entethe resolution of hurricane
consequences.

To develop a decision support system to prioritiee critical industry sectors on
the basis of inoperability and economic loss mstric

To utilize a graphical user interface (GUI) featumethe decision support tool,
which will allow users to perform sensitivity ansly on the levels of importance
associated with the objectives (i.e., the inopditgl@ind economic loss metrics).
To develop a risk-based framework that allows thleeothposition of risk
assessment and risk management processes to adihlesslated questions

pertaining to hurricane scenarios.

10



e To implement various hurricane intensity scenaussg the decision support
tool to compare and contrast the severity of conseces.
e To develop a modeling paradigm based on the statisiependence concept to

better model uncertainty in workforce levels.

1.6  Organization of the Document

The dissertation is organized in six chapters. @rad (this chapter) has
presented the statement of problem, research signde, scope and limitations, goals

and objectives, and provides an outline of the rede of the document.

Chapter 2 discusses the supporting literature ssunncluding economic I-O
models and data collection efforts, as well as irequents for analyzing the impacts of
hurricanes on workforce sector productivity. Thisagter also discusses prioritization
methods and provides literature review on unceaamalysis, particularly statistical

dependence.

Chapter 3 describes the research methodology deeelim this dissertation. The
first part introduces a process for generating ithigal perturbation vector utilizing
hurricane-specific workforce recovery data. Theose€c part presents a risk-based
framework for the analysis of hurricane intensitgrgarios. The chapter culminates in the
discussion of foundational concepts and procedtoeshe development of statistical

dependence model to perform uncertainty analysigookforce recovery durations.

Chapter 4 presents and analyzes the results geddrgtthe extended Dynamic

Input-Output Model (DIIM) utilizing deterministic @rkforce perturbation parameters.

11



This chapter encompasses the results of the detistrai workforce recovery model,
which will be used as the foundation for the praubstatistical dependence extension.

Chapter 5 presents the uncertainty analysis of wbekforce durations and
discusses the results of various hurricane scenaemerated by integration of I-O
modeling and statistical dependence modeling. Iniquéar, sector-specific recovery
durations are formulated as probability distribni@and subsequently linked to hurricane
intensity as a common risk factor. By assumingeddht levels of dependence between
workforce recovery duration and hurricane intensiiye resulting uncertainties on
economic loss and inoperability estimates are inyated.

Chapter 6 summarizes this dissertation and idestifiotential areas for future

research.
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CHAPTER 2

LITERATURE REVIEW

The research is based on the dynamic extensiotiseofeontief economic I-O
model to predict the cascading the effects of wanddé disruptions triggered by
disruptive events across interconnected industrjose and infrastructure systems in an
economic region. I-O modeling considers an econ@ystem to be comprised of various
interdependent economic sectors. The economicrseate capable of producing goods
(or services), and they also consume goods frorarattterdependent economic sectors
as an input during the production processes. Iricodar, the proposed workforce
recovery methodology relies on the Dynamic Inopditgbinput-out Model (DIIM),
which is an extension of the I-O model. The DIIMaisisk-based transformation of the
classic input-output model, which is capable of lgriag the workforce recovery
dynamics for various disruptive events.

This chapter starts with the discussion of the dasiontief Input Output (I-O).
This chapter also discusses the input-output (iF@dlels, and its dynamic inoperability
input-output model (DIIM) extension. The secondtparthe chapter discusses to I-O
economic accounting database and their utilizatiothe interdependency analysis. The
third part of this chapter discusses workforce vecp assessments using the full-day
equivalents lost (FDEL) metric. The fourth parttbé chapter discusses the theoretical
background of the prioritizations tools such asssrgrioritization plot (CCP) and
dynamic cross prioritization plot (DCPP). Finallthis chapter ends with the brief

discussion of statistical dependence.
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2.1 The Input-output Economic Model and Its Extensions

The significant economic losses brought by disadtave motivated the increased
growth of risk analysis studies that focus on d&vapreparedness and recovery. In
particular, recent extensions and advances todbki heontief Input Output (I-O) model
have been developed to assess and manage the ecaomsequences of disasters. The
I-O model and its disaster-specialized extensieush as the Inoperability Input-Output
Model (lIM), have been used extensively in intemggency analysis. Okuyama and
Chang (2004) discussed I-O and several other metlimdeconomic loss estimation
caused by disasters. Olsen et al. (1997) introdacettO based model to address risk
analysis issues regarding flood protection. Chalet(2001) used the I-O model to
estimate the direct and indirect economic losseassadh by major earthquakes to

transportation and industrial capacities in urb@as.

Computable general equilibrium (CGE) approacheshasen implemented in
modeling the relationship between disaster consempgeand economic resilience. For
example, Rose and Liao (2005) conducted a CGE-bzsssl study to estimate the direct
and indirect economic losses due to disruptionsaier supply. CGE is an extension of
the I-O model and not a replacement (Rose, 2004)a2aduez (2006) combined the
Leontief model with the energy use model of Pro(#84) to build an extended 1-O
based model for analyzing sector-specific watersaarption. The resulting model was
applied to Andalusia in order to determine the kdeavn of water consumptions (direct
and indirect) by economic sectors. Alcantara andilRa(2003) designed an I-O based

methodology relying on elasticities in final enegmands to identify the key sectors in
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final consumption of the energy. Lenzen et al. @0atroduced a multi-regional input-
output analysis to calculate CO2 multipliers aratlér balances utilizing trade data for
regions that emit greenhouse gas by-products. HguGhou (2000) integrated multi-
objective programming approach with Leontief imeustry model in order to analyze

the strategies for reducing CO2 emissions in Taiwan

Workforce productivity losses (e.g., such as thcsesed by absenteeism in the
aftermath of a hurricane) can significantly deceeassector’s output regardless of how
efficient the production factors are (machines,ofabcapital, and other production
resources). In most cases, regional economies llmited resources and budget deficits
to address day-to-day operations, which are furtxacerbated by economic constraints
and the occurrences of extreme events such acées. For example, Qin and Jiang
(2011) conducted an empirical study highlighting tmajor reductions in workforce
availability in the aftermath of a disaster. Sigraht volumes of disaster preparedness
literature sources place heavy emphasis on prepassdand resilience measures for
physical infrastructure systems. Nevertheless,ifstgmt research is severely lacking in
areas of modeling, assessing, and managing therssdwapacts of disasters on the
human infrastructure. Hence, this research focusesand advances the human
infrastructure concept by modeling the dynamicsntérdependent workforce recovery
across multiple sectors and disaster time scaléseksential to identify the most critical
workforce sectors and prioritize them on the badi®conomic loss and inoperability
metrics. Identification and prioritization of ca#l sectors serve as motivation of this

research. This research focuses on the use of leé@emextensions to assess the
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consequences resulting from reduced workforce aititly in the aftermath of various

hurricane scenarios.

2.1.1 The Leontief Economic I-O Model

The I-O Model was developed by Leontief in the 1&2830s, for which he was
awarded the Alfred Nobel Memorial Prize in econostences in 1973 (Leontief, 1951).
I-O modeling considers the economy as a system oseatpof a set of interdependent
industry sectors. The industry sectors are capabfgoducing goods and they also use
up goods as an input during the production prosedkéhe intermediate consumption is
added with the final consumption (demand), the Itiegu model is capable of
understanding and explaining interdependent behavVisectors comprising an economic
region (Leontief, 1936). The basic Leontief I-O rabi$ a practical analytical framework
useful in analyzing the interdependencies (mutm&trielationships) across industry
sectors in an economic region (Lahr and Stever@2;20ew, 2001; Isard, 1960). Miller
et al., (1989) maintain that the Leontief's I-O mbds a practical decision-making tool

for a myriad of economic applications as it is viydesed in many countries.

The basic Leontief I-O model is a system of lineguations in which each
equation describes the distribution of a sectotipwot in the economic system (Miller
and Blair, 2009). The basic assumption of the I|-©dat is that the sum of the
intermediate and final demands is equal to thestrgiwutputs. The formulation of the

basic Leontief I-O model is as follows:

x=Ax+ C@{xi = Z] a;;jXj + Cl'}Vi (l)
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Wherex is the column vector of industry sectors outpus® @alled (output supply);
the output of industry sectérandA is square matrix of the technical coefficieafs
which represents the input requirements of sgdimm sectori, normalized with respect
to the total production requirements of segtoOn the other handlx represents the
intermediate consumptions whites the final demand vector (Note thatepresents the

final demand for thét” industry sector).

2.1.2 Inoperability Input-Output Model (IIM)

Haimes and Jiang (2001) extended the Leontief's&chasrk, and developed the
Inoperability Input-Output Model (1IM), which is pable of explaining the cascading
effects for interdependent industry sectors in @nemic region subjected to a disaster.
The [IM introduced theénoperability metric through matrix manipulations of the oridina
Leontief model. The production outputs of the indyussectors are degraded in the
aftermath of a disaster due to direct effects dé ageindirect effects (interdependencies
across industry sectors). Initially, the IIM wasphed to the modeling of a hypothetical
system comprised of several subsystems (Haimesliand, 2001). Santos and Haimes
(2004) expanded IIM to estimate the direct and rexti economic losses to industry
sectors in an economic region caused by man-caurseatural disasters. Examples of the
extended IIM can be found in (Santos, 2006; San20€8). Crowther et al. (2007)
deployed IIM to study the direct and indirect effeon several critical interdependent
industry sectors after being disrupted by Hurric&adrina. Santos (2006) proposed a
visualization tool to rank the most affected indystectors based on economic loss and

inoperability. The formulation of the model is afidws:

q=Aq+c (2
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Wheregq is the inoperability vector represents normalizednemic losse4* is the
inoperability interdependency matrix that represetite degree of coupling of the

industry sectors, while* indicates the normalized reductions in final dedsan

In order to determine thé matrix for a region, the nationdlmatrix published by

the BEA can be multiplied with a. The formulation &f, ;. is shown below:

Aregion = diag(LQ) X Anation (3

WhereLQ; is computed by taking the ratio of the local goessonal income of the given
region CAPI;,.4i0n) @nd local area personal income of the nati#P(; ,q¢i0n). The

value ofLQ); is positive and has an upper bound of 1, as stmelow:

LAPIi,region
Zi LAPIi,region
, 1

LQi = min LAPIi,nation
ZiLAPIi,nation

(4)

Santos and Haimes (2004) provide the details raggattle 1IM derivations. Each

elementa;; of inoperability interdependency matrig*(matrix) can be computed directly

from a;; (the regional Leontief technical coefficiedtmatrix) as follows:

aij = a;j

()

Xi

Wherex; represents the output of tifé industry sector, ang; is the transpose of the

industry sector’s output. The BEA repoxisfor the industry sectors.
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Santos (2006) has utilized economic I-O data toufadp the parameters for the
[IM. The transformation of the I-O data within thi/ paves the way to additional

modeling capabilities including:

e Assessment of the consequences of initial disraptio one or more industry
sectors on other interdependent sectors;

e Evaluation of the ripple effects for a given ecomonegion subjected to
disruptions; and

e Estimation of the inoperability and economic losstmes for each industry sector

that are propagated by disruptive events.

2.1.3 Dynamic Inoperability Input-output Model (DIIM)

The Dynamic Inoperability Input-output Model (DIINg an extension of the [IM
(Lian and Haimes, 2006; Haimes et al., 2005).hinItM, inoperability levels are treated
as stationary with respect to time (static), whide DIIM is implemented for modeling
the dynamic recovery of industry sectors subjettedisasters. Lian and Haimes (2006)
formulated DIIM by taking into account the resilgenof every industry sector to model
their recovery in the aftermath of disasters. Allismsce matrix K), is introduced for
modeling the dynamic recovery of interdependentesys subjected to disasters. The
original DIIM only considered deterministic modedrpmeters, including the resilience
coefficients. Given the initial inoperability valsief the industry sectors induced by a
disaster, the DIIM is capable of generating theavedr of the recovery process by taking
into account the interdependencies and resiliehegacteristics of industry sectors. The

formulation of the DIIM is shown below:
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qt+1) = q(t) + K[A"q(t) + c*(t) — q(1)] (6)

Whereq(t) represents the inoperability vector at time t @hil(t + 1) represents the
inoperability vector at time t+1K is the resilience coefficient matrid* is the
interdependency matrix representing sector intexdéencies, and'(t) is the vector of
initial sectors perturbation. The resilience mattescribes the interdependent recovery
rates of industry sectors after being disruptea loysaster. A higher resilience coefficient
K; value for a specific industry sector implies fastecovery and lower cumulative
economic losses since that particular industrycseist expected to be relatively more

resilient to disruptions.

The DIIM is capable of quantifying the economicdes and inoperability effects
of a disaster on interdependent sectors. In tlisareh, the DIIM is extended to better
account for hurricane impacts on workforce disrupgi and their resulting ripple effects
to interdependent regional economic sectors. TH®IRBn be used as an optimization
tool by minimizing multiple objectives (e.g., inapéility and economic loss).Previous
works on the DIIM (e.g., Lian and Haimes, 2006; iGmsd Santos, 2010; Barker and

Santos, 2010) provide the details of the modehdéions and applications.

2.2  Data Sources and Descriptions

The primary sources that were used in this reseaelas shown below:

e The Bureau of Economic Analysis (BEA)

e Post-hurricane workforce recovery Data (FDEL).

The name, description and source of the data a&ited in Table 1.
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Table 1 Description of the Data

Classification

(NAICS). Table 2 contains the 65 industry sect
classified under the NAICS scheme to be
discussed in this research.

Name Description Source
Industry Industry sectors are defined and coded accordingS Bureau of Economig
Sector to the North American Classification system Analysis

prBhe North America
Industry Classification
System (NAICS)

Industry-by-
Industry Total
Requirements
Table

The Industry-by-Industry Total Requirements
Table shows the output multiplier for every unit
change in the demand for each sector. This dai
represented by the matfik— A]~1 in 1-O
modeling (see Table 3).

US Bureau of Economid
ohnalysis (2009)
avs/w.bea.gov/

Final Demand

Final demand is the market value of all the goo
and services produced for the consumption of

dblS Bureau of Economid
Analysis (2009)

recovery data

of days required by workforce industry sector tg

(Gross final users within an economic region for a givenwww.bea.gov/
Domestic period of time.
Product) GDP is measure of performance of the economy.
Final demand components include private
consumption (household), private investment,
government spending, and exports.
Industry This data (denoted by the vecta) ¢epresents the US Bureau of Economig
Sector Gross | total gross output production (or sales) of indugtrAnalysis (2009)
Output sectors. Gross output represents the sum of | www.bea.gov/
intermediate and final demands. It can also be
computed as the product of the Industry-by-
Industry Total Requirements and Final Demand.
Local Area This data represents the income received by all US Bureau of Economig
Personal persons living in an economic region. Analysis (2009)
Income www.bea.gov/
(LAPI)
Workforce This data set provides information regarding the US Bureau of Economig
Count per number of total full-time and part-time Analysis (2009)
Sector employment by industry. This data helps in www.bea.gov/
identifying industry sectors that are relatively
more dependent on workforce. Fig. 3 shows the
breakdown of workforce per industry sector.
Workforce This data set provides estimates regarding numt&urvey data on full day

equivalents lost (FDEL)

fully recover to their normal business operation

s(Burrus et al. , 2002)

2.2.2 The Bureau of Economic Analysis Data

The BEA of the U.S. Department of Commerce pubBst@nomic I-O accounts

for various economic sectors in the U.S. economiAB The BEA reports national
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economic data in series of comprehensive tableghndhow the production output and
consumption data associated with various Indusegtass, coded according to the
NAICS.

The economic I-O accounts can be used in interdbgeay analysis of industry
sectors within an economic region (Lawson, 1997he Gsignificant advantage of
deploying the 1-O models for regional interdeper@memnalysis is the capability to
leverage databases provided by the Bureau of Eceonémalysis (BEA). Various
applications of the 1-O accounts can be found iwd@n (1997). The primary economic
data sources used in this research for interdepegdEalysis are mainly obtained from

the BEA.

In the basic Leontief model, a regional economgoissidered to be comprised of
different industry sectors. The output producedahyindustry sector is consumed as an
input by other industry sectors or as final demaiti® BEA publishes themakeanduse
matrices to track the inputs and outputs associaitddifferent industry and commodity

sectors (Lawson, 1997).

2.2.2 Industry Sector Definitions

This dissertation research utilizes the industassification system called North
American Industry Classification (NAICS) to asseentite data collection methodology.
NAICS is a replacement to the Standard Industrials€ification (SIC) system (Kort,
2001). NAICS is a harmonized industry classificat®ystem, which groups business
establishments into industries on the basis of the@siness production activities (Bureau

of Labor Statistics, 2013). NAICS provides a cotesis regional analysis framework for
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collecting, analyzing and publishing economic mtdata for the U.S economy on

industry basis (Kort, 2001).

To date, the Bureau of Economic Analysis (BEA) Alasady provided national I-

O accounts (industry estimates) on the basis of$AlIn this research workforce and

industry sectors recovery parameters are codedAIZ 8l The table below enumerates

the 65 sectors as classified within the Regiondiigtry Multiplier System (RIMS 11).

Table 2. Industry Sectors Classification

Sector Description Sector Description
S1 Farms S34 Pipeline transportation
S2 Forestry, fishing, and related activities S35 Other transportation and support activities
S3 0il and gas extraction S36 Warehousing and storage
S4 Mining, except oil and gas S37 Publishing industries (includes software)
S5 Support activities for mining S38 Motion picture and sound recording industries
S6 Utilities S39 Broadcasting and telecommunications
S7 Construction S40 Information and data processing services
S8 Wood products S41 Federal Reserve banks, credit intermediation, and related activities
S9 Nonmetallic mineral products S42 Securities, commodity contracts, and investments
S10 Primary metals S43 Insurance carriers and related activities
Si1 Fabricated metal products S44 Funds, trusts, and other financial vehicles
S12 Machinery S45 Real estate
S13 Computer and electronic products S46 Rental and leasing services and lessors of intangible assets
S14 Electrical equipment, appliances, and components S47 Legal services
S15 Motor vehicles, bodies and trailers, and parts S48 Computer systems design and related services
S16 Other transportation equipment S49 Miscellaneous professional, scientific, and technical services
S17 Furniture and related products S50 Management of companies and enterprises
S18 Miscellaneous manufacturing S51 Administrative and support services
S19 Food and beverage and tobacco products S52 Waste management and remediation services
S20 Textile mills and textile product mills S53 Educational services
S21 Apparel and leather and allied products Sh4 Ambulatory health care services
S22 Paper products S55 Hospitals and nursing and residential care facilities
S23 Printing and related support activities S56 Social assistance
S24 Petroleum and coal products S57 Performing arts, spectator sports, museums, and related activities
S25 Chemical products S58 Amusements, gambling, and recreation industries
S26 Plastics and rubber products S59 Accommodation
S27 Wholesale trade S60 Food services and drinking places
S28 Retail trade S61 Other services, except government
S29 Air transportation S62 Federal general government
S30 Rail transportation S63 Federal government enterprises
S31 Water transportation S64 State and local general government
S32 Truck transportation S65 State and local government enterprises
S33 Transit and ground passenger transportation Source: Bureau of Economic Analysis
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2.2.3 Industry-by-Industry Total Requirements Table
In the basic Leontief I-O model, square matrix loé technical coefficients is

denoted byA. The elements of th& matrix has technical coefficients; that would

represent the input requirements of segtiwom secton, normalized with respect to the

total production requirements of secfor

BEA publishes a series of annubidustry-by-Industry Total Requirements Table
(Appendix A), which can be used to generate thentiebtechnical coefficient matriA.

In particular, the data set reflected in ihdustry by industry total requirement table

represent$l — A]-! and, from which thé matrix can be directly generated.

Table 3 depicts Industry-by Industry total requiests table provided by the
BEA. Consider the term at the intersection of ti& @w and first column, which is
0.0667. This value can be interpreted as followshére is a $1 demand increase for
Farmssector (Column 1) then there will be $0.0667 inseein the production (output)
of Forestry, fishing, and related activitisgctor (Row 2)

The column sum of Table 3 represents total outpuitiphier for a sector. For
example, Sector 1 has a total output multiplie2d&228 and this value represents the
total change in the production output of all ecoiosectors for every $1 change in the
demand for Sector 1. The total output multiplierstme is useful as it helps in identifying
the key sectors based on the magnitude of finalateinnmpacts on the production output

of an economy.
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Table 3. US Industry-by-Industry Total RequirementsTable

Industry Description 1 2 -+ 65

1 Farms 1.2043 0.0234 ... 0.0886

2 Forestry, fishing, and related activities 0.0667 1482 ... 0.0067

65 State and local government enterprises  0.00764 28.00 --- 1.0187
Total output multiplier 2.3228 1.6708 ... 2.1118

2.2.4 Technical Coefficient Matrix

Technical Coefficient matriA (see Appendix B) can be generated from industry
by industry total requirement table through matmanipulation. The terms;; in
technical coefficient matrix represent the diragbut of sector for every unit of the
output produced by sectprFor example (see Table 4), consider the valué7.@t the
intersection of the™ row and f column. This value can be interpreted as folloths:
Farmssector (Column 2) requires $0.0470 of goods fiemmestry, fishing, and related
activities sector (Row 2) in order to produce $1 worth ofaitéput. Alternatively, it can
be stated that 4.7% of the production requiremehthe Farmssector is contributed by

theForestry, fishing, and related activitisgctor.

Table 4. US Technical Coefficient Matrix

Industry Description 1 2 -+ 65

1 Farms 0.1501 0.0145 ... 0.0000
2 Forestry, fishing, and related activities 0.0470 1264 ... 0.0000
65 State and local government enterprlsea_0035 0.0005 ~0.0150
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2.2.5 Inoperability interdependency matrix

The inoperability interdependency matrix is denotydd* in the Inoperability
Input-Output Model (IIM) and the Dynamic InoperatyilInput-output Model (DIIM).
The A matrix represents the degree of coupling acroassing sectors.

Once theA matrix for a region is established, the inopergbihterdependency
matrix for a region denoted WY, oy Can be obtained froM matrix by using the
formulation given in equation 3.

Table 5 presents Inoperability interdependency imdhrat is generated using
technical coefficients matrix and gross output mifdd by the BEA. For every value of
inoperability imposed by a disaster to column lustdy sector, 1.88% is contributed by
sector 1 and 4.21% is contributed by sector 2 anars (Note that the inoperability
interdependency matrix is represented by the motaA® in the [IM and DIIM

formulation).

Table 5. US Inoperability interdependency Matrix

Industry Description 1 2 - 65

1 Farms 0.0188 0.0009 .- 0.0000
2 Forestry, fishing, and related activities  0.0421 0501 ... 0.0000
65 State and local government enterprises  0.0002 0.000 .- 0.0133

2.2.6 Resilience Matrix
In the Dynamic Inoperability Input—output Model (BM), resilience matrix is
denoted byK. Theit" diagonal element in the resilience matrix is dedobyk; that

determines the recovery pace of industry seckorthe aftermath of a disaster. A larger
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value of the resilience coefficient for a particuliadustry sector corresponds to faster
recovery.

Let T; be the length of time required ¥ industry sector to recover from its
initial inoperability levelg;(0)>0 to an acceptable inoperability lewg(T;). Hence, the
recovery parameterk() only depends on the initial condition=Q) and a terminal
condition (=T). Note also that it is assumed that recovery lFea®d wheny;(T) has
reached a negligible level relative to the initraperabilityq; (0) (e.g., 1% of the initial
magnitude). Hence, the model in equation 6 dependsarily on the assessment of the
initial inoperabilityg; (0), which will be the subject of subsequent discussidn case
studies, we assumed thieto be 30 days, which is in similar to the recovduyation of
Hurricane Isabel. The resilience coefficient ofttparticular industry sector is calculated

as follows (Lian and Haimes, 2006):

In [qi(O)/CIi(Ti)]

T; (1-aj)

k= (8)

Where the term d[qi(o)/q.(T.)] is called recovery constant and it determines the
1 1

recovery rate, the teray; denotes thé" diagonal element iA* matrix and while the
term (1a;;) shows how much an industry sector is dependeant gelf-reliant) on itself.
A higher value of the recovery constant implied-sgliance and further implies the
ability of a sector to recover faster (Lian andHes, 2006; Santos and Orsi, 2010).
Generally, economic resilience describes the ghilita system (industry sector)
to absorb the damage shocks (losses) (Holling 1®&yrings, 2001). Resilience is

measured in the context of recovery period by alustry sector to recover to its pre-
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disaster production level. Increasing the resikené an industry sector will result in
faster recovery process and relatively less econdwsses. The Resilience coefficidft

of an industry sector can be controlled and impdoweth proper risk management
strategies. The resilience of an industry sectarbmimproved via a number of strategies

(Rose and Liao, 2005):

e expediting the recovery of the affected industrgteeproduction processes;

e utilizing an existing back-up for continuous opératof production processes;

e additional inventories to be utilized in supply ghges;

e using other alternatives inputs, the objectiveimike-up for scarce inputs
during a disaster; or

e moving production processes facilities to otheatamns

2.2.7 Workforce Recovery Survey Data

Typically, the economic losses associated with siesa are estimated by
hypothetical simulations due to lack of data. Aadletl survey was conducted by Burrus
et al. (2002) called full day equivalents lost (HDElata survey to address this lack of
data issue. The comprehensive FDEL data surveyigesvinformation regarding
estimates of the number of days required by eadtistny sector to recover fully to their

normal business operations after being disruptedisasters of various intensities.

The industry sectors mentioned in their surveysamalar to the industry sectors
classified in this dissertation research. In paféic this research utilizes the complete
empirical FDEL survey data set to predict the eooisceffects of reduced workforce on

the production of industry sectors.
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The economic losses given in the tables are cadnlilasing detailed survey data
based on the Burrus et al. (2002). In particulze, EDEL survey data sets were directly
requested from the authors. The complete FDEL dgheset was sent by one of the co-
authors via e-mail, which will be used in the pre@o hurricane case studies (see
Appendix C). Table 6 presents a portion of the cated survey data describing business

days lost by workforce sectors during various loame intensities.

Table 6. Example of FDEL Data (Burrus et al., 2002)

IMPLAN Sector Name BerthaFran | Bonnie
480 Electrical Repair Service] 1.00 42.50.00
462 Real Estate 10.74 11.y8.24
455 Miscellaneous Retail 8.02 14.27.19
447 Wholesale Trade 2.00 6.00 1.00
432 Manufacturing Industries)  2.25 3.00 3.50
456 Banking 3.33 1.67] 1.67

2.3 Full-Day Equivalents Loss (FDEL)

Disruptions in business operations triggered byunadt disasters can cause
significant production loss to industry sectors Pieet al., 2000). West and Lenze
(1994) pointed out that most studies regardingraatlisaster economic impact analysis
deployed “hypothetical simulations” due to unavaility of related data for the specific
disruptive event. Business interruption loss edimmacaused by natural disasters is

complex. For hurricanes, this complexity is furtegacerbated by limited data pertaining
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to direct and indirect business economic impactRGN 1999). Burrus et al. (2002)
conducted a detailed survey to address the ladkdufstry-specific data for assessing
economic losses associated with hurricanes of warintensities. In this survey, a new
recovery function full-day equivalents lost (FDElps introduced, which refers to the
number of days required by each industry sectoet¢over fully to their normal business
operations, after disrupted by a hurricane. Thentdation of the FDEL is as follows

(Burrus et al., 2002):
FDEL; = (1.25 — P).D;; + X} ,(1.25 = B;) .max (0,D;; — D; j_4) (8)

Where, recovery to 25%, 50%, 75 % and 100% of nbmmakforce availability are

denoted by, j=1, 2, 3, 4, respectively. Whilg;; represents the number of days required

by a specific workforce sectoyto reach the percentage of the normal operafions

2.4 Dynamic Cross Prioritization Plot (DCPP)

Santos (2006) developed a methodology to integthte inoperability and
economic loss metrics to explore policy insightedd by the DIIM analysis. Typically,
these two metrics generate different rankings far affected interdependent systems;
hence, both metrics should be considered in idengfand prioritizing the critical

systems.

Gokey et al. (2009) developed a detailed prioritira methodology to aid
policymakers of the Virginia Department of Trandgpton (VDOT) in resource
allocation process pertaining to bridge maintenafbe critical bridges were highlighted
and ranked on the basis of two attributes, econmalice and maintenance. Since these

attributes are both important, a visual tool calleel Cross Prioritization Plot (CPP) was
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developed to integrate the economic and maintenaretecs. The CPP tool combines
the economic value and maintenance metrics intates plot in such a way that tke
axis depicts the ranking of bridges according ®® reintenance metric while tlyeaxis
shows the bridge rankings based on the economievaktric. The points closest to the
origin in the scatter plot deserve more attentiorithwespect to prioritization.
Resurreccion and Santos (2011) extended the CRRartdodeveloped a dynamic cross
prioritization plot (DCPP) tool by utilizing the Dyamic Inoperability Input-output Model
(DIIM). They discussed the DCPP prioritization nutblogy in the context of
identifying critical industry sectors of Virginiaith respect to inventory management for

hurricane preparedness.

Similarly, in this research key industry sectors/afyinia disrupted by workforce
absenteeism triggered by a hurricane will be idiedtifor optimal resource allocation
based on the two previously identified metrics: theperability and economic loss. In
particular, we are interested to investigate ther@xto which variations in the values of
these metrics can affect the identification ananitization of the critical sectors. In this
research, a prioritization methodology will build the visualization tool developed by

Resurreccion and Santos (2011).

2.5 Statistical Dependence

Events are said to be dependent if the occurreham® event influences the
occurrence of other events. The concept of deperdsrbelieved to be introduced by K
Pearson (Mari and Kotz, 2001). Furthermore, C. &idi and M. Frencher provided

significant contributions in introducing and disseating the concept of dependence
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analysis (Mari and Kotz, 2001). Mari and Kotz (2p@iscussed concepts of statistical
dependence in detalil.

Statistical dependence is a widely recognized qunemd has continued to
become a widely used method in the domain of pntibabnd statistics. Applications of
dependence modeling have also proven useful i othated fields such as project risk
analysis (van Dorp and Duffey, 1999; Duffey and zorp, 1999; van Dorp, 2003; van
Dorp, 2004), data security (Muralidhar and Saratt¥)12), decision analysis
(Venkataramani and Kumar, 2006; Clemen and Rei®@9), risk modeling (Haug et al.,
2011), and finance (Hardle et al., 2002; Dommal.et2808), among others. However,
literature regarding the statistical dependence&ephin economic loss estimation caused

by disasters is relatively underdeveloped.

2.5.1 Copulas in Dependence Modeling

Bivariate distribution is the joint probability digoution of two random variables.
Copulas are joint distributions with uniform maragii® on the unit interval (Genest and
Mackay, 1986; Nelson, 2006; Balakrishnan and L@Q9. Any bivariate distribution can
be transformed using its own cumulative distribaitionctions to obtain a copula (Sklar,
1959; Genest and Mackay; 1986). A copula filterd the marginal distribution
information and captures the dependence informdtietaveen random variables (Kotz
and van Dorp, 2010).

The paper by Hutchinson and Lai (1990) constitates of the early works that
contributed significantly in disseminating the cept and application of copulas.
Pertinent literature is available about construgtiderivation and properties of various

copulas (Cooke and Waij, 1986; Nelsen, 2006; Mad &otz, 2001). Copulas have
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become useful in modeling the dependence amongsibles (Haug et. al., 2011). One
notable advantage of using the copula approactatistical dependence modeling is that
it decomposes a joint distribution by separatelydetimg uncertainty through marginal
distributions and describing the dependence betwleewariables (Kotz and van Dorp,
2010). Recent methodological developments in tea af copulas have seen a growing
trend in recent years, particularly in finance amslirance related applications (Cherubini

et al., 2004).
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CHAPTER 3

RESEARCH METHODOLOGY

This chapter starts with the discussion of the @sscof translating workforce
absenteeism into production losses, noting thatkiwoce absenteeism can affect the
qguality and availability of products and servicesvyided by the industry sectors. The
primary data sources and data collection requirésne&ssential in conducting the
workforce statistical analysis are summarized. 3émond part of the chapter summarizes
a risk-based methodology developed and deploydaisiresearch for identifying critical
systems on the basis of the inoperability and econidoss metrics. The methodology is
guided by the integrated concepts of risk assessamehmanagement to address several
risk analysis issues. The last part of the chagrusses the incorporation of statistical
dependence into a dynamic recovery model that ctespior the direct and indirect

economic losses at each time increment within élcevery horizon.

3.1  Conceptualization of the Research Methodology

This research methodology is driven by the integnaibf the three research
contribution as summarized in Fig. 2. Researchrtdmriton 1 involves formulation of
workforce perturbation models to quantify econonbsses caused specifically by
workforce disruptions in the aftermath of hurricanesearch contribution 2 involves
development of a risk-based framework to decompbgerisk assessment and risk
management questions pertaining to hurricane siosnaResearch contribution 2

provides a more solid linkage between researchribomtibns 1 and 3. The case study and

34



prioritization results (within research contributio2) were primarily designed as
motivated by the three questions of risk assessiaettthe three questions of the risk
management that guided the design of the reseagtiogiology. Research contribution 3
involves the development of a probability modelaccount for workforce recovery
duration uncertainties. The workforce recovery tlars obtained from this model serve
as one of the input parameters to the workforceeddslIM. In the extended DIIM
workforce disruption assessment is a critical pigicthe model. Indeed, such changes in
the assumed workforce disruption values createfgignt impacts on the inoperability

and economic loss ranges.

Hurricane Intensity FDELdata Degree of dependence

Uncertainty Analysis (RC3)
«Statistical dependence model
sLinking hurricane intensity to workforce
recovery duration uncertainties

Workforce recover
durations

"V

Workforce based DIIM (RC1) Risk Analysis (RC2) j Ranking by
Hurricane Workforce «Dynamic workforce recovery modgl | *Risk-based framewor inoperability
o . ~ . N % e .
Landial = Disruptions =) *Economicinput-output analysis = *Case study Sensitivity analysis
«Workforce survey analysis *Prioritization —L
«Graphical user interface Ranking by

T T economicloss

Workforce [-O accounts
statistical analysis

Fig. 2. Conceptual diagram of the Research Methodogy
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3.2Workforce Statistical Analysis

Workforce unavailability in the aftermath of a hioane can degrade productivity
of industry sectors within an economic region. Resdl workforce levels after a
hurricane will lead to higher inoperability and wksin regional economic losses.
Workforce availability and mobility is critical idisruptive events like hurricane, as most
of the industry sectors are workforce-dependentrkfdece disruptions will cause direct
economic loss to industry sectors. Today, induségtors are highly interdependent and
due to the ripple effects caused by disruptive tsyeaimost every industry sector within
the region will be affected. Furthermore, indussgctors which are relatively less
workforce-reliant can also suffer significant lossgue to those interdependencies. As
workforce perturbations constitute significant pmmtof economic loss, it is essential to
perform workforce statistical analysis to estiméie degree a particular industry sector is
dependent on its manpower.

To this aim, employment statistics for each industector for the State of
Virginia were gathered using the data publishe®By regional economic accounts (see
Appendix D). The first step in the workforce statis analysis is to determine the total
workforce count throughout the economic regiontéstd Virginia). The second step is to
determine the workforce percentage distributioradh industry sector. This workforce
breakdown per sector will help in identifying thaselustry sectors with largest critical
workforce ratios. Fig. 3 depicts the number of wWorke per sector and also their

corresponding percentage values.
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Fig. 3. Virginia workforce distribution per industr y sector

3.1.1 Workforce Perturbation Analysis

Workforce unavailability can adversely affect protivty of industry sectors. In
this research we posit that reduced workforce lates to degraded production of
industry sectors. In the aftermath of a hurricasdtuced levels of workforce will directly
affect industry sectors production. In additiore thterdependencies across the industry
sectors will cause indirect impacts in the producf other industry sectors. Hence, the
productivity of those industry sectors, which agtatively less workforce dependent, will
be also affected due to interdependencies andccontaectedness.

A methodology is required to be developed, which tak reduced levels of

workforce with industry sector’s inoperability ihe aftermath of a hurricane. However,
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Arnold et al., (2006) achieved this by assessingkieoce productivity. Nevertheless, the
data utilized in their estimation is only applicalfor relatively much smaller set of
sectors compare to the 65 sectors in the Regie@aMultiplier System 1l (RIMS 1)
sector classification system defined in this redeafhe RIMS Il Division of the U.S.
Department of Commerce provides the estimatespaftinutput regional multipliers for
various geographical resolutions (metropolitanistiiadl areas, states, and counties)
(Santos and Haimes, 2004lence, we will use a new approach to predict waddo
contribution factor for every industry sector. Wimnice perturbation elements can be

assessed to determine inoperability across albsect

The effects of reduced workforce availability oe firoduction output of a sector
can be estimated by computing the ratio betweernotted area personal incomeAPI;)
and the total production outpuk;§ of a particular industry sectér This ratio gives
information regarding the portion of a sector’s puit that is dependent on labor.
Furthermore, this ratio provides insights on howregional shock to the general
workforce can be modeled as inoperability to aipaldr sectorn. Recall in the DIIM
equation (6) the initial inoperability vectq(0), where each element of this vector,
denoted byg;(0), corresponds to the inoperability of sector A proportionality
relationship can be established to link sector émability q;(0) with the labor

dependency ratid.@PI;/x;) as follows (Orsi and Santos, 2010):

qi(0) o =+ ©)

We can rewrite the above relationship by introdga@nmultiplier,w, to describe

the extent to which a disaster disrupts the gememkforce. This multiplier ranges
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between 0 and 1. A value of O is the ideal casereviiee workforce remains in an

undisrupted state, while a value of 1 refers tomtlaimum disruption.

q:(0) = w x =~ (10)
The above formula applies only to the deterministase. Different disaster
scenarios will cause the value wfto vary depending upon the disaster's potency to
disrupt the general workforce.
To model the uncertainty in, we created a simulation algorithm that utiliZies t
full day equivalents lost (FDEL) data. In Tableti@e resulting data structure from the

simulation depicts the industry sectors along thesr( = 1,2, ...,65), and the iterations

on the columnsj(= 1,2, ...,10000).

Table 7. Data structure of the FDEL simulation resits

j=1 J j =10,000

i=1 FDEL, ; FDEL, ; FDEL1,10000
i FDEL;, FDEL; ; FDEL; 10000

i =65 FDEL¢s FDELgs ; FDELgs 10000

Hence, the sector inoperability as formulated ia previous equation can be
indexed in terms of both the sector typand iteratiorj. Furthermore, the notatian(0)
in the previous deterministic inoperability modsl analogous to the notatign;(0)

when uncertainty is introduced.

q(0);; = w; x 2221 (11)

Xi
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For simplicity, the labor dependency raticAPI;/x;) is treated to be invariant of
the iteration, which seems to be a reasonable gagm(i.e., this ratio measures labor
productivity, which takes significantly long per®adf time to change). On the other
hand, the multipliew; measures the disruption triggered by a disasteworkforce
availability. For each iteratiopy we assume that the workforce disruptiop, affects the
general workforce. Hence the subscript only inctutlee iteration index, (and not the
industry sector index). Nevertheless, this workforce disruption tricktesvn across the
different industry sectors after being multiplieittwthe labor dependency ratibAPI;/
x;). Hence, this process creates a sector inopdsalbiiat is a function of both the
industry sector, as well as the iteratign

In order to estimate;, we utilized the simulated values of FDEL from TeaB.
Without loss of generality, the notationin the following equation refers to the total
number of iterations (i.ey = 10,000). The workforce disruption ratio is trexpressed as

follows:

Ave_FDEL j
Wj=—mF—"— 7
Max[;zj FDELj]

(12)
The numerator of the above equation takes the geerapact of a disaster on the FDEL
per iteration. The reasoning behind this is thatimally assume that a disaster will
affect the general pool of workforce populationd ahis approach reduces the potential
biases associated with industry sectors that higlver¢oo small or large values of FDEL.
Also, the averaging process also evens out theteffediverse workforce distributions
(i.e., places of residence and work) across aregsbn that is affected by a disaster.

On the other hand, the expression in the denonrimaiaterpreted as the average

of all the maximum values of FDEL obtained fromralterations. We specifically chose
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this measure since simply taking the grand maximomall iterations makes the
denominator too large, causing the workforce disompratio to be insignificant in many
iterations. Also, the use of this formula is notammon in the literature of statistics of
extremes. Asbeck and Haimes (1984) refer to thiasome as the conditional expected
value of extremes as used in the context of thatipamed multi-objective risk method
(PMRM). Furthermore, the expression in the denotome referred to as Conditional
Value-at-Risk (CVaR), which has gained populanitythe field of financial risk analysis
in recent years.

As the workforce disruption ratio approaches 1, ldrger the impact will be on
the industry sector inoperability. When a disaskers mild consequences, or if
preparedness actions have been effectively implademprior to a disaster (e.g.,
evacuation), this ratio will approach 0. This is tideal case where nearly 100%
workforce is available to report to work and theébseguent impact on the sector
inoperability will be negligible.

Since the workforce perturbations parameters caresas one of the inputs in the
extended DIIM, FDEL data serve as one of the parante analyze the ripple effects of
workforce productivity disruptions in the aftermatf hurricanes. This research
acknowledges the uncertainty in the assessmenxprejudgment by utilizing FDEL
data to account for uncertainty in workforce recgvdurations. FDEL data shall be
modeled as triangular random variable with paramede m, b. In table 6, there are 3
FDEL'’s per row sector and we sorted the FDELs perfrom lowest to highest. Given a
triangular distribution with parameters (a, m,thg sorted FDELs then become a, m, and

b, respectively. The data provided by Burrus e(2002) was conducted for 71 sectors,
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and we converted it to the 65 sectors as used b4. BHth a few exceptions, these
sectors align well. There are several literatureseator concordance and aggregation

techniques that we employed (Miller and Blair, 2009

3.3Risk Analysis

Lowrance (1976) defines risk as: “measure of thebability and severity of
adverse effects”. Risk assessment usually statts adéfining the system, and involves
identification of a scenario (e.g., a hurricane reye determination of the event
probabilities (likelihoods), and estimation of thdverse effects (consequences). Risk
management, on the other hand, is concerned wihdévelopment of alternatives in
accordance with the event probabilities and consecgs, and recommending the Pareto-

optimal solutions to mitigate the risks.
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RISKASSESSMENT

“What can go wrong?”

Hurricane Landfall

Workforce Absenteeism

Disruption per Industry
Sector Production

“What is the likelihood?"

Hurricane Frequency

Data Analysis

Fitting Probability
Distributions to FDEE

DIIM+ Stochastic
Extension

“What are the consequences?”

Inoperability

Economic Losses

RISK MANAGEMENT

“What can be done and what
options are available?"

Enhanced Workforce
Availability

Enhanced Workforce
Mobility

Telecommuting

“What are the associated
trade-offs?”

Cost

“What are the impacts on
future options?”

Pareto-Optimal Decision
Policies

Effectiveness in Reducing
Workforce Disruption

Inoperability Reduction

Economic Loss Reduction

[dentification of Critical
Industry Sectors

Optimal Resource
Allocation

Enhanced Resilience
Coefficients

‘—

*FDEL = full-day equivalents lost
4DIIM = Dynamic Inoperability

Input-Output Model
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3.3.1 Risk Assessment
Kaplan and Garrick (1981), identified risk assessneéements as description of a

scenario, the likelihood of described scenario, tiedmpacts related to that scenario:

R = {(si,pi, x:)}

Where R represents risks; represents description of scenariop; is the
probability of the scenaribandx; is the consequence of the scenaribor example, a
sample of the hurricane scenarios implementedencise study is enumerated in Table

8.

Table 8. Hurricane scenarios on the basis of increang consequences

Scenario Likelihood Consequences
(Freguency)

Low-intensity Probability of Economic losses
hurricane low-intensity caused by low-
Categories (0-2) hurricane intensity hurricane
High-intensity Probability of Economic losses
hurricane high-intensity caused by high-
Categories (3-5) hurricane intensity hurricane

The three questions associated with the concejslofissessment are provided in

Fig. 5 (Kaplan and Garrick, 1981).

What can go wrong®.g., a hurricane making a landfall in g
US region)

What is the likelihood®e.g., frequency of landfall for
different hurricane categories)

What are the consequencdg?y., infrastructure failures and
workforce absenteeism leading to economic losses)

Fig. 5. Risk assessment questions applied to a higane scenario
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Due to the uncertainties that characterize disvepévents, answering the risk
assessment questions can be challenging. Henae,cdiéction and expert elicitation

may be required to comprehensively address theagskssment questions.

3.3.2 Risk Management
On the other hand, risk management uses informa&sbablished from the risk
assessment process. According to Haimes (2004),comeept of risk management

involves attempting to answer the three questibwosva in Fig. 6:

What can be done and what options are available?

(e.g., expediting the recovery processes of ctitr@ustry sectors, storing
inventories of critical industry sectors, backupaerces, and enhanced workforge
mobility during a hurricane)

What are the tradeoffs in terms of all costs, bigsiednd risks?

(e.g., challenges in providing enhanced mobilitwtwkers of critical industry
sectors during a hurricane, expediting hurricaevery efforts and managing
costs associated with those accelerated recoviEngsfgovernmental/policy-
makers agenda)

What are the impacts of current decisions on fuapgons?
(e.g., optimal resource allocation and prioritiaatdf critical industry sectors wil
lead to less economic losses)

Fig. 6. Risk assessment questions applied to a higane scenario

Risk assessment and management of disaster conseguare necessary in
formulating preparedness and recovery policy insighach year, the nation is visited by
multiple disasters with varying regional scope andsequences. Modeling disasters is a
complex task because of the need for disasterfgpewethods and domain-specific areas

and expertise. Nevertheless, this research devaapsk analysis framework (e.g., see
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Fig. 4) by encapsulating the six questions of @ssessment and management. The
developed risk analysis framework is capable o¥igliag decision-making insights for
resource allocations in the aftermath of hurricak@sthermore, a decision analysis tool
is developed to model hurricanes impacts on woddqroductivity by integrating of the
extended DIIM and post-hurricane workforce sectmowrery durations (such as FDEL
data). The decision analysis tool identifies théoal sectors via the economic loss and
inoperability metrics. Hence, risk management pediccan then be developed for the

critical sectors that are identified by the deasamalysis tool.

3.4 Incorporating Statistical Dependence in the DIIM
Recently, Akhtar and Santos (2013) extended theMDib assess workforce

disruption in the aftermath of various hurricanersrios. They utilized deterministic
values of hurricane-specific workforce recoveryad&d create the initial perturbation
vector. Workforce availability levels vary considbly over time and is influenced by
many factors, therefore involve a lot of uncertain/sing deterministic parameters in
modeling the effects of disasters on interdepentdrastructure and economic systems
may result in misguided conclusions. To effectiveigpdel the effects of disruptive on
infrastructure and economic systems, it is esdetdisaddress uncertainty. However,
guantifying uncertainties involved in workforce pebations can be a daunting task.
Issues pertaining to system complexity, interdepeany, and uncertainty pose significant
challenges on modeling the impacts of workforceugiBons across a regional economy.
Often, disaster risk analysts are unable to explitactor the uncertainty component in
economic loss estimation due to data constrainisthE€rmore, ignoring uncertainties

associated with workforce recovery durations inrgifiing economic loss specifically
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caused by workforce disruptions will result in urelgimation of risks. Hence, it is
imperative to develop a risk-based methodology $eess the uncertainties associated
with time-varying levels of workforce availability.

This research acknowledges the importance of dyargi the dependence
between the uncertain recovery durations of varieuskforce sectors. Statistical
dependence modeling was implemented to analyzerpacts of workforce disruptions
and the uncertainties associated with recovery tduns of interdependent economic
sectors. The DIIM was utilized to generate two idigt metrics (or objectives) namely,
inoperabilityandeconomic los$or identifying critical interdependent economictes.

Monte Carlo simulation methods have been previowsployed in the I-O
analysis of interdependent industry sectors subjedb a disruptive event, which
involved the specification of various marginal pabbity distributions only.
Implementing traditional Monte Carlo simulationsna@sult in serious underestimation
of total uncertainty in workforce recovery durasonro illustrate the drawback of
implementing Monte Carlo simulation without depemcks take the case of drawing a
realization of the workforce recovery duration imparticular industry sector for a low-
intensity hurricane scenario. Suppose that theevafuworkforce recovery duration for
this low-intensity scenario is drawn from thapper part of the assumed marginal
distribution. Next, consider a high-intensity haame scenario with a different marginal
distribution. It is possible that the value of wimice recovery duration forth isigh-
intensityscenario is drawn from thewer part As a result, any cumulative effect of a
common risk factor will be neglected, resultingnisrepresentation of uncertainty in the

workforce recovery durations. This may ultimatelistdrt the effects of workforce
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perturbations on the resulting economic loss esémalro address this issue, one may
develop the dependence between uncertain variaklag the concept of common risk
factors (van Dorp, 2003). Hence, to quantify theartainties in workforce durations, we
introduce a statistical dependence model amongstetlmlandom variables (workforce

recovery durations) as a result of a common riskofa(hurricane intensity).

3.3.1 Risk Factor for Workforce Sectors

In the previous section, we revisited the DIIM amdroduced the random
variables to quantify the uncertainty in assessuogkforce recovery durations. In this
section, we discuss the concept of common riskofatttat will enable the statistical
dependence analysis of workforce recovery duratitmsubsequent discussions, it is
important to note that the term “interdependendydwdd not be confused with the term
“statistical dependence”. The interdependency e It® model corresponds essentially
to the production relationships among interconreechelustry sectors in an economic
region. On the other hand, the term dependenceexsin this section will be interpreted
in a probabilistic sense, which is typically modkleéy assuming some level of
correlations between the random variables.

A common risk factor may be viewed as a latentalde that influences uncertain
attributes (van Dorp, 2003). Typically, common ritdctors have different units of
measurement. Common risk factors are modeled &sromlatent random variables and
for convenience purposes they are transformed ¢osonle. The transformed value of a
common risk factor is bounded between 0 to 1, wiReoerresponds to the lowest risk

and 1 represents the highest risk associated hathttansformed common risk factor.
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In this research,H;” is used to denote the hurricane intensity andstiescript
“i” represents a hurricane category. It is assurhatlurricane intensity is a random
variable that follows a uniform distribution [0, XJaving a cumulative distribution
function F(H;). A hypothetical example in a transportation damaould be a hurricane
of a particular intensity causing a closure of gam&ighway. This scenario has the
potential to disrupt workforce availability of thedustry sectors whose workforce uses
that specific highway for commuting purposes. Worké perturbations in a disruptive
event like a hurricane can be influenced by varios& factors such as hurricane
intensity, extent of damage to transportation stitactures, and other public safety
concerns. These factors can be identified as conmskrfactors that may influence the
uncertainty in levels of workforce availability. Wever, we primarily use hurricane
intensity as the common risk factor for simplicitgevertheless, the methodology
developed in this research is capable of incorpagatdditional common risk factors.

To model uncertainty, we are assuming positive ddepece between the
workforce recovery duration and hurricane intenagya common risk factor, which is a
reasonable assumption. Two variables are said fmbiively dependent if large values
of one variable are probabilistically associatethwine large values of the other variable
(Kimeldorp and Sampson, 1989; Lehmann, 1966). Fouricane that is predicted to
make a landfall on a populated region, the expectedequences are likely to be higher
as the intensity of the hurricane increases. Algfothe intensity level of a hurricane on
the Saffir-Simpson scale may not directly relatehe impacts of hurricane, it can be
used as a surrogate variable as there is an assuooreglation between hurricane

intensity and its impacts (Dolan And Davis, 1992).
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3.3.2 Modeling Marginal Distributions

The lack of historical data related to disaster aotp analysis can hinder the
validity of modeling and implementation of effeaiwisk analysis. Galway (2007)
asserted that elicitation of expert judgment cdogdutilized for subjective probability
distributions while describing the reasoning forcertainty. Furthermore, elicitation of
expert judgment can help generate the marginalilalision to assess the uncertainty. In
this research, post-hurricane workforce recovematiton data (i.e., FDEL) serve as the
parameters to generate the probability distribiohworkforce recovery durations for
various economic sectors. In this research, we wgé the standard 65-sector regional
classification system to enable straightforward pansons with our earlier deterministic
hurricane consequence analysis (Akhtar and Sanifd,3). These probability
distributions will be referred to as marginal distitions in subsequent sections. The
triangular distribution is used as a marginal distion to estimate the workforce
recovery times associated with the disruptiond&ihdustry sector in the aftermath of a
hurricane. However, the beta or two-sided powetribigtions can also be utilized to
obtain the marginal distributions (van Dorp and Z&002b). Furthermore, the two-sided
power distribution (TSP) is also included in theregmisheet-based graphical user
interface (GUI) to give more flexibility to the dgais. The flexibility of the TSP
distribution and the intuitiveness of its parameterake it a good candidate distribution

for modeling workforce recovery times.
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3.3.2.1  Triangular Distribution
A triangularly distributed random variable “x” ispresented by x~ Triangular (a,

m, b). The formula for the probability density ftion is as follows (Haimes, 2004):

2(b-x)

_2me) o em
f(x) = {“’”‘)("‘“) - (13)
(b—a)(b—m) -

Where ‘a” denotes the optimistic estimate (lower bound), “d€notes most likely

estimate (best guess), and “b” denotes pessingéstimate (upper bound).

The triangular distribution is useful in cases whba actual distribution of a
random variable is either unknown or challenging bi® determined due to data
availability and collection constraints. The triatey distribution can either be positively
or negatively skewed and it is unimodal by defawan Dorp and Kotz, 2002a).
Furthermore, according to Johnson (1997) there isiangular distribution that can yield
a uniform, J-shaped and U-shaped forms. The trianglistribution lacks flexibility but
some analysts prefer it over the Beta distributionestimating risk-based random
variables. For example, Johnson (1997) statesahatngular distribution as a good
alternative to the Beta distribution because of nétative simplicity. Triangular
distributions have been applied to oil exploratiomiclear waste management, and a

myriad of risk analysis problems (Glickman and XQ08).

3.3.3.2 Two-Sided Power Distribution
The two-sided power distribution (TSP) was introellidoy van Dorp and Kotz

(2002a, 2002b).A two-sided power distribution is an extension tbie triangular
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distribution. The random variable “x” is represehtey x~ TSP (a, m, b, n). The formula
for the probability density function is as follows:

o (x_a)n_l a<x<m,
f(x\a, m, b, n) X ?7¢ \m-a (14)

_.\n—-1
L (b x) m<x<b,
b—a

b-m

Wherea andb are lower and upper limits of the support, m desaa threshold
parameter that can influence the change in the fafrthe probability density function,
and n represents the shape paramefne cumulative distribution (cdf) of a TSP

distribution can be determined from the pdf ansuisimarized below:

Zl_a (x—a)n a<x<m,
Fy(xla, m, b, ny < °~¢ ™70 (15)
1—(bm) (b—x) m<x<hb,
(b—a) b-m
The inverse cdf derived in closed form is as fotllow
+ " —a)" (b —a), 0<yc<
b—Y(A-y)(b—m)»1(b—a), for0<y<l1
Where ¢= Pr (X< m) =':__z (17)

The notation q is interpreted as the relative distaof the moden to the lower
limit a over the endpoints of the support [a, b]. Equafi@rreveals that g depends @n
m andb but it does not depend on the shape parameter

The inverse of the cdf, denoted By! in Equation 16 provides the formula for
generating samples from the TSP distribution, whighuseful in the Monte Carlo
simulation process. TSP distribution can be usedisk analysis, simulation, and

sensitivity analysis studies (Kortz and Van Dor02).
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3.3.3 Representing Uncertainty in Workforce Recovery Durdions

Workforce recovery duration is a variable that itsedttention in modeling the
impact of a hurricane on the economic sectors obffected region. The longer the
recovery duration is, the greater the risk willibéerms of economic losses, productivity
degradation, and infrastructure failures. We palét the uncertainty in workforce
recovery duration should not be simply modeledrgependently specifying a marginal
distribution for each industry sector. Hence, tgplement the statistical dependence
model, and to define uncertainties in workforcetyrdations, it is essential to set up a

multivariate distribution between hurricane intéysind workforce recovery durations.

[ \ / Probability distributions for
workforce recoverydurations

Deterministicvalues
of FDEL data Tl ~ —> Sector1

T1

T2 ~ A —> Sector?2
Workforce recovery - T2 Hurricane Intensity
durations . “Common Risk Factor”

. T3 ~ A —> Sector3

Tes

T64 ~ B —> Sector 64

S\ ke

Fig. 7. Dependence diagram example for hurricane snario

Fig. 7 presents a probability model that depictslthkage of hurricane intensity
“H;” to the recovery timeT;” required by workforce sectarafter being affected by a

hurricane. To model the uncertainty in workforcerdptions, it is essential to specify a

53



joint distribution (multivariate distribution) begenH; andT;. Note that the marginal
distributions for allT;, i= 1,2,...,65, are to be pre-specified by the analysth specified
marginal distributions, the copula approach is d@hae that can be used to model the
bivariate distributions between the random variabid risk factor (Genest and Mackay,
1986; Nelsen, 2006). Hence, the joint distributi@mtweenH; andT; is obtained through
its associated copula.

Hurricane intensity is a latent uniform [0, 1] ramd variable H where H =0
(H=1) models low (high) intensity and values invbe¢n represent intermediate intensity
levels. Random variablég in the Fig. 7 are the sector triangular randomiabdes
modeling workforce recovery durations (FDEL) unaerty. Each arc between the
random variable tuplegi{,T; ) describes the dependence between hurricanesityjtemd
a sector’'s workforce recovery duration (FDEL). Thegree of dependence between
hurricane intensity and workforce recovery duraiasf a sector is specified by the

conditional probability as given below:

m; = PI'(Ti > MEd(Tl)lHl > 05) (18)

The conditional probabilityr; describes the probability that a sectors FDEL is
above its median value given that the hurricantsnsity will be above its median value.
Thus, whenm; = 0.5, hurricane intensity does not affect a séctdftDEL (the
independence case). On the other hand, when 1, hurricane intensity determines
completely a sector’'s FDEL (the complete dependease). For intermediate values of
m; € (0.5, 1) an intermediate degree of dependencpesifeed. Since no information is
available on the degree of dependence we select0.75 for all industry sectors. A

graphical user interface (GUI) feature is providadthe decision support tool of the
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dependence model, which will allow analysts to gpethe degree of dependence. To
complete the probability model specification in .Figa bivariate distributionH;,T; )
needs to be specified with degree of dependepcsince the model in Fig. 7 assumes
conditional independence of the random variablegiven hurricane intensitif;. Herein
we shall use the Generalized Diagonal Band coptuia two-sided power generating
densities (GDB-TSP) function, as the cumulativetritigtion function and density
function are in the closed forms and the samplingmf (GDB-TSP) copula is
straightforward. GDB-TSP copula is a sub-family &DB copulae, which was
introduced by Cooke and Waij (1986). Kotz and vamd)(2010) discussed sampling and

other details of GDB copulae with TS generatingsitézs in detail.

3.3.4 Integrated Methodology

As described in previous sections, this researdid$on the DIIM and develops
a statistical dependence model to relate workfesmmvery durations with hurricane
intensity. The workforce recovery duration estirsatebtained from the hurricane
statistical dependence modeling tool are then edtémto the DIIM to subsequently
qguantify the economic loss due to hurricane-indugetkforce disruptions. Fig. 8 depicts
the integration of various supporting modules g&we as the conceptual framework for

this research.
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The framework presented in Fig. 8 encompasses ritegration of several

modules. First, the module on data sources contmiessant information such as

economic outputs of each sector, production ingguirements from workforce, and

surveys on disaster consequences, among othemdehe uncertainty analysis module

is where the statistical dependence model fornuarati are stored, enabling the

computations needed to relate workforce recoverth \laurricane intensity. Third, a
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decision support system was developed in this resedo integrate the data,
mathematical formulations, and user inputs. Thatfomodule labeled as case study
enables the user to create various scenarios fall@kanalysis. Finally, the fifth module
on prioritization is directly tied with the caseaugdy scenario, enabling the ranking and
visualization of the critical sectors on the basighe DIIM metrics (i.e., inoperability

and economic loss).
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CHAPTER 4

INPUT-OUTPUT ANALYSIS OF HURRICANE IMPACTS AND RESU LTS

Various data sets (e.g., I-O accounts publishedthgy Bureau of Economic
Analysis (BEA) and post-hurricane workforce sectmovery surveys) serve as inputs in
the extended DIIM, to estimate the impacts of lwame scenario on regional workforce
sectors. This chapter presents the preliminary sasdy and prioritizations results for
low-and high-intensity hurricane scenarios. Thisapter then culminates with the
discussion of utilization of the dynamic cross ptipation plot (DCPP) in the decision

analysis methodology.

4.1  Preliminary Case Study Results

This section discusses the use of hurricane regadata, along with regional
economic data gathered from the Bureau of Econdknalysis (BEA), to support the
implementation of the workforce recovery modelinghe extended DIIM. The extended
DIIM is specifically applied in estimating the imga of various hurricane scenarios on

workforce recovery for the state of Virginia.

Pertinent literature is available about hurricangensities and consequences.
Blake et al. (2005) provided a comprehensive lfsti@vastating hurricanes on basis of
economic losses and human fatalities. A case intpaccording to Lin et al. (2010)
hurricane Isabel struck North Carolina on Septenit&r 2003. Hurricane Isabel was
classified as a category 2 storm in the Saffir-Sampscale. Hurricane Isabel produced

economic losses greater than $ 3.3 billion andahd®ll of 17 lives. Hurricane Isabel
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caused considerable impact to the regions in nastleen North Carolina and east central

Virginia.

The HAZUS-MH software tool was released by the U&ldfal Emergency
Management Agency (FEMA), to estimate the impadtslisasters like earthquakes,
hurricanes and floods (Schneider, 2006; Remo ant&Ri2012; Bond et al., 2007) used
HAZUS-MH to estimate the return period of low insgy hurricanes. Burrus et al.
(2002) discussed the importance of decomposingdtegories of hurricane scenarios in
loss estimation models (i.e., different combinagiarf frequency and intensity). This
chapter focuses on two hurricane scenarios (lovdt laigh-intensity) in the state of
Virginia by utilizing workforce survey data from Bus et al. (2002). The assumption is
that the previously conducted survey data by theuBuet al. (2002) is applicable in the
current case studies for the Commonwealth of ViegiThe detailed results of both
hurricane scenarios and comparison on the bagiseoftotal cumulative economic loss
and inoperability levels will be shown in next seos. The objective of the case study is
to manage impacts of various hurricane scenariogiiginia by integrating available

regional economic and workforce survey data.

4.1.1 Scenario 1: Low-Intensity Hurricane
In this research, a low-intensity hurricane scenagxhibits the following
characteristics:
e Higher striking frequency, but with relatively lomeonsequences,
e Includes categories 1-2 on Saffir-Simpson Scaléh(wiind speeds of 74- 110
mph),
e Faster recovery (lower inoperability) and relatwemaller economic losses.
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The first scenario looks at the perturbation effect the industry sectors caused
by a low-intensity hurricane scenario. Fig. 9 angl EO show the recovery trajectories
for critical sectors separately assessed usingebaomic loss and inoperability metrics.
Fig. 9 shows the top ten industry sectors in teomBighest cumulative economic loss.
The alphanumeric codes for each of the criticatasscare enclosed in parentheses as
follows : 1) Miscellaneous professional, scientifiend technical services (S49); 2)
Federal general government (S62); 3) State and gmmeernment enterprises (S65); 4)
Construction (S7); 5) Administrative and supponveees (S51); 6) Federal government
enterprises (S63); 7) Computer systems design aladed services (S48); 8) Federal
Reserve banks, credit intermediation, and relateéities (S41); 9) Retail trade (S28);
and 10) Real estate (S45). These top ten sectangedoout are relatively more labor-
dependent compared to the other industry sectonge fbtal expected cumulative
economic loss for a low-intensity hurricane is apgmately $410.13 million (0.10% of
GDP). An interesting behavior of the recovery grapkig. 9 is that the recovery plots of
industry sectors flatten within 4 days for a lovteinsity hurricane scenario. On the other
hand, Fig. 10 shows the top ten industry sectoterims of the inoperability metric for a
low-intensity hurricane: 1) Social assistance (S58) Hospitals and nursing and
residential care facilities (S55); 3) Educationatvices (S53); 4) Federal government
enterprises (S63); 5) Federal general governme62)(S5) Ambulatory health care
services (S54); 7) State and local general goventni®64); 8) State and local
government enterprises (S65); 9) Other servicesemxgovernment (S61); and 10)
Computer and electronic products (S13). The rarkiofgindustry sectors are different

for economic loss and inoperability.
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Fig. 10. Top ten industry sectors with highest inogability (low-intensity)
Note that the top ten sectors in terms of inopditglaccount for only 28.8% of

the total regional losses. In contrast, the topsestors in terms of economic loss metric
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account for 52.5% of the total regional losses. Traperability metric identifies the

critical sectors not necessarily on the basis efrtftonetary worth of the economic loss,
but rather on the ‘normalized’ loss of each see®ia proportion of its total production
output. Fig. 10 demonstrates that peak inoperghbéiels for the top ten sectors ranges
between 14% to 32% but the inoperability level drap 5% within two days for all

industry sectors reflecting availability of retungi workforce. All industry sectors

recover to 1% of inoperability within 4 to 5 daysg. 9 and Fig. 10 reveal that only three
industry sectors both appeared in the top ten ngskior both cumulative economic loss
and inoperability. These sectors are Federal govenh enterprises (S63), Federal
general government (S62), and State and local govemt enterprises (S65). Note that
the Miscellaneous professional, scientific, anchiécal services sector (S49) suffered
significantly more than any other sectors as irtditan Fig. 9; nevertheless, this sector
does not appear in the top 10 rankings of criteattors based on the inoperability

metric.

Since the resulting economic loss and inoperabibitykings are different, Table 9 and
Table 10 provide additional information regardimg trankings of the critical industry
sectors. Table 9 shows the rankings of the toprgustry sectors based on the economic
loss metric, with side-by-side comparisons with hivese sectors rank according to the
inoperability metric. On the other hand, Table I®ws the rankings of the top ten
industry sectors based on the inoperability metnith side-by-side comparisons with
how these sectors rank according to the econonsi toetric. Tables 9 and Table 10
reveal that a particular industry sector with ahhilgoperability value does not necessarily

have a high economic loss, or vice verBecisions regarding disaster management
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typically focus on the economic loss minimizatidine advantage of using the workforce

recovery model is to identify other consideratibeyond monetary objectives.

Table 9. Top ten industry sectors with highest ecamic loss (low-intensity)

Sector Name Economic Loss Inoperabilit
Rank Value ($MI Rank Valuga(~3)
S49 Misc. Services 1 43.90 18 2.92
S62 Federal general Govt. 2 23.85 5 3.42
S6t  State and local Govt. enterpri 3 22.9¢ 8 3.2t
S7 Construction 4  20.82 11 3.23
S51  Administrative and support services 5 18.39 20 2.91
S63 Federal Govt. enterprises 6 18.13 4 3.48
S4¢  Computer systems desii 7 17.9¢ 12 3.1¢
S41 Federal Reserve banks 8 17.18 59 1.73
S28 Retail trade 9 16.52 34 2.57
S4t  Real estal 10 15.6: 64 0.8¢

Table 10. Top ten industry sectors with highest ingerability (low-intensity)

Sector Name Inoperability Economic Loss
Rank Value10=3) Rank Value($M)

S56 Social assistance 1 3.83 34 2.01
ShE Hospitals and nursing and residen 2 3.6 17 8.8:
Sh¢ Educational servic: 3 3.5¢ 25 3.6¢€
S6: Federal government enterpri 4 3.4¢ 6 18.1:
S6: Federal general governm 5 3.4z 2 23.8¢
Sb5¢ Ambulatory health care servic 6 3.4] 15 11.31
S6¢4 State and local general governn 7 3.3C 16 9.5(C
S65 State and local Govt. enterprises 8 3.25 3 22.94
S61 Other services, except Gc 9 3.2¢ 11 14.8¢
S1: Computer and electror product: 10 3.2¢ 28 3.2¢

4.1.2 Scenario 2: High-Intensity Hurricane
In this research, a high-intensity hurricane saenaxhibits the following
characteristics:

e Lower striking frequency, but with relatively higheonsequences,
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¢ Includes categories 3-5 on Saffir-Simpson Scaleéh(wind speeds of 111- 155+
mph),

e Slower recovery (higher inoperability) and relalwkarger economic losses.

The second scenario looks at the perturbation tsffex the industry sectors
caused by a high-intensity hurricane scenario. Figshows the top ten industry sectors
ranked on the basis of the highest cumulative emondoss. The slopes of the curves
reveal recovery after the first 10 days as depidted-ig. 11. The total simulated
economic loss to all65 industry sectors is $6,73M.21.69% of GDP), which is about
16.5 times more than the low-intensity hurricanenseio. Of this total amount, the top
ten industry sectors suffered $3,558.55M over #wvery period. The most affected
sector, Miscellaneous professional, scientific, tawhnical services sector (S49), suffers
around $725 million economic loss which is apprcadety 10.7% of the total economic

loss of all industry sectors.
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Fig. 11. Top ten industry sectors with highest ecamic loss (high-intensity)
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Fig. 12 depicts top ten industry sectors on thasbasinoperability metric. The
inoperability level for the high-intensity hurrioarscenario has a peak value of 97%
inoperability for the most impacted industry secteeak inoperability levels for the top
ten sectors are between 78% to 97% but the inogigydbvel drops to 20% within ten
days for all industry sectors due to improvementsvorkforce recovery. All industry

sectors recover to 1% of inoperability within 28/sla
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Fig. 12. Top ten industry sectors with highest inogrability (high-intensity)

In Table 11, the industry sectors are ranked piilgnan the basis of the economic
loss metric. Columns 5 and 6 represent the correipg inoperability rank and
associated value of the top ten industry sectonkech primarily on the basis of the
economic loss metric. In contrast, the industry@®san Table 12 are ranked primarily on
the basis of the inoperability metric, while thediidnal columns 5 and 6 show the
corresponding economic loss rank and economic iltoss associated with the top ten

industry sectors ranked primarily on the basishefinoperability metric.
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The major difference between the low-and high-isignhurricane scenarios can
be attributed to the magnitudes of inoperabilitiuea describing the degree in which the
production capacity of the industry sectors areupited. By the same token, the overall
simulated economic losses are also significantffeidint due to a correlation between
workforce availability and hurricane intensity. Amparison of the two scenarios is

shown in Table 13.

Table 11. Top ten industry sectors with highest ecmmic loss (high-intensity)

Sector Name Economic Loss Inoperability

Rank Value ($M Rank Valud §~2)
S49  Misc. Services 1 725.48 18 4.84
S62 Federal general Govt. 2 394.24 5 5.65
S6t  State and local Govt. enterpri 3 379.1° 8 5.3¢
S7 Construction 4 344.08 11 5.46
S51  Administrative and support services 5 303.99 20 4.82
S63 Federal Govt. enterprises 6 299.69 4 5.76
S4¢  Computer systems des 7 296.6° 12 5.2i
S41  Federal Reserve banks 8 284.00 59 2.87
S28  Retall trade 9 273.12 34 4.26
S4t  Real estal 10 258.1: 64 1.37

Table 12. Top ten industry sectors with highest ingerability (high-intensity)

Sector Name Inoperability Economic Loss
Rank Value107?) Rank Value($M)

S56 Social assistance 1 6.33 34 33.24
Sbt Hospitals and nursing and residen 2 6.0¢ 17 145.9¢
S5z Educational servict 3 5.9¢ 25 60.6¢
S6: Federal government enterpri 4 5.7¢ 6 299.6¢
S62 Federal general governnt 5 5.6t 2 394.2:
Sb¢ Ambulatory health care servic 6 5.6¢ 15 186.9(
S6¢ State and local general governn 7 5.4¢ 1€ 157.0:
S65 State and local Govt. enterprises 8 5.38 3 379.17
S61 Other services, except Gc 9 5.3¢ 11 245.2¢
Si: Computer and ectronic product 10 5.3¢ 28 54.2¢
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Table 13. Summary of economic loss and inoperabiitfor low- and high-intensity

Intensity | Economic Loss Average Inoperability
($M) Value (1073)

Low 410 2.55

High 6,777 42.17

4.2  Prioritization

In this research, the dynamic cross prioritizatpot (DCPP) is implemented to
visually identify critical industry sectors fromnaulti-criteria evaluation analysis point of
view. The DCPP generates arc orientations in the fof a scatter plot for defining
prioritization regions to capture critical industsgctors. The DCPP is also flexible and
can be varied depending on the preference stru@terglevel of importance) placed by

the policymakers on the inoperability and econoloés metrics.

Fig. 13 shows the integration of the inoperabiithd economic loss rankings into
a scatter plot with economic loss industry rankirmmgs the x-axis and inoperability
rankings on thg-axis. It can be seen that each point represenitsdaistry sector and the
location of the point on the scatter plot determiite level of importance. To illustrate
the DCPP prioritization, take a simple example ofirrdustry sector which is ranked
sixth in the economic loss and fourth in the inapdity. This industry sector will be
located at the coordinate (6, 4) on the DCPP scplité shown in Fig. 13. Points that are
close to the x-axis represent critical industrytsex using the inoperability metric
minimization objective. Similarly, points that acéose to the y-axis represent critical

industry sectors using the economic loss metriamm#ation objective. The prioritization
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region can be determined via a threshold arc (gumeDCPP tool. This research
considers 3 regions for prioritization: (i) critla@gion that equally favors inoperability
and economic loss reduction; (ii) critical regidrat gives higher priority to inoperability

reduction; and (iii) critical region that gives hiy priority to economic loss reduction.

Threshold curves in the form of quarter-circles banutilized in the case when
the inoperability and economic loss objectives arpally favored. The resulting
threshold curve will determine a critical regiondait will encapsulate the critical
industry sectors for prioritization. But if one ebfive is favored over another objective,
the resulting threshold curves will be represerdsdelliptical regions. The threshold
curves shown in Fig. 13 depict the case where atperability and economic loss are
equally favored. Referring again to Fig. 13, vagythe radius of the threshold curve will
affect the number of industry sectors enclosedhm dritical region. The radius of a
threshold curve could represent a budgetary canstrence, a larger radius would tend
to capture a larger set of sectors for priorit@atiln addition, the ten industry sectors
captured by a smaller threshold curve shown in E&jreflect a reduced set of critical
industry sectors. Fig. 14 demonstrates the utibpadf arc orientations in defining the
critical region in a case that favors inoperabilitynimization objective over economic
loss minimization objective. Fig. 14 reveals thatnps closer to x-axis are enclosed by
the threshold ellipse. In this situation, S49 (Mitaneous professional, scientific, and
technical services) is captured by the horizontafignted ellipse. In contrast, the
circular curve (threshold curve equally favoringoeomic loss and inoperability
reduction) would have excluded S49 for prioritinati despite its highest inoperability

ranking.
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Fig. 13. DCPP for critical region with equal prefeence assumption
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On the other hand, Fig. 15 depicts the use of aentation in a case that favors
economic loss minimization objective over inopeligbminimization objective. Fig. 15
reveals that more points are enclosed by the thleésilipse and the enclosed points are
closer to the y-axis. In this situation, S28 (Refaade) is captured by the vertically-
oriented ellipse. Nevertheless, S28 would have legeluded from the prioritized critical
region had a circular curve (threshold curve eguddvoring economic loss and

inoperability reduction) been used.

65 - x
60
55
50
45
40
35
30
25
20
15
10

X

Inoperability Ranking

O 5 10 15 20 25 30 35 40 45 50 55 60 65

EconomicLoss Ranking

Fig. 15. DCPP for critical region with higher preference to economic loss reduction
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CHAPTER 5

STATISTICAL DEPENDENCE IN UNCERTAINTY ANALYSIS AND RESULTS

In Chapter 4, the scenarios and results obtaired the deterministic workforce
I-O model were presented. Building on the previchEpter’s results, Chapter 5 develops
a statistical dependence model to investigate tmioges in workforce recovery
durations. We specifically apply the methodologyetimate the impacts of various
hurricane scenarios on regional workforce sectorshe Commonwealth of Virginia.
Also in this chapter, four scenarios are perforfeedompare and contrast their effects in
terms of economic losses, sector inoperability @sluand variations in preference

structures for prioritizing critical sectors.

5.1  Hurricane Scenarios

Workforce recovery durations were sampled by viavariate sample generator,
which were then entered to the DIIM computer taml the simulation of the scenarios.
These scenarios are developed to account for @negrin workforce availability levels
in the aftermath of hurricanes. In the case studnestime increment is measured in days.
Nevertheless, other time units may be consideredhbyanalyst. Each scenario was

simulated using 10, 000 iterations.

The four scenarios are enumerated and described bel
e Scenario 1: Workforce recovery duration with indegence assumption
e Scenario 2: Workforce recovery duration with deperee assumption, Random-

intensity hurricane scenario
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e Scenario 3: Workforce recovery duration with depsra® assumption, Low-

intensity hurricane scenario

e Scenario 4: Workforce recovery duration with indegence assumption, High-

intensity hurricane scenario

5.1.1 Scenario 1: Workforce recovery duration (Independere assumption)

The first scenario is for independence assumptionwhich Monte Carlo
simulation is utilized to generate workforce reagvaurations using FDEL data with the
assumption of statistical independence in the veodd recovery durations (i.e., no
linkage between workforce recovery durations andgitane intensity).

Fig. 16 and Fig. 17 show the recovery trajectofascritical industry sectors
separately assessed using the economic loss apdraimlity metrics. Fig. 16 (top left
panel) shows top ten industry sectors on the hasigghest cumulative economic loss
metric. The alphanumeric codes for each of thecatiindustry sectors are enclosed in
parentheses as follows: 1) Miscellaneous professi@tientific, and technical services
(S49); 2) Federal general government (S62); 3)esad local government enterprises
(S65); 4) Construction (S7); 5) Administrative aswapport services (S51); 6) Federal
government enterprises (S63); 7) Computer systezsaigal and related services (S48); 8)
Federal Reserve banks, credit intermediation, afated activities (S41); 9) Retail trade
(S28); and 10) Real estate (S45). These top tetorseare relatively more labor-
dependent compared to the other industry sectone fbtal expected cumulative
economic loss for an independence assumption lngicscenario is approximately

$2165.09 million (0.54% of GDP). An interesting betor of the recovery graph in the
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top left panel of Fig. 16 is that the recoverydapries of industry sectors flatten within
6 days for this hurricane scenario.

On the other hand, Fig. 17 depicts the top ten stigusectors in terms of the
inoperability metric: 1) Social assistance (S5)Hdspitals and nursing and residential
care facilities (S55); 3) Educational services (S%3 Federal government enterprises
(S63); 5) Federal general government (S62); 6) Alatbty health care services (S54); 7)
State and local general government (S64); 8) Satk local government enterprises
(S65); 9) Other services, except government (Sé&ay 10) Computer and electronic
products (S13).

The rankings of industry sectors are differentdoonomic loss and inoperability.
The magnitudes of the production output for différeectors vary considerably in the
Commonwealth of Virginia (as in any other staté®nce, the critical sectors shown in
Fig. 16 and Fig. 17 yield different sector rankiniyete that the top ten sectors in terms
of inoperability account for only 28.86% of thedbtegional losses. In contrast, the top
ten sectors in terms of economic loss metric acctarb2.50% (0.28 % of GDP) of the
total regional losses. The inoperability metricritiges the critical sectors not necessarily
on the basis of the monetary worth of the econdoss, but rather on the ‘normalized’
loss of each sector as a proportion of its totatlpction output. The top left panel of Fig.
17 shows that the peak inoperability levels for tihye ten sectors range between 29% to
63%, but the inoperability level drops to 5% witHige days for all industry sectors
reflecting availability of returning workforce. Alindustry sectors recover to 1% of

inoperability within 6 to 7 days.
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Fig. 16. Top ten sectors with highest economic losalues
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Fig. 17. Top ten sectors with highest inoperabilityalues

5.1.2 Scenario 2: Workforce recovery duration (Random-inensity hurricane)

The second scenario looks at the impact of a raAdtensity hurricane scenario
for uncertainty in workforce recovery duration timvgh dependence assumption. In this
case, the workforce recovery durations are assumbd dependent but the conditioning

event is either a low- or high-intensity hurricaseenario. This is a case where the
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decision makers do not have any information abdw hurricane intensity. The
characteristics of low-and high-intensity hurricageenarios are discussed in Section
4.1.1 and Section 4.1.2 of Chapter 4.

In terms of overall economic impact (Fig. 16, taght panel), the expected
economic loss from the simulation of all 65 indystectors is $2.28 billion (0.57% of
GDP), the maximum was $6.45 billion (1.61% of GDRpd the minimum was
$436.2million (0.10% of GDP). The top ten sectargérms of economic loss metric
account for 30.03% of the total regional losses.dlgerved that a significant portion of
the economic losses is concentrated on a relatisedsll set of sectors (i.e., top 10
sectors out of 65). Such observation can providécyansights in key sector

prioritization, which may prove useful for disaspgeparedness planning.

5.1.3 Scenario 3: Workforce recovery duration (Low-intensty hurricane)

The third scenario looks at the impact of a lovendity hurricane scenario with
dependence assumption for uncertainty in workfaeeovery duration (i.e., positive
dependence between hurricane intensity and workfogcovery durations). Simulation
of this scenario reveals the following key resultsterms of overall economic impact
(Fig. 16, bottom left panel), the expected econolmss for all 65 industry sectors was
estimated to be $972.17 million (0.24% of GDP). tbis total amount, the top ten
industry sectors suffered $510.47 million (0.0010%4GDP) over the recovery period.
Furthermore, the maximum total economic loss wad®38illion (0.85% of GDP), and
the minimum was $434.53 million (0.24%) of GDP. Fig (bottom left panel) shows
that scenario 3 reaches a peak inoperability vafueround 51% for the highest-ranked

industry sector. The results of the simulation desti@ate that all 65 sectors recover to
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1% of inoperability in approximately six days. Paakperability levels for the top ten
sectors range between 24% to 51% but the inopéyal@lel drops to 5% within four

days for all industry sectors.

5.1.4 Scenario 4: Workforce recovery duration (High-intersity hurricane)

The fourth scenario looks at the impact of a higiensity hurricane scenario with
dependence assumption for uncertainty in workforeeovery duration. From the
simulation (Fig. 16, bottom right panel), we fouthnét the expected total economic loss
to all 65 sectors was $3.64 billion (0.90% of GD&#)e maximum was $6.54 billion
(1.63% of GDP), and the minimum was $1.89 billidh47% of GDP). The top ten
sectors account for 47.44% of the total econonss.l@he major difference between the
Scenario 3 and the Scenario 4 can be attributetie¢anagnitude of the inoperability
levels (see Fig. 17, bottom left and right paneSgenario 4 peaks around 98%
inoperability for the highest-ranked industry sect®imulated results show that all 65
sectors recover to 1% of inoperability approximatelur weeks (see Fig. 17, top right
panel). Peak inoperability levels for the top tewters range between 37% to 98% but
the inoperability level drops to 5% within threeeks for all industry sectors.

Table 14 shows the top ten industry sectors witihést expected economic
losses for the four hurricane scenarios considerdte case study. On the other hand,
Table 15 shows the rankings of the top ten industegtors based on expected
inoperability metric. The rankings are based oneeigd values. Other statistical
measures (e.g., standard deviation, percentilas, mmx, etc.) may cause the rankings to

vary. A summary of the economic impact of all feaenarios is shown in Table 16.

77



Table 14. Top ten sectors with highest economic w$or various hurricane scenarios

Rank Sector  Name Independence Random-Intensity Low-Intensity Higtehsity
Value ($M) Value ($M) Value ($M) ValueNy
1 S49  Misc. Services 231.7 245.0( 104.0 386.9
2 S62  Federal general Gout. 125.9 133.1¢ 56.5¢ 210.2¢
3 S65  State and local Gowt. enterprises 121.1: 128.0¢ 54.3¢ 202.2*
4 s7 Construction 109.9: 116.2( 49.3¢ 183.5:
5 S51  Administrative and support services 97.11 102.6¢ 43.6] 162.1¢
6 S63  Federal Govt. enterprises 05.7¢ 101.2: 42.9¢ 159.8¢
7 S48 Computer systems design 04.7¢ 100.1¢ 42 .5¢ 158.2¢
8 S41  Federal Reserve banks 90.7¢ 95.9] 40.7¢ 157.4¢
9 S28  Retailtrade 87.2¢ 92.2: 39.1¢ 145.6¢
10 S45  Realestate 82.46 87.17 37.03 137.68

Table 15. Top ten sectors with highest inoperabilt for various hurricane scenarios

Rank Sector  Name Independence Random-Intensity Low-Intensity Higtedisity
Value(107%) Value (1073 Value (1073 Value (1073
1 S56  Social assistance 20.22 29.91 9.08 33.76
2 S55  Hospitals and nursing and residential 19.3( 28.5¢ 8.6¢ 32.2:
3 S53  Educational services 18.97 28.06 8.52 31.67
4 S63  Federal government enterprises 18.4] 27.2¢ 8.21 30.7¢
5 S62  Federal general government 18.0¢ 26.7] 8.11 30.1¢
6 S54  Ambulatory health care services 18.00 26.63 8.08 30.06
7 S64  State and local general government 17.4¢ 25.7¢ 7.8¢ 29.1]
8 S65  State and local Govt. enterprises 17.20 25.44 1.72 28.71
9 S61  Other services, except Govt. 17.1: 25.3¢ 7.6¢ 28.5¢
10  S13  Computer and electronic products 17.07 25.25 7.66 28.50

Table 16. Summary of economic impact of the four gnarios of the case study

Hurricane Intensity — Total Economic Loss ($M)
Minimum Mean Max
Independence 574.35 2165.09 5556.47
Random-Intensity 436.20 2288.77 6456.05
Low-Intensity 43453 972.17 3405.15
High-Intensity 1233.88 3614.95 6542.04
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Indeed, addressing uncertainty in modeling worldodisruptions of industry
sectors lead to number of benefits. The model giaeges of inoperability and economic
loss (in contrast with the deterministic resultspasviously published by Akhtar and
Santos (2013)). Fig. 18 and Fig. 19 depict theiseitg analysis of top ten sectors with
highest economic losses across various hurricaamasos. In Fig. 18, we juxtaposed the
results from independence and random intensityas@® In the independence case, it is
assumed that the workforce recovery duration andidame intensity are uncorrelated
(i.e., hurricane intensity does not influence tia&ue of workforce recovery duration). In
the random intensity scenario, we assumed thatfmad recovery duration is dependent
on hurricane intensity; however, there is no infation whatsoever on the intensity of
the hurricane (i.e., it is completely unknown wiegtthe intensity is low or high). Hence,
it can be seen that when a random hurricane intessenario is assumed, the uncertainty
of the simulated economic losses are significantiyer as evident from the lengths of

the box and whisker plots.
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Fig. 18 by introducing statistical dependence betwworkforce recovery duration and
hurricane intensity. It can be seen from Fig. 1& thhen workforce recovery duration is
positively correlated with hurricane intensity, tlhwcertainty in the distribution of

economic losses is considerably reduced. For eédheo affected sectors, we have
separately modeled and visualized the distributiohgconomic losses resulting from
low- and high-intensity cases. It can be seen ikt the help of statistical dependence
we are able to decompose explicitly the distribufior low-and high-intensity hurricane

scenarios. Intuitively, the box and whisker platsFig. 19 show that larger economic

losses are associated with the high-intensity ctmsg;observation is generally true for

In Fig. 19, we resolved the significant limitatioofsthe uncertainty analysis from

actual hurricane scenarios observed in the past.
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Sensitivity analysis of top ten sectors with highest economic losses
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CHAPTER 6

CONCLUSIONS AND AREAS FOR FUTURE RESEARCH

This dissertation integrated statistical dependenadeling with interdependency
analysis to investigate how addressing workforcarugition uncertainty affects
identification and prioritization of critical intdependent industry sectors on their
potential consequences (economic loss and inopyabi Workforce disruption
uncertainty was quantified by linking workforce ogery durations of industry sectors to
hurricane intensity. The prioritization methodologglizes a decision support system,
which is customizable with respect to variationspiolicymaker preferences, multi-
criteria evaluation analysis can aid in enhancenzéndecision policies pertaining to
critical sector prioritization.

We specifically examined the risk associated watthuced workforce levels in the
aftermath of a hurricane. Results from the scepamwealed that enhancing workforce
availability and mobility in the aftermath of huwraines could significantly reduce the
economic losses and could also help in expeditegvery. Based on our findings, labor-
dependent service sectors suffer the largest wiaréfproductivity impact—accounting
for nearly 30% of the total regional losses. Iniidd, a cluster of manufacturing sectors
accounts for around 10% of the total regional Isssgentification and prioritization of
critical workforce sectors aids the decision-maklngcess by narrowing the focus on the
most affected workforce sectors that incur the tgsggoroduction losses due to workforce
disruptions. Indeed, effective resource allocatemross the affected interdependent

workforce sectors is critical for rapid recoverydamanaging the adverse effects of
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disruptive events. Risk management policies carmddeeloped for the critical sectors

identified by the decision analysis tool to postiwinfluence the recovery process.

Since a key contribution of this research is dgwelent and application of
hurricane-based statistical dependence analysisraeareas for future work can spin-off
from this research. Notably, opportunities existintegrate our analysis with other
critical infrastructure models to further improveetcurrent state of disaster consequence
modeling. Finally, although the model was applipécifically to Virginia’s workforce
sectors, the same methodology can be implementethty regions and other disaster

scenarios.
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APPENDIX A

Industry-by-Industry Total Requirements Table

Source: Bureau of Economic Analysis-2009
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| Code Industry Descripton wicawsrr| 210 | 212 [ 23 ] 22 | 23 [sa | ar | s | s | am | s
111CA  Farms 1189 0032 0001 0001 0002 0000 0003 0029 0002 0002 0001 0001 0.001
113FF  Forestry, fishing, and related activities 0071 1123 0000 0001 0001 0000 0005 0176 0002 0002 0.001 0002 0.001
211 Oil and gas extraction 0064 0020 1095 0027 0036 0172 0041 0028 0033 0034 0020 0018 0.008
212 Mining, except oil and gas 0010 0002 0004 1102 0017 0028 0018 0005 008 0112 0025 0017 0.005
213 Support activities for mining 0.001 0000 0020 0027 1008 0004 0001 0001 0003 0003 0001 0001 0.000
22 Utilities 0028 0006 0009 0040 0022 1004 0012 0031 0052 0060 0.028 0020 0.009
23 Construction 0016 0006 0049 0007 0009 0026 1008 0019 0019 0026 0015 0012 0.005
321 Wood products 0.004 0008 0002 0002 0005 0001 0031 1193 0009 0006 0.003 0005 0.002
327 Nonmetallic mineral products 0.003 0.002 0005 0007 002 0003 0045 0014 1119 0022 0010 0011 0.004
331 Primary metals 0011 0007 0020 0030 009 0006 0036 0017 0033 1422 0274 0172 0.041
332 Fabricated metal products 0017 0012 0022 0020 0051 0008 0071 0034 0039 0068 1145 0.141 0.032
333 Machinery 0015 0012 0012 0024 0039 0005 002 0011 0010 0030 0022 109 0.006
334 Computer and electronic products 0.006 0.004 0004 0006 0013 0003 0013 0014 0024 0035 0028 0041 1165
335 Electrical equipment, appliances, and compon|  0.003  0.006 0.003 0.003 0.008 0002 0025 0010 0005 0018 0013 0043 0.013
3361MV Motor vehicles, bodies and trallers, and parts | 0.006 0.005 0.004 0.009 0013 0002 0010 0008 0008 0013 0008 0026 0.004
33640T  Other transportation equipment 0.001 0002 0001 0002 0002 0001 0002 0002 0002 0006 0.003 0004 0.002
337 Furniture and related products 0.001 0.000 0.001 0000 0001 0000 0009 0007 0001 0001 0001 0002 0.001
339 Miscellaneous manufacturing 0002 0001 0001 0001 0007 0001 0003 0002 0005 0003 0004 0010 0.001
311FT  Food and beverage and tobacco products 0124 0011 0001 0001 0004 0001 0003 0008 0005 0003 0003 0003 0.002
313TT  Textile mills and textile product mills 0.002 0003 0001 0001 0002 0000 0003 0007 0005 0002 0001 0006 0.001
315AL  Apparel and leather and allied products 0.000 0.000 0.00 0000 0000 0000 0000 0000 0000 0000 0.000 0.000 0.000
322 Paper products 0010 0.003 0.004 0006 0018 0002 0010 0012 0037 0020 0016 0015 0.008
33 Printing and related support activities 0002 0002 0001 0002 0004 0001 0004 0004 0003 0004 0004 0003 0.004
324 Petroleum and coal products 008l 0025 0012 0026 0043 0012 0053 0030 0033 0032 002 0019 0.009
3% Chemical products 0110 0066 0022 0015 0083 0006 0033 0053 0069 0034 0050 0042 0.03L
326 Plastics and rubber products 0012 0006 0005 0014 0017 0003 0023 0014 0018 0013 0013 0035 0012
42 Wholesale trade 0.087 0041 0016 0025 0052 0008 0049 0099 0058 0092 0065 008 0.064
44RT  Retall trade 0.004 0001 0003 0002 0003 0002 0038 0002 0003 0002 0002 0005 0.001
481 Air transportation 0002 0001 0001 0001 0003 0001 0003 0004 0004 0003 0004 0003 0.002
482 Rail transportation 0010 0003 0003 0036 0012 0016 0005 0010 0024 0040 0011 0008 0.003
483 Water transportation 0.002 0000 0000 0001 0001 0000 0000 0000 0001 0001 0.000 0000 0.000
484 Truck transportation 0026 0008 0004 0028 0024 0004 0019 0033 0057 0033 0019 0019 0.007
485 Transit and ground passenger transportation [ 0.000 0.000 0000 0000 0001 0.00 0000 0001 0001 0001 0.001 0001 0.000

91



. 5 £ o B o3 . o

5T £ S5 _ %8s %oz s

ST g 2 Sz B o= = 3 E

& < g £ ¢ ¢ - -

z ©8 24 £ = S 2, 2 T g 2 3
E Segs £ 02 i3z 3 2% & 23
E ss &2 2 =2 % 3z < = 5 2 = 8 2
= T, 22 2 & § =22 T = 2T ¢ =5 =
= sc e 8 ¢ 5 EcE g2 £3%2 2 Eog
= W = O L = Ll —mE <o o owc o O o
| code | industry Description 335 [3361MM{33640T] 337 | 339 [311FT|3131T|315AL| 322 | 323 | 324 | 325 | 326 |
111CA  Farms 0.001 0.003 0.001 0.005 0003 0337 0039 0009 0009 0.005 0.0l 0.009 0.007
113FF  Forestry, fishing, and related activities | 0.002 0.003 0.001 0.016 0.004 0.029 0004 0.002 0029 0.06 0.00 0.002 0.011
211 Oiland gas extraction 0.019 0.024 0013 0019 0014 0034 0036 0011 0037 0027 0.749 0.065 0.037
212 Mining, except oil and gas 0.021 0.029 0010 0009 0010 0009 0009 0.002 0015 0.006 0.005 0.020 0.010
213 Support activities for mining 0.001 0.001 0.000 0.001 0001 0001 0001 0.000 0001 0.001 0.014 0.002 0.001
22 Utilies 0.020 0.030 0015 0020 0014 0030 0033 0015 0051 0026 0.011 0.030 0.028
23 Construction 0.010 0.018 0.010 0013 0008 0013 0011 0004 0018 0016 0.038 0.014 0.014
321 Wood products 0.005 0.012 0.003 0098 0012 0004 0005 0001 0029 0.006 0.002 0.003 0.007
327 Nonmetalic mineral products 0016 0.026 0.05 0.08 0.006 0011 0004 0001 0.005 0.003 0.005 0.006 0.010
331 Primary metals 0.197 0.203 0.077 0066 0081 0021 0014 0005 0019 0014 0015 0.015 0.023
332 Fabricated metal products 0.073 0.170 0.088 0.059 0051 0.030 0020 0010 0.034 0027 0018 0.023 0.037
333 Machinery 0.019 0.075 0023 0008 0021 0012 0006 0002 0013 0.017 0.009 0011 0.014
334 Computer and electronic products 0050 0083 0.123 0.022 0024 0011 0021 0007 0023 0027 0004 0018 0.026
335 Hectrical equipment, appliances, and con] 1.071 0.025 0.017 0.005 0.08 0.004 0.003 0.01 0.005 0.005 0.002 0.004 0.009
3361MV Motor vehicles, bodies and trailers, andp{ 0.007 1.411 0.016 0.006 0005 0.06 0.004 0.02 0.007 0.005 0.004 0.004 0.005
33640T Other transportation equipment 0.003 0.007 1184 0.002 0002 0.002 0002 0001 0.003 0.002 0.0l 0.003 0.003
337 Furniture and related products 0.001 0.002 0001 1044 0002 0001 0001 0.000 0.001 0.001 0.001 0.001 0.002
339 Miscellaneous manufacturing 0.005 0.009 0.03 0.003 1.052 0.002 0.007 0007 0.002 0.003 0.001 0.05 0.005
311FT  Food and beverage and tobacco producty 0.003 0.005 0.003 0.005 0.004 1.254 0.015 0023 0012 0.013 0002 0.018 0.013
313TT  Textile mills and textile product mills 0.002 0.014 0.003 0048 0015 0003 1194 0.107 0026 0.013 0.001 0.004 0.019
315AL  Apparel and leather and allied products | 0.000 0.005 0.000 0.02 0001 0.000 0.024 1.091 0001 0011 0000 0.000 0.001
322 Paper products 0.020 0.024 0011 0027 0021 0052 0025 0012 1257 0200 0.004 0.017 0.035
323 Printing and related support activities 0.003 0.005 0.05 0.04 0.003 0.004 0003 0.004 0.004 1.026 0.001 0.05 0.003
324 Petroleum and coal products 0.021 0.025 0013 0020 0016 0039 0039 0012 0.037 0030 1.082 0.071 0.042
325  Chemical products 0.064 0.079 0028 0070 0071 0.064 0328 0049 0124 0093 0031 1371 0.361
326 Plastics and rubber products 0.034 0.072 0018 0063 0035 0034 0017 0014 0028 0024 0.005 0026 1.073
42 Wholesale trade 0.081 0126 0056 0079 0058 0.112 0.091 0.056 0090 0.076 0.048 0.075 0.068
44RT  Retail trade 0.003 0.008 0.003 0011 0004 0003 0002 0002 0002 0.002 0.04 0.006 0.003
481 Air transportation 0.002 0.005 0.004 0.004 0003 0.003 0003 0002 0003 0.007 0.01 0.003 0.004
482 Ralltransportation 0.010 0.012 0.005 0.007 0.006 0.014 0007 0002 0020 0.007 0.003 0.015 0.014
483 Water transportation 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.00 0.000 0.001 0.000
484 Truck transportation 0.017 0.030 0015 0026 0017 0.038 0026 0013 0028 0.019 0.007 0.020 0.017
485 Transit and ground passenger transporta] 0.000 0.001 0.001 0.001 0.001 0.00 0.000 0.000 0001 0.001 0000 0.000 0.001
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| Code | industry Description 42 | aarT | 481 | 482 | 483 | 484 | 485 | 486 [48705| 493 | 511 | 512 | 513 |
111CA  Farms 0.001 0.002 0.002 0.01 0001 0001 0000 0.001 0001 0000 0002 0.001 0.001
113FF  Forestry, fishing, and related activities | 0.000 0.001 0.001 0.03 0.000 0.001 0.000 0.01 0.00 0.00 0.001 0.001 0.001
211 Oiland gas extraction 0.009 0.009 0151 0.058 0145 0118 0038 0.091 0.073 0013 0012 0.008 0.009
212 Mining, except ol and gas 0.001 0.001 0.003 0.005 0.004 0.003 0002 0.003 0.002 0001 0.003 0.02 0.002
213 Support activities for mning 0.000 0.000 0.003 0.001 0.003 0002 0001 0.002 0.001 0000 0.000 0.000 0.000
22 Utilties 0.005 0.009 0.006 0.007 0010 0008 0004 0011 0006 0011 0.007 0.008 0.009
23 Construction 0.004 0.007 0.012 0057 0013 0012 0004 0084 0010 0007 0008 0.007 0.017
321 Wood products 0.002 0.002 0.001 0.016 0.001 0002 0001 0003 0.001 0001 0.003 0.006 0.002
327 Nonmetalic mineral products 0.001 0.002 0.002 0.004 0.003 0.003 0002 0.005 0.002 0001 0.002 0.01 0.003
331 Primary metals 0.003 0.003 0.008 0.033 0.020 0013 0013 0014 0.006 0005 0.007 0.004 0.007
332 Fabricated metal products 0.004 0.005 0.014 0015 0056 0023 0028 0.028 0.008 0008 0.013 0.004 0.014
333 Machinery 0.002 0.002 0.004 0.08 0.007 0006 0.005 0.031 0.006 0008 0.004 0.004 0.004
334 Computer and electronic products 0.007 0.004 0.009 0.009 0012 0007 0005 0.006 0.004 0004 0021 0.013 0.034
335 Hectrical equipment, appliances, and com{ 0.001 0.001 0.002 0.006 0.003 0.005 0.003 0.005 0.002 0.03 0.002 0.001 0.006
3361MV Motor vehicles, bodies and trailers, and pj 0.003 0.005 0.003 0.005 0.004 0.03L 0.045 0.03 0.006 0007 0.004 0.002 0.003
33640T Other transportation equipment 0.001 0.000 0.028 0.033 0.049 0.002 0005 0.001 0.007 0001 0.001 0.01 0.002
337 Furniture and related products 0.000 0.001 0.000 0.001 0.00 0.000 0.000 0.001 0.00 0.000 0.00 0.000 0.001
339 Miscellaneous manufacturing 0.001 0.001 0.001 0.001 0001 0001 0001 0.001 0001 0001 0.002 0.001 0.002
311FT  Food and beverage and tobacco producty 0.002 0.002 0.006 0.002 0.003 0.02 0.001 0.001 0.02 0001 0.005 0.002 0.002
313TT  Textile mills and textile product mills 0.001 0.003 0.001 0.01 0004 0001 0001 0001 0001 0000 0001 0.01 0.001
315AL  Apparel and leather and allied products | 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.001 0.000 0.000
322 Paper products 0.005 0.005 0.004 0.005 0.004 0005 0002 0.005 0.004 0004 0021 0.005 0.005
323 Printing and related support activities 0.005 0.006 0.002 0.003 0.003 0.003 0.001 0.003 0.002 0002 0.053 0.08 0.005
324 Petroleum and coal products 0.011 0.009 0207 0079 0197 0.161 0.052 0.024 0.100 0015 0.014 0.008 0.010
325  Chemical products 0.007 0.008 0.014 0.015 0017 0019 0007 0010 0010 0006 0.017 0.007 0.008
326 Plastics and rubber products 0.005 0.006 0.004 0.005 0.004 0014 0004 0.007 0.006 0004 0.006 0.003 0.006
42 Wholesale trade 1.032 0019 0034 0033 0.038 0040 0015 0020 0021 0011 0039 0008 0.017
4RT  Retail trade 0.001 1.002 0.002 0.03 0.005 0014 0005 0.006 0.004 0001 0001 0.001 0.001
481 Air transportation 0.002 0.002 1.002 0.002 0.004 0006 0001 0001 0.003 0002 0.007 0.004 0.003
482 Ralltransportation 0.001 0.001 0.002 1.008 0.003 0014 0001 0.002 0001 0001 0.002 0.01 0.001
483 Water transportation 0.000 0.000 0.001 0.00 1.001 0.001 0.000 0.000 0.00 0.00 0.000 0.000 0.000
484 Truck transportation 0.004 0.009 0.007 0.009 0012 1.054 0004 0.005 0.007 0.004 0.006 0.004 0.004
485 Transit and ground passenger transportal 0.000 0.000 0.000 0.001 0.000 0.000 1.000 0.000 0.000 0.00 0.02 0.001 0.001
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| Code | industry Description 514 | 52101 | 523 | 524 | 525 | 531 |532RL| 5411 | 5415 [s4120 55 | s61 | 562 |
111CA  Farms 0.002 0.002 0.001 0.00 0001 0001 0001 0001 0001 0002 0001 0.02 0.002
113FF  Forestry, fishing, and related activities | 0.001 0.001 0.001 0.000 0.000 0001 0.001 0.00 0.000 0.01 0.00 0.001 0.001
211 Oiland gas extraction 0.010 0.008 0.010 0.003 0.007 0.004 0008 0.004 0.006 0010 0.006 0.037 0.022
212 Mining, except ol and gas 0.002 0.001 0.001 0.00 0.001 0001 0002 0001 0.001 0002 0.001 0.002 0.003
213 Support activities for mning 0.000 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.00 0000 0.000 0.001 0.000
22 Utilties 0.006 0.005 0.007 0.002 0.005 0006 0010 0.003 0.007 0006 0.006 0.007 0.012
23 Construction 0.008 0.020 0.011 0.003 0010 0018 0007 0.003 0.004 0010 0.006 0.006 0.007
321 Wood products 0.007 0.001 0.001 0.00 0.001 0003 0004 0001 0001 0001 0001 0.02 0.002
327 Nonmetalic mineral products 0.004 0.002 0.002 0.00 0.001 0002 0002 0001 0.001 0003 0.001 0.002 0.003
331 Primary metals 0.007 0.003 0.003 0.01 0.002 0.002 0.004 0.002 0.003 0006 0.004 0.005 0.016
332 Fabricated metal products 0.011 0.005 0.005 0.02 0.004 0.004 0006 0.002 0.005 0007 0.006 0.007 0.026
333 Machinery 0.004 0.002 0.002 0.01 0.002 0002 0003 0.001 0.002 0003 0002 0.005 0.018
334 Computer and electronic products 0.033 0.010 0.011 0.003 0.008 0002 0004 0.006 0018 0010 0019 0.009 0.010
335 Hectrical equipment, appliances, and com{ 0.004 0.002 0.002 0.001 0.01 0.001 0002 0002 0.002 0.004 0.002 0003 0.007
3361MV Motor vehicles, bodies and trailers, and pj 0.003 0.002 0.003 0.001 0.002 0.001 0.003 0.001 0.001 0003 0003 0.005 0.018
33640T Other transportation equipment 0.002 0.001 0.003 0.01 0.001 0.000 0.001 0.000 0.001 0001 0.001 0.01 0.001
337 Furniture and related products 0.002 0.000 0.000 0.000 0.00 0.002 0.001 0.000 0.000 0.000 0.00 0.000 0.000
339 Miscellaneous manufacturing 0.002 0.001 0.002 0.00 0.001 0.000 0.001 0.000 0.001 0002 0.001 0.002 0.008
311FT  Food and beverage and tobacco producty 0.004 0.005 0.003 0.001 0.03 0.001 0002 0.002 0.03 0005 0.002 0.004 0.004
313TT  Textile mills and textile product mills 0.001 0.000 0.001 0.000 0.00 0.000 0.001 0.000 0.000 0001 0.000 0.01 0.003
315AL  Apparel and leather and allied products | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.003
322 Paper products 0.005 0.004 0.005 0.03 0.003 0001 0005 0.003 0.003 0006 0.004 0.006 0.007
323 Printing and related support activities 0.006 0.006 0011 0011 0.007 0.001 0.04 0.003 0.03 0.007 0.07 0.006 0.004
324 Petroleumand coal products 0.012 0.009 0.011 0.004 0.008 0.004 0008 0.005 0.007 0012 0.007 0.049 0.026
325  Chemical products 0.009 0.005 0.007 0.03 0.005 0.004 0.006 0.003 0.004 0013 0009 0.013 0.018
326 Plastics and rubber products 0.005 0.002 0.003 0.01 0.002 0002 0004 0001 0.002 0005 0.002 0.004 0.007
42 Wholesale trade 0.018 0.009 0.010 0.04 0.007 0005 0036 0005 0009 0012 0011 0014 0.022
4RT  Retail trade 0.001 0.002 0.001 0.00 0.001 0003 0001 0001 0001 0001 0001 0.02 0.001
481 Air transportation 0.007 0.006 0.005 0.002 0.004 0001 0003 0.002 0.005 0004 0002 0.006 0.007
482 Ralltransportation 0.001 0.001 0.001 0.00 0.001 0001 0001 0.000 0.001 0001 0.001 0.01 0.002
483 Water transportation 0.000 0.000 0.001 0.000 0.00 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
484 Truck transportation 0.005 0.002 0.003 0.001 0.002 0.002 0003 0.001 0.002 0.004 0.006 0.004 0.008
485 Transit and ground passenger transportal 0.002 0.002 0.001 0.000 0.001 0.00 0.01 0001 0.001 0001 0.00 0.002 0.001
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| Code | industry Description 1uicA| 13| 211 | 212 [ 213 | 22 | 23 | 321 [ 327 | 331 | 330 | 333 | 334 |
486 Pipeline transportation 0.002 0.001 0009 0002 0002 0030 0002 0002 0002 0003 0001 0001 0.000
4870S  Other transportation and support activitieg 0.006 0.003 0.002 0.009 0.006 0.003 0.006 0.019 0.016 0.010 0.006 0.006 0.003
493 Warehousing and storage 0.006 0001 0.001 0001 0.002 0.000 0002 0.007 0006 0.006 0.006 0.006 0.003
511 Publishing industries (includes software){ 0.004 0.003 0.003 0.005 0.009 0.02 0.008 0.006 0.007 0.007 0.007 0.007 0.043
512 Motion picture and sound recording indus| 0.001 0.001 0.001 0.01 0002 0000 0002 0001 0001 0001 0001 0001 0.001
513 Broadcasting and telecommunications 0010 0006 0.007 0011 0021 0005 0022 0019 0017 0018 0020 0018 0.011
514 Information and data processing services| 0.002 0.001 0.001 0.02 0.004 0002 0.004 0006 0.005 0005 0.006 0.005 0.003
521CI  Federal Reserve banks, credit intermediaj 0.095 0.017 0.020 0.033 0.049 0018 0032 0032 0038 0042 0040 0032 0.015
523 Securities, commodity contracts, and invg 0.020 0.007 0.007 0.013 0.019 0.005 0.013 0.012 0.014 0.046 0048 0.039 0011
524 Insurance carriers and related activites | 0.022 0.006 0.005 0.010 0014 0004 0009 0010 0010 0012 0010 0.010 0.006
525 Funds, trusts, and other financial vehicley 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
531 Real estate 0.040 0012 0010 0014 0032 0007 0022 0033 0022 0023 0028 0022 0012
532RL  Rental and leasing services and lessors ¢ 0.018 0.006 0.039 0.033 0.040 0.010 0023 0021 0025 0026 0024 0020 0.014
5411  Legal services 0.008 0.008 0007 0013 0032 0007 0016 0012 0011 0015 0013 0012 0.007
5415  Computer systems design and related se 0.006 0.005 0.009 0.014 0011 0004 0.009 0009 0009 0010 0016 0011 0.009
54120P Miscellaneous professional, scientific, an{ 0.037 0.036 0.030 0.047 0.107 0.025 0.091 0.070 0067 0068 0.070 0.064 0.052
55 Management of companies and enterprisq 0.017 0.007 0.025 0.038 0.058 0.007 0.018 0.045 0052 0050 0.039 0.051 0.035
561 Administrative and support services 0.019 0011 0.011 0020 0.033 0010 0031 0035 0038 0052 0045 0.037 0.023
562 Waste management and remediation serv| 0.002 0.002 0.001 0.003 0.05 0001 0.003 0005 0004 0012 0005 0.003 0.001
61 Educational services 0.000 0.000 0.000 0.00 0000 0.00 0.000 0.00 0.00 0000 0.00 0.000 0.000
621 Ambulatory health care services 0.000 0.000 0.00 0.00 0000 0.000 0.000 0.00 0.000 0000 0.00 0.000 0.000
622HO  Hospitals and nursing and residential card 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
624 Social assistance 0.000 0.000 0.00 0.00 0.000 0.00 0.000 0.00 0.00 0.000 0.000 0.000 0.000
711AS  Performing arts, spectator sports, museuf 0.002 0.004 0.001 0.002 0.003 0.001 0.003 0.004 0.003 0003 0.003 0.003 0.002
713 Amusements, gambling, and recreationin¢ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
721 Accommodation 0.002 0.001 0001 0002 0004 0001 0003 0.005 0.005 0004 0.005 0.004 0.002
722 Food services and drinking places 0005 0002 0.002 0004 0008 0005 0006 0010 0009 0.009 0.009 0.008 0.004
81 Other services, except government 0.009 0006 0.004 0.006 0013 0003 0021 0017 0016 0019 0014 0011 0.005
GFG Federal general government 0.005 0.003 0.004 0005 0009 0.002 0004 0005 0.008 0008 0007 0011 0.010
GFE Federal government enterprises 0.004 0.001 0.001 0.004 0.03 0.001 0.03 0.004 0.005 0.006 0.004 0005 0.002
GSLG  State and local general government 0.005 0.008 0.001 0.001 0.04 0.000 0.002 0012 0.003 0.029 0.007 0004 0.001
GSLE  State and local government enterprises | 0.009 0.003 0.003 0.012 0.007 0.002 0.005 0011 0016 0019 0.009 0.007 0.003
Total industry output requirement 228 158 153 177 212 148 197 229 218 265 226 227 172
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486 Fpeiretanspatation 0001 002 OML 000l 00Ol Q002 OOR QOOL 0002 OGL 0019 03 00
48705 Qhertransportation ardstppat adtviie!' 0005 0009 05 0014 006 Q009 00 0003 0009 0Q2 0003 006 0007
48 Wadosngadstoage 0004 000B 0@ 0007 OO Q005 00G Q002 0006 0GB OQ0L 0B 006
511  Riishingindstries(incldessoftware)| 0007 0014 08 0007 00 Q005 00 0003 0005 OB 0003 0GB 0006
512 Miinfictreadsoudrecordnginds 0001 0002 0@2 0002 001 QCOL 000l Q001 000l 02 0001 OGL 0001
513  Boatastingardteecommricios | 0011 0024 O®L 0021 00K Q013 OOR 0008 0013 O®4 0007 05 0015
514 ifanationad dtaprocessigsevices 0008 0007 007 0007 00 Q003 00 0002 0004 O 0001 0GB 0004
510 Feckral Rsave barks credtin::j 002 004 0B8 0040 00D 0048 005 Q013 0024 0GH 0017 O3 00D
53 Secuities,comodty cotracs, anding 0022 0049 0G5 0044 00B Q04 00B 0004 0010 04 0006 09 00
54 suancecarig’s adrdaedactiiies | 0007 0013 0QI1 0011 OOB 0013 OOF 0006 0008 0G4 006 08 0008
55 Fus, tusts, adahe finencialveiced 0000 0001 0G0 0000 0O QOO0 00 0000 0000 O 0000 0G0 0000
51 Relestae 0014 0029 O®4 00% 02l 0027 00K QOI0 0018 OB 0009 0Ql5 00X
52R.  Rrtaadlesigsevices adlessos¢ 0015 0031 0@8 0017 00D QG20 006 0009 000 OGO 0029 04 0019
BAIL  Legrl senvices 0008 004 045 0010 O0R Q009 OOB QOO 0008 0G4 0006 OMB 00
545 Qnputersystarsdesgnadrdataisel 0006 0013 07 0010 00B Q007 0006 Q003 0007 0Q4 0007 0GB 0008
BADCP  Mscelaneos prdfessiordl, sciertific, a 0046 0100 09 0076 00 QOS2 00 0039 0051 OGO 0029 0G5 0065
% Mrgenetof conpariesandeterprise 0087 0113 0@ 0085 003l Q0E3 00 0017 0046 08 0023 0GBl 00M
Bl Adwistaieadsppotsevies | 0025 0045 0 00BL 007 QG29 00B 0038 0029 OGO 0012 0®5 0027
52  Wstenaregenertandremedeionsey 0008 0007 0@ 0006 0OB Q003 00 Q001 0005 0¥ 0002 0GB 0004
6l  Edlcaionalsevices 0000 0000 0@MO0 0000 00D Q000 O0M QOO0 0000 0GR 0000 0M0 00D
&1  Anbuatoy hedihcaresenices 0000 0000 0®0 0000 00K Q000 OOM QOO0 0000 0G0 0000 OM0 00
622HO  Hospials andnursirg andresidertial cag. 0000 0000 000 0000 0O QOO0 00 0000 0000 O 0000 0G0 0000
64  Socdassstance | 0000 0000 0MO0 0O 00 Q000 OO 000 000 OM0 0000 OGO 0000
711AS  Rafanigats, spectator spars, 0002 004 0@ 0003 O0® 0003 0OR QOOL 0003 0GM 0C0L 02 00
713 Amsenerts, ganbing adrecresionin 0000 0001 0G0 000L 00® QOO0 00 0000 0000 OML 0000 0G0 0000
721 Accammediion 0002 0006 0@®4 0006 003 Q003 OOB Q002 0003 OG0 OC0L 02 0004
72 Fousavices anddrinking paces 0006 0010 0@ 0009 O0¥ Q006 0O Q003 0007 OQ7 0008 06 0008
8l  Qhersevices,eceptgoernmet | 0008 0017 0Q2 0013 00® Q0L 00® 0004 0013 06 0006 OGO 0011
GG Fecbra generd guvermat 0018 0027 0@7 0006 00 Q007 00D QOO 0006 06 0006 04 0013
GE  Feckrd goermett enterprises 0004 0006 0@ 0004 OOB Q004 00G Q002 0004 006 002 03 0003
GG Saeadcdgeredgovenmet | 0006 0006 0GB 0004 OOB Q004 0O® Q001 0009 OB 0001 OGL 0008
GSIE  Sateardlocd govemment eterprises | 0006 0011 006 0008 00F Q010 00D 0006 0015 0QI0 0003 09 0009
Totd industryouputrequirement 207 315 228 220 19 254 2B 166 226 221 227 224 224
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[ code | halstry Description || 48| 4| 48| 484 | 485 | 48 [4870e] 4B | 51| 52| =3
486  Fpdinetangooretion Q000 000l 0005 0002 006 0004 OML 1004 Q002 0L 000L Q000 00M
48708 Qhe transpataionandappataciviie| Q015 001 0124 0011 01 0060 0GB 00B 1049 0Q9 0017 QOL0 00B
48 Wréousigandsorae Q009 00K 002 0001 OO 0013 OML 00O Q007 1B 0006 Q003 O0®
511 Rblistirgincustries (rcludes softwere)) Q004 006 0004 0006 006 0004 002 00 Q003 OB 1039 Q009 00D
512 Miionpctreand soundrecodnginds. Q001 00CL 0001 0001 OOCL 0001 OG0 00Ol QOOL 01 008 1131 006
513  Boakastngandtdeconmnicaios | Q013 005 0016 0016 00M 0016 007 005 QOLL 0Qll 00% Q025 11B
514 hfomationand chtaprocessirg sevices Q002 0004 0008 0003 00B 0002 0L 00X Q002 O 0Ol Q04 0.0
510 Federd Rsaveharis, aedt irt:\rj Qe2l 008 021 0100 00B 0027 0QL 005 Q016 0L 0066 Q033 003
53 Sacuifes, conmedtycontracts anding Q006 00B 0007 0046 00 0010 0Q7 00 QOB 06 0016 Q0I5 0OL
24 surance cariess andreltedactiviies | 0017 002 0018 0014 00% 0048 0(2 0CEL QOl6 0019 0025 Q023 00®
55 Funds, tusts anddherfirendd veticed Q000 00D 0000 0000 00CL 0001 OG0 0OM Q02 OO 0C0L Q000 0.0M
51 Raestde Q019 00D 000 001 00F 0027 06 00D Q021 09 000 Q074 00GB
5PR. Rortdlardleasig senices andlessars ¢ Q010 0013 0080 0109 00B 0015 009 00B Q014 07 000 Q015 007
5411 Leglsenices Q007 00 0007 0026 0OB 0008 OM4 00D Q006 006 0025 QOI8 00D
5415 Qnpute sysies designandrelatadsel Q006 007 0009 0020 00D 0008 03 0006 Q004 06 002 QU8 0O0R
BA1ZP Msceleneass professiondl, sdentfic, a1 Q047 0CE3 0087 0060 006 0085 O(@L 006 Q%5 O®4 0124 Q109 00D
5 Mnaemetd onpenes adeterpisg Q021 002 0015 0015 00D 0021 OQ1 00® Q07 06 0042 Q0l5 00®
56l Adnnstatveardsipmrtsenicss | Q080 00B 0083 003 002 0071 06 006l Q038 O(9 0103 Q063 00F
52 Wastenanegenetandreneddionsev Q00 0O 0002 0003 007 0003 006 00X Q009 OB 002 Q02 0004
6L  Eclcaiond srvices QO0L 0OB 0000 0001 OOM 000D 0G0 00D Q000 0G0 0000 Q00 00M
@1  Anbuatay hesith care savices Q000 0O 0000 0000 00M 0000 00 00 Q000 000 0000 Q00 00M
62+D  Huspials ad nusing adresidentialca® Q000 00 0000 0000 000D 0000 000 00D QC00 O 0000 Q000 0.0M
64  Socid assistace Q000 00m 0000 0000 0OM 0000 0G0 00M Q000 0G0 0000 Q00 00M
711AS  Rafaningats, spectator sporss, Q02 00B 00 0007 00 002 OML 00 0003 0GB 0006 Q05 00
713 Amsarerts, gahirg, adredeationin Q000 00D 0000 0000 00 0000 OGN 00D Q000 OO 0C0L Q000 00M
721 Accamodation Q02 00® 002 0008 00 002 OML 00R Q002 0GR 00LL Q06 00F
72 Faodsenices and dinking plces Q005 00 0028 0006 0004 0006 0@2 003 Q007 004 0016 Q008 00
8l  Qhesavices,ecetgvemet | Q0B 00B 0006 0013 00 0014 0@ 00 Q008 OO 0014 QOI0 00K
GG Fedkrd gereal goverment Q010 0O® 0100 0006 00A 0004 02 00G Q008 0GR 0012 Q0B 002
GE  Felord gvemnen eteqrises Q007 00B 0004 0008 006 0027 0M2 006 Q016 OG0 0009 Q006 008
GG Saeadicageerdgovennent | Q001 OO 0001 0002 00G 0002 OQL 00Ol Q003 O 0C0L QOOL OO
GSE  Sateadioca guermrent erterpises | Q008 005 0013 0004 00R 0008 0GR 00X Q006 OM6 006 Q005 00F
Total industry cutput requirement 139 14 206 197 216 201 140 10 160 144 1% 174 1@
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| Code | industry Description 42 | aarr | 481 | 482 | 483 | 484 | 485 [ 486 [48708| 493 | 511 [ 512 | 513 |
486 Pipeline transportation 0.000 0001 0.005 0.002 0006 0004 0001 1.004 0002 0001 0001 0000 0.000
4870S  Other transportation and support activitie§ 0.015 0.013 0.124 0.011 0.103 0.060 0.003 0.08 1.049 0019 0017 0010 0.003
493 Warehousing and storage 0.009 0014 0.002 0001 0007 0013 0001 0.001 0007 1.038 0.006 0.003 0.002
511 Publishing industries (includes software)| 0.004 0.005 0.004 0.006 0.005 0.004 0002 0.005 0.003 0003 1039 0009 0.010
512 Motion picture and sound recording indus| 0.001 0.001 0.001 0.001 0001 0001 0000 0.01 0001 0001 0003 1131 0.065
513 Broadcasting and telecommunications 0013 0015 0016 0016 0014 0016 0007 0015 0011 0011 0036 0025 1178
514 Information and data processing services] 0.002 0.004 0.003 0.03 0003 0.002 0001 0.04 0002 0002 0011 0.004 0.006
521Cl  Federal Reserve banks, credit intermediaj 0.021 0.038 0.021 0.00 0.023 0027 0011 0025 0016 0021 0.056 0.033 0034
523 Securities, commodity contracts, and invg 0.006 0.008 0.007 0.046 0.030 0.010 0.007 0.013 0.08 0.006 0016 0015 0.011
524 Insurance carriers and related activiies | 0.017 0022 0.018 0014 0036 0048 0022 0031 0016 0019 0025 0.023 0.009
525 Funds, trusts, and other financial vehicley 0.000 0.000 0.000 0.000 0.001 0.01 0.000 0.00 0.002 0.000 0.001 0.000 0.000
531 Real estate 0019 0050 0020 0021 0035 0027 0005 0020 0021 0059 0050 0074 0038
532RL  Rental and leasing services and lessors ¢ 0.010 0.013 0.030 0.109 0013 0015 0.009 0008 0.014 0007 0.030 0015 0017
5411  Legal services 0.007 0.006 0.007 0026 0008 0008 0004 0.010 0006 0006 0025 0018 0.010
5415 Computer systems design and related sef 0.006 0.007 0.009 0.020 0.010 0.08 0.003 0006 0.004 0006 0.022 0008 0.012
54120P Miscellaneous professional, scientific, an{ 0.047 0.053 0.037 0.060 0.045 0.035 0021 0.063 0.025 0024 0124 0109 0.099
55 Management of companies and enterprisq 0.021 0.012 0.015 0.015 0.020 0021 0011 0.009 0017 0016 0042 0015 0.009
561 Administrative and support services 0.030 0.033 0.033 0.036 0032 0071 0016 0.051 0038 0039 0103 0053 0.037
562 Waste management and remediation serv| 0.001 0.002 0.002 0.003 0017 0003 0006 0004 0.009 0003 0002 0.002 0004
61 Educational services 0.001 0.003 0.00 0.001 0000 0000 0000 0.00 0.000 0.000 0000 0.000 0.000
621 Ambulatory health care services 0.000 0.000 0.000 0.00 0000 0000 0000 0.00 0.000 0.000 0000 0.000 0.000
622HO  Hospitals and nursing and residential card 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.00 0.000 0.000 0.000
624 Social assistance 0.000 0.000 0.000 0.00 0.000 0.00 0000 0.000 0.000 0.00 0.000 0.000 0.000
711AS  Performing arts, spectator sports, museuf 0.002 0.003 0.002 0.007 0.002 0.02 0.001 0.02 0.003 0003 0006 0025 0.033
713 Amusements, gambling, and recreationin{ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
721 Accommodation 0.002 0002 0.002 0003 0002 0002 0001 0.002 0002 0002 0011 0005 0.005
722 Food services and drinking places 0.005 0.006 0.028 0.006 0004 0005 0002 0.004 0007 0004 0016 0008 0.008
81 Other services, except government 0.008 0.009 0.006 0.013 0007 0014 0005 0016 0008 0009 0014 0010 0.014
GFG Federal general government 0010 0002 0.00 0.006 0075 0004 0002 0.005 0008 0002 0012 0008 0.022
GFE Federal government enterprises 0.007 0.008 0.004 0.03 0016 0027 0002 0.006 0016 0010 0009 0006 0.003
GSLG  State and local general government 0.001 0.002 0.001 0.002 0.004 0002 0.001 0.001 0003 0001 0001 0001 0.002
GSLE  State and local government enterprises | 0.003 0.005 0.013 0.004 0.012 0.08 0.02 0.004 0.006 0.006 0005 0.005 0.005
Total industry output requirement 139 147 205 197 216 201 140 170 160 144 195 174 182

98



E 3 ., : L

i% %? > ég % .g_ é g =
c,Zs ZEE £ =2 S 32 & % =,
= 5852 St e =, o= £ e 5 T o2
» -z =® =2 © © w= Lol sn © gz
E S2%s 525 ge 25 8 28sgs S5 e 20
= 528 4, w32 2325 = 253° 285 S8
> Sl soa26 co L8 w S0 9 S502s2i92 ag Es
[ ESTESSE 22 4o ® T3Y 2 SPetcRs so 2T
E 253T2I $5 2% S 3 §52y¢ P S5=e02I52 EI <=
= EcuLEamno Ec LE @ rca o O 2= =S=ac <uv =2
| Code | industry Description 514 | s2101| 523 | 524 | 505 | 531 [530RL{ 5411 | 5415 [sa120 55 | 561 | 562 |
486 Pipeline transportation 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.00 0.000 0.000 0.001 0.001
4870S  Other transportation and support activitiey 0.015 0.004 0.011 0.003 0.006 0.001 0.009 0.003 0.003 0.008 0.003 0.007 0.014
493 Warehousing and storage 0.005 0.001 0.02 0.001 0001 0.000 0002 0.01 0.001 0.002 0.01 0.003 0.003
511 Publishing industries (includes software)| 0.013 0.009 0.015 0.005 0.011 0.002 0.07 0.005 0.007 0.011 0.013 0.012 0.008
512 Motion picture and sound recording indus| 0.008 0.002 0.005 0.001 0.003 0.01 0.01 0.001 0.003 0.005 0.003 0.002 0.002
513 Broadcasting and telecommunications 0.049 0.032 0074 0019 0046 0.008 0019 0.022 0.048 0023 0031 0033 0.020
514 Information and data processing services] 1.010 0.009 0.028 0.004 0.017 0.002 0.03 0.003 0.004 0.05 0.007 0.010 0.008
521Cl  Federal Reserve banks, creditintermedial 0.039 1.172 0.125 0.040 0.159 0.148 0.049 0028 0.033 0.036 0.059 0.039 0.032
523 Securities, commodity contracts, and invg 0.010 0.134 1.168 0.042 0.560 0.020 0.012 0.009 0.009 0.012 0.041 0014 0.012
524 Insurance carriers and related activities | 0.018 0.058 0.056 1.364 0.056 0.036 0.035 0.026 0.013 0025 0012 0.032 0.062
525 Funds, trusts, and other financial vehicled 0.000 0.001 0.007 0.010 1.004 0.000 0.000 0.001 0.001 0.001 0.000 0.002 0.001
531 Real estate 0.035 0.043 0105 0023 0067 1.069 0041 0.58 0.066 0045 0.030 0.041 0.030
532RL  Rental and leasing services and lessors ¢ 0.047 0.010 0.022 0.006 0.013 0.003 1.021 0.009 0012 0.015 0.031 0.017 0.027
5411 Legal services 0.015 0.020 0.032 0020 0034 0010 0013 1.011 0010 0013 0022 0015 0.012
5415  Computer systems design and related sef 0.041 0.014 0.040 0.007 0.026 0004 0.009 0010 1.015 0.014 0022 0.018 0.007
54120P Miscellaneous professional, scientific, an{ 0.081 0.093 0.140 0.045 0.103 0.023 0.055 0.035 0.055 1.085 0.114 0.072 0.057
55 Management of companies and enterprisq 0.017 0.025 0.026 0.009 0.017 0.006 0.30 0.010 0011 0.015 1.007 0.029 0.030
561 Administrative and support services 0.062 0.050 0.078 0.039 0.049 0.025 0.041 0.038 0.045 0.054 0.030 1.066 0.054
562 Waste management and remediation serv| 0.002 0.001 0.002 0.001 0.01 0.008 0.001 0001 0.001 0.002 0.002 0003 1.127
61 Educational services 0.001 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.00 0.000 0.000 0.000 0.000
621 Ambulatory health care services 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.000 0.000 0.000
622HO  Hospitals and nursing and residential carg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
624 Social assistance 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.000
711AS  Performing arts, spectator sports, museuf 0.005 0.007 0.007 0.002 0.005 0.002 0.003 0.004 0.005 0.007 0.09 0.007 0.004
713 Amusements, gambling, and recreationin{ 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.01 0.001 0.001
721 Accommodation 0.013 0.014 0.009 0.03 0007 0.03 0.004 0.05 0.009 0006 0.003 0011 0.010
722 Food services and drinking places 0.018 0.026 0.013 0005 0013 0.006 0008 0.010 0.015 0017 0010 0022 0.016
81 Other services, except government 0.024 0025 0.020 0.006 0.015 0.013 0.021 0.007 0.007 0014 0017 0017 0.019
GFG Federal general government 0.019 0.009 0.044 0008 0022 0.002 0008 0.02 0010 0.005 0.005 0.005 0.004
GFE Federal government enterprises 0.009 0.007 0.009 0.002 0.005 0.002 0.005 0.003 0.03 0.005 0.003 0.005 0.007
GSLG  State and local general government 0.001 0.001 0.001 0.001 0.001 0.002 -0.001 0.01 0.001 0.001 0.002 0001 0.023
GSLE  State and local government enterprises | 0.005 0.004 0.005 0.002 0.004 0.003 0.005 0.003 0.004 0.004 0.003 0.005 0.009
Total industry output requirement 175 189 218 172 234 148 154 136 149 158 159 170 187
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| Code | industry Description 61 | 621 [622H0| 624 [711as| 713 | 720 | 722 | 81 | 6FG | oFE [GsLG | GSLE]
486 Ppeline transportation 0001 0000 0001 0001 0001 0001 0002 0001 0001 0001 0002 0002 0008
4870S  Other transportation and support activitieg 0.004 0.004 0.004 0.006 0.009 0.005 0.005 0.005 0.008 0.006 0.007 0.004 0.009
493 Warehousing and storage 0001 0002 0002 0002 0.003 0002 0003 0003 0002 0002 0001 0004 0002

511 Publishing industries (includes software) 0.015 0.006 0.005 0.012 0.010 0.08 0.013 0007 0008 0015 0.005 0.008 0.011
512 Motion picture and sound recording indus| 0.010 0.002 0.002 0.011 0.005 0.003 0.08 0.04 0.003 0006 0.003 0.002 0.002
513 Broadcasting and telecommunications 0016 0020 0016 0023 0025 0025 0038 0024 0021 0037 0033 0028 0.020
514 Information and data processing services| 0.003 0.003 0.004 0.003 0.005 0.003 0.05 0.004 0.006 0014 0.004 0.006 0.005
521Cl  Federal Reserve banks, credit intermediaj 0.030 0.031 0.034 0.036 0.035 0033 0.038 0033 0066 0016 0044 0022 0.091
523 Securities, commodity contracts, and invg 0.008 0.010 0.016 0.035 0.023 0.011 0.013 0.010 0.53 0.008 0010 0.010 0.035
524 Insurance carriers and related activities | 0.012 0.046 0.044 0.035 0.050 0.033 0.044 0029 0023 0012 0.007 0.007 0.015
525 Funds, trusts, and other financial vehicley 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000

531 Real estate 0.096 0063 0137 0093 0081 0060 0047 0052 0066 0021 0024 0034 0057
532RL  Rental and leasing services and lessors ¢ 0.010 0.013 0.010 0.009 0.019 0013 0025 0021 0009 0.009 0008 0.008 0.016
5411  Legal services 0006 0013 0012 0011 0020 0029 0016 0010 0011 0009 0009 0010 0013

5415  Computer systems design and related se 0.013 0.007 0.008 0.009 0.007 0.009 0.010 0.007 0008 0054 0012 0009 0.015
54120P Miscellaneous professional, scientific, an{ 0.044 0.059 0.047 0.057 0.107 0.077 0.113 0.058 0056 0137 0.044 0.047 0.111
55 Management of companies and enterprisq 0.008 0.019 0.035 0.016 0.024 0.051 0.043 0038 0015 0013 0.008 0.008 0.015
561 Administrative and support services 0.029 0.055 0.048 0.053 0.067 0.034 0069 0029 0040 0054 0.034 0.037 0.069
562 Waste management and remediation serv| 0.004 0.003 0.003 0.006 0.02 0004 0011 0004 0.003 0.002 0002 0.009 0.019

61 Educational services 1.003 0.000 0.000 0000 0.004 0001 0000 0000 0002 0001 0002 0.03 0.000
621 Ambulatory health care services 0.000 1.023 0015 0000 0007 0000 0.000 0.000 0001 0002 0.000 0.001 0.000
622HO  Hospitals and nursing and residential card 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.001 0.000
624 Social assistance 0.000 0.000 0000 1.000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000

711AS  Performing arts, spectator sports, museuf 0.003 0.002 0.002 0.005 1.142 0.014 0.006 0.007 0005 0005 0.003 0.003 0.003
713 Amusements, gambling, and recreationin¢ 0.000 0.000 0.000 0.000 0.001 1.000 0.01 0.001 0.000 0.001 0.00 0.001 0.000

721 Accommodation 0.004 0.004 0002 0004 0004 0.003 1.006 0.005 0.04 0008 0.003 0003 0.004
722 Food services and drinking places 0007 0013 0009 0013 0009 0010 0035 1011 0008 0007 0016 0.014 0.008
81 Other services, except government 0.012 0014 0016 0.017 0.018 0020 0023 0014 1.021 0010 0019 0016 0015
GFG Federal general government 0.002 0.003 0.003 0.003 0004 0003 0005 0004 0005 1029 0019 0003 0.004
GFE Federal government enterprises 0.007 0.006 0.007 0.004 0.005 0011 0.020 0.011 0.006 0.003 1003 0.004 0.003

GSLG  State and local general government 0.002 0.002 0.002 0.02 0.05 0.002 0.003 0.002 0004 0002 0002 1004 0.004
GSLE  State and local government enterprises | 0.012 0.004 0.006 0.015 0.007 0.008 0.015 0.008 0.005 0005 0.010 0.008 1.021
Total industry output requirement 156 161 173 167 183 171 191 18 170 181 163 161 212
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A Matrix

APPENDIX B

Source: Bureau of Economic Analysis - 2009
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APPENDIX C Workforce Sectors Recovery Source Data

Source: Burrus, RT., C.F. Dumas CH FarrelMf\l. Hall. (2002)

The Impacts of LovintensityHurricanes on Regional Economic Activity. Naturazbtds Review 3(3):1-125
Contact: Chris Dumas 910-962-4026, dumasc@uncw.edu

Table 3. Average Business Interruption Times tlystial Sector and Hurricane, WImington, N.C.
(Full Day Equivalents Lost (FDEL), Disaggregatetipa

IMPLAN 2Digt Number of Hurricane
Model 87 SIC Sector Survey BERTHA  FRAN BONNE
Ave. Ave. Ave.

Sector Sector Name Observations  FDELs FDELs FDELs  Average
393 37 Boat Building and Repairing 6 654 104.46 2132 4774
48¢ 7¢  Amusemert and Recreation Senices, N 8 99¢ 89.0: 17.7¢ 389:

450 54 FoodStores 3 1292 2325 27.08 2108
500 83 Sodial Services, N.E.C. 1 000 5175 6.25 3319
48 15 NewResidential Strudures 6 1296 34.25 6.3317 85
480 76 Elecrica Repair Service 1 100 4250 4001583
453 57 Fumiture & Home Furnishings Stores 3 858 1.583 4,92 1503
502 84  Other Nonprofit Organizations 4 16.75 13.13 14.56 1481
462 65 Rea Estate 17 1074 11.72 8.24 1023
45t 5¢  Miscellaneous Reti 12 802 14.2 4.1¢ 88:
128 23 Canvas Produds 1 500 14.00 5.00 800
457 61 Credit Agencies 13 631 14.35 2.88 785
442 48 Radio and TV Broadcasting 2 200 12.38 875 771
463 70 Hotels and Lodging Places 10 083 21.35 0.60 759
506 87 Engineering, Architectural Services 6 050 6.67L 0.50 589
489 79  Membership Sports and Recreation Clubs 3 323 258 12.08 567
315 35 Conveyors and Corveying Equipment 1 400 0 80 4.75 558
451 55  Automotive Dealers & Senice Stations 5 175 945 5.40 553
449 53 Gereral Merchandise Stores 5 425 6.95 440520
508 87 Managemen and Consulting Services 2 425 75 8. 1.38 479
520 94 Federal Government - Non-Military 1 400 08.0 2.00 467
494 81 Lecnl Services 4 306 6.31 3.63 433
189 28 Inorganic Chemicals Nec. 2 325 6.25 325 254.
441 48 Communications, Except Radio ard TV 3 100 586 4,92 417
497 82 Other Educatioral Services 2 250 6.00 3.50 400
40 14 Dimension Stone 1 500 375 2.75 383
124 23 Apparel Made From Purchased Materials 1 225 550 350 375
447 50 Wholesale Trade 1 200 6.00 1.00 300
432 39 ManufactuingIndustries, N.E.C. 6 225 3.00 3.50 292
464 72 Laurdry, Cleaning ard Shoe Repair 3 250 3 43 192 292
435 42  Motor Freight Transport and Warehousing 8 66 2. 3.06 1.84 252
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49

49
454
490
469
458
460
456
246
499
507
282
474
386
331
230
471

473
495
129
164
28t
493
512

491
220
179
501
178
502
475

55
383
472
479
492
498
505

82
16
58
80
73
62
64
60
32
83
87
34
73
37
35
32
73
49
73
82
23
26
34
80
94
52
80
30
27
83
27
8¢
73
15
36
73
75
80
83
86

Colleges, Universities, Schools
New Industrial and Commerdal Buildings
Eating & Drinking
Doctors and Dentists
Advertising
Security and Commodity Brokers
Insurance Agents and Brokers
Banking
Gypsum Products
Child Day Care Sewices
Accounting, Auditing and Bookkeeping
Falricated Structural Metal
Personnel Supply Sewices
Motor Vehide Parts and Accessories
Spedal Industry Machinery N.E.C.
Gass and Gass Products Exc Containers
Photofinishing, Commerdal Phatography
Saritary Services and Steam Supply
Equipment Rental and Leasing
Hementary and Secondary Schools
Pleating and Stitching
Paperboard Containers and Boxes
Sheet Metal War
Other Medical and Health Sewvices
COther State and Local Govt Enterprises
Building Materials & Gardering
Nursing and Protective Care
Miscellanecus Plastics Products
Commercial Printing
Residential Care
Miscellaneaus Publishing
Business Assodiatio
Computer and Data Processing Services
Maintenance and Repair, Residential
Hectrical Equipment, N.E.C.
Services To Buildings
Automobile Repair and Sewices
Hospitals
Job Trainings & Related Senices
Religious Organizations
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2 1.00
8 51.2
10 1.75
10 1.58
7 1.82
2 1.38
7 161
3 3.33
1 2.00
1 0.00
3 175
2 1.63
8 0.78
1 2.00
3 1.75
1 50 1
3 204
2 1.38
3 1.00
3 0.83
1 0.00
2 1.50
1 1.0
2 1.00
2 010
3 1.25
2 1.25
2 0.63
1 1.00
7 0.00
2 0.00
1 0.0C
4 0.00
1 0.00
1 0.00
3 0.00
1 0.00
1 0.00
1 0.00
1 0.00

3.50
244
3.28
3.15
321
2.75
3.07
1.67
2.00
3.00
3.33
3.13
1.56
.00 2
224
2.25
1.33

2.67
1.17
0.00
2.00
2.0
020
2.00
1.50
1.25
1.63
1.00
1.86
0.00
0.0C
0.00
00 0.
0.00
0.00
0.00
0.00
0.00
0.00

3.00
3.63
2.25
243
2.04
.88 2
4 20
1.67
2.50
3.50
1.33
1.63
3.75
2.00
175
1.50
3.50
1.25
33 1
2.67
4.50
1.00
1.0
1.00
1.00
.001
1.25
1.00
1.00
0.32
1.50
1.0C
0.94
0.00
00.0
0.00
.00 0
0.00
0.00
0.00

50 2.
244
243
2.38
2.36
2.33
224
2.22
217
721
214
213
.03 2
2.00
197
175
1.75
1.67
1.67
1.56
1.50
1.50
1.3:
1.33
133
1.25
1.25
1.08
1.00
0.73
50 0.
0.32
0.31
0.00
0.00
0.00
0.00
0.00
0.00
00.0



APPENDIX D Workforce Count (state of Virginia)
Source: Bureau of Economic Analysis - 2009

SA25N Total full-time and part-time employment by NAICS industry 1/

Bureau of Economic Analysis

51000 Virginia Employment by place of work (number of jobs)

51000 Virginia 10 Total employment 4763869
51000 Virginia By type

51000 Virginia 20 Wage and salary employment 3882095
51000 Virginia 40 Proprietors employment 881774
51000 Virginia 50 Farm proprietors employment 40460
51000 Virginia 60 Nonfarm proprietors employment 2/ 841314
51000 Virginia By industry

51000 Virginia 70 Farm employment 50339
51000 Virginia 80 Nonfarm employment 4713530
51000 Virginia 90 Private nonfarm employment 3840288
51000 Virginia 100 Forestry, fishing, and related activities 12198
51000 Virginia 101 Forestry and logging 3651
51000 Virginia 102 Fishing, hunting, and trapping 2290
51000 Virginia 103 Agriculture and forestry support activities 6257
51000 Virginia 200 Mining 13704
51000 Virginia 201 Oil and gas extraction 4629
51000 Virginia 202 Mining (except oil and gas) 7185
51000 Virginia 203 Support activities for mining 1890
51000 Virginia 300 Utilities 12032
51000 Virginia 400 Construction 286782
51000 Virginia 401 Construction of buildings 59693
51000 Virginia 402 Heavy and civil engineering construction 34135
51000 Virginia 403 Specialty trade contractors 192954
51000 Virginia 500 Manufacturing 249885
51000 Virginia 510 Durable goods manufacturing 143218
51000 Virginia 511 Wood product manufacturing 14365
51000 Virginia 512 Nonmetallic mineral product manufacturing 9856
51000 Virginia 513 Primary metal manufacturing 4913
51000 Virginia 514 Fabricated metal product manufacturing 17977
51000 Virginia 515 Machinery manufacturing 18388
51000 Virginia 516 Computer and electronic product manufacturing 13937
51000 Virginia 517 Electrical equipment and appliance manufacturir 8515
51000 Virginia 518 Motor vehicles, bodies and trailers, and parts me (D)

51000 Virginia 519 Other transportation equipment manufacturing (D)

51000 Virginia 521 Furniture and related product manufacturing 11821
51000 Virginia 522 Miscellaneous manufacturing 9114
51000 Virginia 530 Nondurable goods manufacturing 106667
51000 Virginia 531 Food manufacturing 30747
51000 Virginia 532 Beverage and tobacco product manufacturing 7701
51000 Virginia 533 Textile mills 4600
51000 Virginia 534 Textile product mills 4161
51000 Virginia 535 Apparel manufacturing 2285
51000 Virginia 536 Leather and allied product manufacturing 411
51000 Virginia 537 Paper manufacturing 9422
51000 Virginia 538 Printing and related support activities 14076
51000 Virginia 539 Petroleum and coal products manufacturing 779
51000 Virginia 541 Chemical manufacturing 16407
51000 Virginia 542 Plastics and rubber products manufacturing 16078
51000 Virginia 600 Wholesale trade 124491
51000 Virginia 700 Retail trade 476912
51000 Virginia 701 Motor vehicle and parts dealers 52411
51000 Virginia 702 Furniture and home furnishings stores 15541
51000 Virginia 703 Electronics and appliance stores 13464
51000 Virginia 704 Building material and garden supply stores 31738
51000 Virginia 705 Food and beverage stores 71492
51000 Virginia 706 Health and personal care stores 27048
51000 Virginia 707 Gasoline stations 32910
51000 Virginia 708 Clothing and clothing accessories stores 39864
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51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000
51000

Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia
Virginia

709
711
712
713
800
801
802
803
804
805
806
807
808
809
811
900
901
902
903
904
905
906
907
1000
1001
1002
1003
1004
1005
1100
1101
1102
1103
1200
1300
1400
1401
1402
1500
1600
1601
1602
1603
1604
1700
1701
1702
1703
1800
1801
1802
1900
1901
1902
1903
1904
2000
2001
2002
2010
2011
2012

Sporting goods, hobby, book and music stores
General merchandise stores
Miscellaneous store retailers
Nonstore retailers
Transportation and warehousing
Air transportation
Rail transportation
Water transportation
Truck transportation
Transit and ground passenger transportation
Pipeline transportation
Scenic and sightseeing transportation
Support activities for transportation
Couriers and messengers
Warehousing and storage
Information
Publishing industries, except Internet
Motion picture and sound recording industries
Broadcasting, except Internet
Internet publishing and broadcasting 3/
Telecommunications
ISPs, search portals, and data processing
Other information services 3/
Finance and insurance
Monetary authorities - central bank
Credit intermediation and related activities
Securities, commaodity contracts, investments
Insurance carriers and related activities
Funds, trusts, and other financial vehicles
Real estate and rental and leasing
Real estate
Rental and leasing services
Lessors of nonfinancial intangible assets
Professional, scientific, and technical services
Management of companies and enterprises
Administrative and waste management services
Administrative and support services
Waste management and remediation services
Educational services
Health care and social assistance
Ambulatory health care services
Hospitals
Nursing and residential care facilities
Social assistance
Arts, entertainment, and recreation
Performing arts and spectator sports
Museums, historical sites, zoos, and parks
Amusement, gambling, and recreation
Accommodation and food services
Accommodation
Food services and drinking places
Other services, except public administration
Repair and maintenance
Personal and laundry services
Membership associations and organizations
Private households
Government and government enterprises
Federal, civilian
Military
State and local
State government
Local government
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(NA)

(D)

(D)

21551
85389
40058
45446

132621
14701

5639
1588
39525
15835
393
649
16565
17661
20065
95023
22855
6251
10414

38801
13134
3568
198378

69577
58095
55432

203552
185569
17230
753
502433
77165
262902
254508
8394
92425
423974
165064
103061
71004
84845
91494
41688
4946
44860
315286
49840
265446
269031
52792
61018
108518
46703
873242
182880
154739
535623
157019
378604



