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Abstract 

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

 

Hurricanes have the potential to damage critical infrastructure systems, disrupt 

workforce and commodity flows, and can cause adverse socioeconomic impacts on the 

affected regions. Workforce disruptions in the aftermath of a hurricane can degrade 

regional productivity because the majority of business operations are labor-dependent. 

Furthermore, the recovery process is further exacerbated by the inherent 

interdependencies among economic sectors, which give rise to direct and indirect 

economic losses in the affected regional economy. This dissertation research extends the 

economic input-output (I-O) model to formulate a disaster recovery model for assessing 

the economic losses triggered by workforce disruptions. The research develops a risk-

based framework that can guide the process of assessing and managing hurricane impacts 

on regional interdependent systems. Furthermore, this research presents an impact 

analysis model to assess the uncertainties associated with workforce recovery. The 

uncertainty in workforce disruptions is linked to hurricane intensity levels inducing a 

statistical dependence relationship between hurricane intensity and the recovery period 

estimates for each workforce sector. This research, to the best of our knowledge, 

demonstrates the first attempt to integrate such a statistical dependence relationship with 

an economic I-O modeling approach. Additionally, the resulting methodology is capable 

of identifying and prioritizing the most critical workforce sectors on the basis of 

economic loss and sector inoperability metrics. The identification of such critical sectors 
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supports the decision-making process by narrowing the focus on sectors that incur the 

greatest production losses due to workforce unavailability. 
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CHAPTER 1 

INTRODUCTION 

This chapter provides the statement of the problem, research questions, 

significance, goals and objectives, and the scope and limitations of this dissertation 

research.   

1.1 Statement of Problem 

Disasters are disruptive events that can cause catastrophic consequences such as 

loss of human lives, economic losses, adverse effects on the environment, and disruptions 

to continuity of government. Disasters are subdivided into three main types (Shaluf, 

2007): (i) natural disasters; (ii) man-caused disasters; and (iii) hybrid disasters. Some 

catastrophic disasters of recent times around the globe include Hurricane Katrina in 2005, 

earthquake in Haiti in 2010, Indian Ocean tsunami in Indonesia on December 26, 2004—

causing over 200,000 fatalities, the 9/11 attacks, and the 9.0 magnitude earthquake in 

Japan on March 11, 2011—resulting in a tsunami and nuclear power plant failures.  

Hurricanes are tropical storms with sustained wind speeds of at least 74 miles per 

hour (Shatz et al., 2006). Hurricane effects on regional economic production are 

inevitable. Strong tropical winds and flooding caused by hurricanes can damage critical 

systems such as communication, health, transportation, and electric power supply, among 

others. In addition to the physical damages received by such critical systems, hurricanes 

trigger many other cascading effects such as disruptions to workforce mobility and access 
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to place of work. In turn, workforce absenteeism can affect the quality and availability of 

essential services provided by infrastructures systems. The reduced levels of workforce 

will affect business activities and will degraded productivity of industry sectors resulting 

in serious economic loss. Furthermore, the ripple effects will further delay recovery as 

industry sectors are interdependent in an economic region. Hence, disruptions of critical 

systems will result in degraded production and will impede business operations for 

months, and to some extent, years. Since the lack of availability of workforce is a 

common theme within the disruptions of interdependent industry sectors, we specifically 

want to investigate to what extent, that common theme drives the uncertainty in economic 

losses and inoperability as a function of hurricane intensity. To that end, we model 

workforce uncertainty separately utilizing expert judgment elicitation and create a 

statistical dependence model to capture the common theme aspect that workforce 

availability plays in hurricane recovery. 

1.2 Research Questions 

This dissertation addresses three primary research questions: 

1. To what extent does workforce availability reduction affect the productivity of the 

interdependent sectors in the event of a hurricane? 

In modeling workforce recovery in the aftermath of hurricanes, the proposed 

approach is to develop novel extensions to the economic input-output (I-O) model 

and its dynamic formulation to explicitly model the ripple effects caused by 

workforce unavailability in the aftermath of disasters. Utilizing established I-O 

data, this research investigates the linkages across different economic and 
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infrastructure systems to quantify the economic losses propagated by workforce 

disruptions in an event of a disaster. 

2. How can the process of critical sector prioritization be influenced by the multiple 

objectives surrounding disaster recovery? 

Typically, different disaster recovery objectives are expected to generate different 

criticality rankings for the affected interdependent industry sectors. This statement 

is also true for the inoperability and economic loss metrics, which will be the 

primary objectives to be used in this research, particularly in the area of critical 

sector prioritization. Economic loss refers to the monetary worth of the damage, 

while inoperability is a dimensionless index that describes the proportion of the 

incurred loss relative to the sector’s total output. Hence, it is essential to consider 

both metrics in identifying and prioritizing the critical industry sectors. The 

prioritized list of critical sectors that are deemed critical in the recovery process can 

provide insights in the formulation of risk assessment and management policies 

(e.g., resource allocation strategies).   

3. How significant is the impact of hurricane intensity on sector-specific workforce 

recovery durations? 

In today’s society, infrastructure and economic systems have become more complex 

and highly coupled. Reduced workforce levels in the aftermath of hurricanes 

involve uncertainty and ignoring uncertainties will lead to misguided conclusions. 

In this research, workforce recovery durations for individual sectors will be 

modeled as random variables. Subsequently, the resulting workforce recovery 
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distributions will be linked to hurricane intensity by invoking statistical dependence 

analysis.   

1.3 Significance 

Natural disasters like hurricanes as well as man-caused disasters have historically 

shown to cause catastrophic consequences. Hurricanes have the potential to cause serious 

economic loss and catastrophic damages to critical infrastructure systems. According to 

Pielke et al. (2008) hurricanes cause approximately $10 billion damage to the United 

States each year.  A case in point, although Hurricane Isabel weakened to a category 1 

storm, the damages to the Commonwealth of Virginia were still considerably large. 

Hurricane Isabel caused $625 million in damages to the Commonwealth of Virginia 

(Bond et al., 2007). Furthermore, about 90% of homes and businesses suffered electric 

power outages (Dominion Virginia Power, 2003).More recently, Virginia suffered an 

estimated economic loss of $757 million from Hurricane Irene in 2011 (Armstrong, 

2011). 

A hurricane scenario has been identified in the fifteen all-hazards national 

planning scenarios developed by the Federal interagency community (Howe, 2005). The 

National Research Council (NRC, 1999) developed a table for the top ten catastrophic 

events on the basis of insurance claims paid—five out of ten were hurricanes in the list of 

top ten costly disasters. Economic losses from hurricanes are at the top of the ranking of 

catastrophic events, and are even costlier than tornadoes and terrorism (Malmstadt et al., 

2009). 
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Hurricanes can directly or indirectly affect infrastructure systems and 

interdependent workforce sectors. Consider a scenario of a hurricane damaging a 

transportation infrastructure element, such as a bridge (direct impact). A damaged bridge 

can affect accessibility and mobility of workforce (indirect impact). In addition, hurricane 

winds can topple electric power lines, which will impede the functionality of traffic 

lights, interstate traffic signs and cameras. These scenarios will significantly affect the 

ability of workforce and the general public to commute, further resulting in increased 

workforce absenteeism. A case in point, Midtown Tunnel was closed for 28 days due to 

severe flooding in the aftermath of Hurricane Isabel. This tunnel closure resulted in 

severe traffic congestion throughout the Hampton Roads region (VDOT, 2003). High-

speed winds and downed trees cause damages to electric power lines leading to electric 

power outages. The electric power outages impeded functionality of traffic lights, 

interstate traffic signs and cameras. These outages significantly affected the ability of 

workforce and public to commute, which resulted in increased workforce absenteeism. 

To date, industry sectors are increasingly becoming more complex, large-scale, 

and highly interdependent. These sector interdependencies make them more vulnerable to 

disasters, as the disruption of one or more industry sectors will adversely affect others. 

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

The economic losses from natural and man-caused disasters have motivated the 

need for further studies on disaster strategic preparedness and risk management policies. 

Risk analysis of disasters motivates the need to advance the field of disaster preparedness 

and recovery management. Hence, a comprehensive, holistic and robust interdependency 

analysis is required in order to achieve rapid recovery. Risk analysis and optimal decision 
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policies must be developed to minimize inoperability levels and economic loss to 

industry sectors. Strategic preparedness policies and risk analysis development will lead 

to accelerated recovery topre-disaster equilibrium state. While interdependencies and 

interconnectedness across the industry sectors are increasing, continuous research 

attention is required to fill the significant research gaps for improved disaster 

preparedness and recovery policies, particularly in modeling workforce-related recovery 

losses within the context of interdependent infrastructure and economic systems. 

1.4 Scope and Limitations 

This research aims to fill significant gaps in the literature on disaster management 

as it provides information on the relationship between workforce absenteeism and 

economic loss. Pertinent literature is available to estimate the economic loss caused by 

disasters; however, there are scarce search studies that estimate economic loss to industry 

sectors due to workforce perturbations in a hurricane.   

This research extends the capabilities of the Dynamic Inoperability Input-output 

model (DIIM) by incorporating a recovery function called full-day equivalents lost 

(FDEL) to prioritize the sectors on the basis of economic loss and inoperability metrics. 

The inoperability metric (a dimensionless quantity between 0 and 1 that is similar to 

‘unreliability’) describes the proportion with which a sector capacity is disrupted. The 

inoperability metric identifies the critical sectors not necessarily on the basis of the 

monetary worth of the economic loss, but rather on the ‘normalized’ loss of each sector 

as a proportion of its total production output. In contrast, the economic loss measures the 

monetary worth of the reduced production of an industry sector. We investigate the 

adverse effects of hurricanes to interdependent workforce sectors using the DIIM. The 
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DIIM will be used in this research to analyze the workforce recovery dynamics for 

different hurricane scenarios. Furthermore, this research will contribute to the knowledge 

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

A risk-based framework is developed in this research, which will enable the 

parameterization of the proposed workforce recovery models through literature surveys 

on post-hurricane workforce sector recovery and the Bureau of Economic Analysis 

(BEA) regional data. This risk-based framework will not necessarily provide the 

decisions; nevertheless, it will provide information to decision makers as to which sectors 

are deemed critical in the disaster recovery process. A decision analysis tool is utilized by 

integrating the economic loss and inoperability metrics to study the interdependent 

effects of various hurricane intensities on Virginia’s workforce sectors. Given the 

constraints in budget and disaster preparedness resources, it is essential to identify the 

critical industry sectors. The prioritized list of critical sectors can provide insights in the 

formulation of risk assessment and management policies (such as resource allocation 

strategies). Expediting the pace of recovery is important in achieving the ideal levels of 

regional economic stability at minimum levels of economic losses and sector 

inoperabilities. 

This research investigates the effects of reduced workforce levels on the 

production outputs of industry sectors in the aftermath of a hurricane. As is commonly 

true for most scenarios, workforce unavailability in the aftermath of a hurricane can 

impact industry sectors in different ways depending on their criticality and coupling with 

the production or service requirements of interdependent sectors. In the proposed 

research, the dependence of critical industry sectors on workforce availability will be 
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modeled primarily on the basis of the economic loss and inoperability metrics. Fig. 1 

describes the scope of this research and also highlights the proposed contributions. The 

figure depicts the factors that contribute to the absenteeism of the workforce during a 

hurricane.  

 

Fig. 1. Scope of research in the context of overall problem 

The term workforce absenteeism is used in the context of this research as the 

“inability” of the workforce to report to work in the aftermath of a hurricane, such as 

what would occur when access routes to the place of work is impaired. This should be 
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distinguished with the term “willingness” of the workforce in a disaster to report to work 

(i.e., in some disasters, such as disease pandemics, there are other reasons for 

absenteeism such as fear of contagion and caring for family members). This research will 

focus on the economic losses caused primarily by workforce absenteeism to industry 

sectors due to a hurricane. As such, the resulting models and applications will not 

encompass economic losses caused by other factors such as inventory shortages, electric 

power disruptions, and other physical infrastructure disruptions. This research provides a 

framework, along with a set of tools, to aid policymakers to assess and manage the risk 

imposed by a hurricane. The study relies on the yearly input-output data, Gross Domestic 

Product (GDP)-by-industry data, yearly workforce count per sector, and yearly local area 

personal income data (LAPI). 

The geographic scope of this study is the United States, as applied specifically to 

the Common wealth of Virginia. Hence, the simulated results that will be obtained from 

various hurricane scenarios are particularly influenced by the economic structure of the 

region. Nevertheless, the extended Dynamic Inoperability Input-output Model developed, 

risk-based framework, and the decision support tool can be implemented in other regions 

and nations.  

In addition, this research contributes to advancing the current state of research in 

developing hurricane impact analysis models. Indeed, accounting for uncertainty 

involved in the workforce perturbations can provide insights on developing robust risk 

analysis and decision policies. 
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1.5 Goals and Objectives 

The proposed research aims to analyze the impacts of hurricanes on workforce 

sectors and their ripple effects to interdependent infrastructure and economic sectors. The 

proposed methodology integrates regional economic and workforce recovery data to 

identify critical industry sectors on the basis of economic loss and inoperability metrics. 

With resources often limited, identification and prioritization of critical industry sectors 

become increasingly important in disaster preparedness and recovery domains. This 

research highlights the importance of workforce availability to industry sectors subjected 

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

follows:  

• To explicitly formulate workforce perturbation models based on published 

surveys of workforce absenteeism in the aftermath of hurricanes. 

• To integrate regional analysis to the DIIM to enhance the resolution of hurricane 

consequences. 

• To develop a decision support system to prioritize the critical industry sectors on 

the basis of inoperability and economic loss metrics. 

• To utilize a graphical user interface (GUI) feature in the decision support tool, 

which will allow users to perform sensitivity analysis on the levels of importance 

associated with the objectives (i.e., the inoperability and economic loss metrics). 

• To develop a risk-based framework that allows the decomposition of risk 

assessment and risk management processes to address risk-related questions 

pertaining to hurricane scenarios. 



11 
 

• To implement various hurricane intensity scenarios using the decision support 

tool to compare and contrast the severity of consequences. 

• To develop a modeling paradigm based on the statistical dependence concept to 

better model uncertainty in workforce levels. 

1.6 Organization of the Document 

The dissertation is organized in six chapters. Chapter 1 (this chapter) has 

presented the statement of problem, research significance, scope and limitations, goals 

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

Chapter 2 discusses the supporting literature sources, including economic I-O 

models and data collection efforts, as well as requirements for analyzing the impacts of 

hurricanes on workforce sector productivity. This chapter also discusses prioritization 

methods and provides literature review on uncertainty analysis, particularly statistical 

dependence. 

Chapter 3 describes the research methodology developed in this dissertation. The 

first part introduces a process for generating the initial perturbation vector utilizing 

hurricane-specific workforce recovery data. The second part presents a risk-based 

framework for the analysis of hurricane intensity scenarios. The chapter culminates in the 

discussion of foundational concepts and procedures for the development of statistical 

dependence model to perform uncertainty analysis of workforce recovery durations.  

Chapter 4 presents and analyzes the results generated by the extended Dynamic 

Input-Output Model (DIIM) utilizing deterministic workforce perturbation parameters. 
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This chapter encompasses the results of the deterministic workforce recovery model, 

which will be used as the foundation for the proposed statistical dependence extension. 

 Chapter 5 presents the uncertainty analysis of the workforce durations and 

discusses the results of various hurricane scenarios generated by integration of I-O 

modeling and statistical dependence modeling. In particular, sector-specific recovery 

durations are formulated as probability distributions and subsequently linked to hurricane 

intensity as a common risk factor. By assuming different levels of dependence between 

workforce recovery duration and hurricane intensity, the resulting uncertainties on 

economic loss and inoperability estimates are investigated. 

Chapter 6 summarizes this dissertation and identifies potential areas for future 

research. 
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CHAPTER 2 

LITERATURE REVIEW  

The research is based on the dynamic extensions of the Leontief economic I-O 

model to predict the cascading the effects of workforce disruptions triggered by 

disruptive events across interconnected industry sectors and infrastructure systems in an 

economic region. I-O modeling considers an economic system to be comprised of various 

interdependent economic sectors. The economic sectors are capable of producing goods 

(or services), and they also consume goods from other interdependent economic sectors 

as an input during the production processes. In particular, the proposed workforce 

recovery methodology relies on the Dynamic Inoperability Input-out Model (DIIM), 

which is an extension of the I-O model. The DIIM is a risk-based transformation of the 

classic input-output model, which is capable of analyzing the workforce recovery 

dynamics for various disruptive events.  

This chapter starts with the discussion of the basic Leontief Input Output (I-O). 

This chapter also discusses the input-output (I-O) models, and its dynamic inoperability 

input-output model (DIIM) extension. The second part of the chapter discusses to I-O 

economic accounting database and their utilization in the interdependency analysis. The 

third part of this chapter discusses workforce recovery assessments using the full-day 

equivalents lost (FDEL) metric. The fourth part of the chapter discusses the theoretical 

background of the prioritizations tools such as cross prioritization plot (CCP) and 

dynamic cross prioritization plot (DCPP). Finally, this 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 disasters have motivated the increased 

growth of risk analysis studies that focus on disaster preparedness and recovery. In 

particular, recent extensions and advances to the basic Leontief Input Output (I-O) model 

have been developed to assess and manage the economic consequences of disasters. The 

I-O model and its disaster-specialized extensions, such as the Inoperability Input-Output 

Model (IIM), have been used extensively in interdependency analysis. Okuyama and 

Chang (2004) discussed I-O and several other methods for economic loss estimation 

caused by disasters. Olsen et al. (1997) introduced an I-O based model to address risk 

analysis issues regarding flood protection. Cho et al. (2001) used the I-O model to 

estimate the direct and indirect economic losses caused by major earthquakes to 

transportation and industrial capacities in urban areas.  

Computable general equilibrium (CGE) approaches have been implemented in 

modeling the relationship between disaster consequences and economic resilience. For 

example, Rose and Liao (2005) conducted a CGE-based case study to estimate the direct 

and indirect economic losses due to disruptions of water supply. CGE is an extension of 

the I-O model and not a replacement (Rose, 2004). Velazquez (2006) combined the 

Leontief model with the energy use model of Proops (1984) to build an extended I–O 

based model for analyzing sector-specific water consumption. The resulting model was 

applied to Andalusia in order to determine the breakdown of water consumptions (direct 

and indirect) by economic sectors. Alcántara and Padilla (2003) designed an I-O based 

methodology relying on elasticities in final energy demands to identify the key sectors in 
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final consumption of the energy. Lenzen et al. (2004) introduced a multi-regional input-

output analysis to calculate CO2 multipliers and trade balances utilizing trade data for 

regions that emit greenhouse gas by-products. Hsu and Chou (2000) integrated multi-

objective programming approach with Leontief interindustry model in order to analyze 

the strategies for reducing CO2 emissions in Taiwan. 

Workforce productivity losses (e.g., such as those caused by absenteeism in the 

aftermath of a hurricane) can significantly decrease a sector’s output regardless of how 

efficient the production factors are (machines, labor, capital, and other production 

resources). In most cases, regional economies have limited resources and budget deficits 

to address day-to-day operations, which are further exacerbated by economic constraints 

and the occurrences of extreme events such as hurricanes. For example, Qin and Jiang 

(2011) conducted an empirical study highlighting the major reductions in workforce 

availability in the aftermath of a disaster. Significant volumes of disaster preparedness 

literature sources place heavy emphasis on preparedness and resilience measures for 

physical infrastructure systems. Nevertheless, significant research is severely lacking in 

areas of modeling, assessing, and managing the adverse impacts of disasters on the 

human infrastructure. Hence, this research focuses on and advances the human 

infrastructure concept by modeling the dynamics of interdependent workforce recovery 

across multiple sectors and disaster time scales. It is essential to identify the most critical 

workforce sectors and prioritize them on the basis of economic loss and inoperability 

metrics. Identification and prioritization of critical sectors serve as motivation of this 

research. This research focuses on the use of I-O model extensions to assess the 
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consequences resulting from reduced workforce availability 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 late 1930s, for which he was 

awarded the Alfred Nobel Memorial Prize in economic sciences in 1973 (Leontief, 1951). 

I-O modeling considers the economy as a system composed of a set of interdependent 

industry sectors. The industry sectors are capable of producing goods and they also use 

up goods as an input during the production processes. If the intermediate consumption is 

added with the final consumption (demand), the resulting model is capable of 

understanding and explaining interdependent behavior of sectors comprising an economic 

region (Leontief, 1936). The basic Leontief I-O model is a practical analytical framework 

useful in analyzing the interdependencies (mutual interrelationships) across industry 

sectors in an economic region (Lahr and Stevens, 2002; Liew, 2001; Isard, 1960). Miller 

et al., (1989) maintain that the Leontief’s I-O model is a practical decision-making tool 

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

The basic Leontief I-O model is a system of linear equations in which each 

equation describes the distribution of a sector’s output in the economic system (Miller 

and Blair, 2009). The basic assumption of the I-O model is that the sum of the 

intermediate and final demands is equal to the industry outputs. The formulation of the 

basic Leontief I-O model is as follows: 

" # $" % & ⇔(�� # ∑ ����� % ��� *∀�     (1) 
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Where " is the column vector of industry sectors outputs also called (output supply), �� 
the output of industry sector � and $ is square matrix of the technical coefficients ��� 

which represents the input requirements of sector j from sector �, normalized with respect 

to the total production requirements of sector +. On the other hand, $" represents the 

intermediate consumptions while & is the final demand vector (Note that ��  represents the 

final demand for the ��, industry sector). 

2.1.2 Inoperability Input-Output Model (IIM)  

Haimes and Jiang (2001) extended the Leontief’s basic work, and developed the 

Inoperability Input-Output Model (IIM), which is capable of explaining the cascading 

effects for interdependent industry sectors in an economic region subjected to a disaster. 

The IIM introduced the inoperability metric through matrix manipulations of the original 

Leontief model. The production outputs of the industry sectors are degraded in the 

aftermath of a disaster due to direct effects as well as indirect effects (interdependencies 

across industry sectors). Initially, the IIM was applied to the modeling of a hypothetical 

system comprised of several subsystems (Haimes and Jiang, 2001). Santos and Haimes 

(2004) expanded IIM to estimate the direct and indirect economic losses to industry 

sectors in an economic region caused by man-caused or natural disasters. Examples of the 

extended IIM can be found in (Santos, 2006; Santos, 2008). Crowther et al. (2007) 

deployed IIM to study the direct and indirect effects on several critical interdependent 

industry sectors after being disrupted by Hurricane Katrina. Santos (2006) proposed a 

visualization tool to rank the most affected industry sectors based on economic loss and 

inoperability. The formulation of the model is as follows: 

- # $�- % &�         (2) 
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Where - is the inoperability vector represents normalized economic losses, $�  is the 

inoperability interdependency matrix that represents the degree of coupling of the 

industry sectors, while &� indicates the normalized reductions in final demands. 

In order to determine the � matrix for a region, the national � matrix published by 

the ./� can be multiplied with a. The formulation of �	
���
 is shown below:  

$	
���
 # 0��12345 6 $
����
       (3) 

Where ��� is computed by taking the ratio of the local area personal income of the given 

region (���7�,	
���
) and local area personal income of the nation (���7�,
����
). The 

value of ��� is positive and has an upper bound of 1, as shown below: 

��� # ���
9
:;

<=>?@,ABC@DE ∑ <=>?@,ABC@DE@F
<=>?@,EGH@DE ∑ <=>?@,EGH@DE@F  , 1

J
KL      (4) 

Santos and Haimes (2004) provide the details regarding the IIM derivations. Each 

element ����  of inoperability interdependency matrix ($� matrix) can be computed directly 

from ��� (the regional Leontief technical coefficient $ matrix) as follows: 

���� # ��� MNM@             (5) 

Where �� represents the output of the ��, industry sector, and �� is the transpose of the 

industry sector’s output. The BEA reports �� for the industry sectors. 
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Santos (2006) has utilized economic I-O data to populate the parameters for the 

IIM. The transformation of the I-O data within the IIM paves the way to additional 

modeling capabilities including: 

• Assessment of the consequences of initial disruptions to one or more industry 

sectors on other interdependent sectors; 

• Evaluation of the ripple effects for a given economic region subjected to 

disruptions; and 

• Estimation of the inoperability and economic loss metrics 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 (DIIM) is an extension of the IIM 

(Lian and Haimes, 2006; Haimes et al., 2005).  In the IIM, inoperability levels are treated 

as stationary with respect to time (static), while the DIIM is implemented for modeling 

the dynamic recovery of industry sectors subjected to disasters. Lian and Haimes (2006) 

formulated DIIM by taking into account the resilience of every industry sector to model 

their recovery in the aftermath of disasters. A resilience matrix (K), is introduced for 

modeling the dynamic recovery of interdependent systems subjected to disasters. The 

original DIIM only considered deterministic model parameters, including the resilience 

coefficients. Given the initial inoperability values of the industry sectors induced by a 

disaster, the DIIM is capable of generating the behavior of the recovery process by taking 

into account the interdependencies and resilience characteristics of industry sectors. The 

formulation of the DIIM is shown below: 
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-2O % P5 # -2O5 % QR$�-2O5 % &�2O5 S -2O5T     (6) 

Where -2U5 represents the inoperability vector at time t while - 2U % 15 represents the 

inoperability vector at time t+1, Q  is the resilience coefficient matrix, $�  is the 

interdependency matrix representing sector interdependencies, and &�(t) is the vector of 

initial sectors perturbation. The resilience matrix describes the interdependent recovery 

rates of industry sectors after being disrupted by a disaster. A higher resilience coefficient 

Q�  value for a specific industry sector implies faster recovery and lower cumulative 

economic losses since that particular industry sector is expected to be relatively more 

resilient to disruptions.  

The DIIM is capable of quantifying the economic losses and inoperability effects 

of a disaster on interdependent sectors. In this research, the DIIM is extended to better 

account for hurricane impacts on workforce disruptions and their resulting ripple effects 

to interdependent regional economic sectors. The DIIM can be used as an optimization 

tool by minimizing multiple objectives (e.g., inoperability and economic loss).Previous 

works on the DIIM (e.g., Lian and Haimes, 2006; Orsi and Santos, 2010; Barker and 

Santos, 2010) provide the details of the model derivations and applications. 

2.2  Data Sources and Descriptions 

The primary sources that were used in this research are as shown below: 

• The Bureau of Economic Analysis (BEA) 

• Post-hurricane workforce recovery Data (FDEL). 

The name, description and source of the data are described in Table 1. 
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Table 1 Description of the Data 

Name Description Source 
Industry 
Sector 
Classification  

Industry sectors are defined and coded according 
to the North American Classification system 
(NAICS). Table 2 contains the 65 industry sectors 
classified under the NAICS scheme to be 
discussed in this research. 

US Bureau of Economic 
Analysis  
The 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 of 
change in the demand for each sector. This data is 
represented by the matrix R7 S �T�� in I-O 
modeling (see Table 3). 

US Bureau of Economic 
Analysis (2009) 
www.bea.gov/ 

 
Final Demand 
(Gross 
Domestic 
Product) 

Final demand is the market value of all the goods 
and services produced for the consumption of 
final users within an economic region for a given 
period of time. 
GDP is measure of performance of the economy. 
Final demand components include private 
consumption (household), private investment, 
government spending, and exports. 

US Bureau of Economic 
Analysis (2009) 
www.bea.gov/ 

Industry 
Sector Gross 
Output  

This data (denoted by the vector (�) represents the 
total gross output production (or sales) of industry 
sectors. Gross output represents the sum of 
intermediate and final demands. It can also be 
computed as the product of the Industry-by-
Industry Total Requirements and Final Demand. 

US Bureau of Economic 
Analysis (2009) 
www.bea.gov/ 

Local Area 
Personal 
Income 
(LAPI) 

This data represents the income received by all 
persons living in an economic region. 

US Bureau of Economic 
Analysis (2009) 
www.bea.gov/ 

Workforce 
Count per 
Sector 

This data set provides information regarding the 
number of total full-time and part-time 
employment by industry.  This data helps in 
identifying industry sectors that are relatively 
more dependent on workforce. Fig. 3 shows the 
breakdown of workforce per industry sector.  

US Bureau of Economic 
Analysis (2009) 
www.bea.gov/ 

Workforce 
recovery data 

This data set provides estimates regarding number 
of days required by workforce industry sector to 
fully recover to their normal business operations. 

Survey data on full day 
equivalents lost (FDEL) 
(Burrus et al. , 2002) 

 

2.2.2 The Bureau of Economic Analysis Data 

The BEA of the U.S. Department of Commerce publishes economic I-O accounts 

for various economic sectors in the U.S. economy (BEA). The BEA reports national 
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economic data in series of comprehensive tables, which show the production output and 

consumption data associated with various Industry sectors, coded according to the 

NAICS.   

The economic I-O accounts can be used in interdependency analysis of industry 

sectors within an economic region (Lawson, 1997). One significant advantage of 

deploying the I-O models for regional interdependency analysis is the capability to 

leverage databases provided by the Bureau of Economic Analysis (BEA). Various 

applications of the I-O accounts can be found in Lawson (1997). The primary economic 

data sources used in this research for interdependency analysis are mainly obtained from 

the BEA. 

In the basic Leontief model, a regional economy is considered to be comprised of 

different industry sectors. The output produced by an industry sector is consumed as an 

input by other industry sectors or as final demands. The BEA publishes the make and use 

matrices to track the inputs and outputs associated with different industry and commodity 

sectors (Lawson, 1997). 

2.2.2 Industry Sector Definitions 

This dissertation research utilizes the industry classification system called North 

American Industry Classification (NAICS) to assemble the data collection methodology. 

NAICS is a replacement to the Standard Industrial Classification (SIC) system (Kort, 

2001). NAICS is a harmonized industry classification system, which groups business 

establishments into industries on the basis of their business production activities (Bureau 

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

industry basis (Kort, 2001).  

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

O accounts (industry estimates) on the basis of NAICS. In this research workforce and 

industry sectors recovery parameters are coded by NAICS. The table below enumerates 

the 65 sectors as classified within the Regional Industry Multiplier System (RIMS II).  

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 Oil 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

S11 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 S54 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 of the technical coefficients is 

denoted by A. The elements of the A matrix has technical coefficients ��� that would 

represent the input requirements of sector j from sector �, normalized with respect to the 

total production requirements of sector +. 
BEA publishes a series of annual Industry-by-Industry Total Requirements Table 

(Appendix A), which can be used to generate the Leontief technical coefficient matrix A. 

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

represents R7 S �T_� and, from which the A matrix can be directly generated.  

Table 3 depicts Industry-by Industry total requirements table provided by the 

BEA. Consider the term at the intersection of the 2nd row and first column, which is 

0.0667. This value can be interpreted as follows: if there is a $1 demand increase for 

Farms sector (Column 1) then there will be $0.0667 increase in the production (output) 

of Forestry, fishing, and related activities sector (Row 2). 

The column sum of Table 3 represents total output multiplier for a sector. For 

example, Sector 1 has a total output multiplier of 2.3228 and this value represents the 

total change in the production output of all economic sectors for every $1 change in the 

demand for Sector 1. The total output multipliers metric is useful as it helps in identifying 

the key sectors based on the magnitude of final demand impacts on the production output 

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

Industry  Description 1 2 W 65 

1 Farms 1.2043 0.0234 W 0.0886 

2 Forestry, fishing, and related activities 0.0667 1.1462 W 0.0067 

X X X X Y X 
65 State and local government enterprises 0.00764 0.0024 W 1.0187 

 Total output multiplier 2.3228 1.6708 W 2.1118 

 

2.2.4 Technical Coefficient Matrix 

Technical Coefficient matrix A (see Appendix B) can be generated from industry 

by industry total requirement table through matrix manipulation. The terms ���  in 

technical coefficient matrix represent the direct input of sector i for every unit of the 

output produced by sector j. For example (see Table 4), consider the value 0.0470 at the 

intersection of the 2nd row and 1st column. This value can be interpreted as follows: the 

Farms sector (Column 2) requires $0.0470 of goods from Forestry, fishing, and related 

activities sector (Row 2) in order to produce $1 worth of its output. Alternatively, it can 

be stated that 4.7% of the production requirements of the Farms sector is contributed by 

the Forestry, fishing, and related activities sector. 

Table 4. US Technical Coefficient Matrix 

Industry Description 1 2 W 65 

1 Farms 0.1501 0.0145 W 0.0000 

2 Forestry, fishing, and related activities 0.0470 0.1254 W 0.0000 

X X X X Y X 
 
65 

State and local government enterprises 
 
0.0035 

 
0.0005 

 W 
0.0150 
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2.2.5 Inoperability interdependency matrix 

The inoperability interdependency matrix is denoted by Z�  in the Inoperability 

Input-Output Model (IIM) and the Dynamic Inoperability Input-output Model (DIIM). 

The Z� matrix represents the degree of coupling across industry sectors.  

Once the A matrix for a region is established, the inoperability interdependency 

matrix for a region denoted by Z	
���
�[�  can be obtained from A matrix by using the 

formulation given in equation 3. 

Table 5 presents Inoperability interdependency matrix that is generated using 

technical coefficients matrix and gross output published by the BEA. For every value of 

inoperability imposed by a disaster to column 1 industry sector, 1.88% is contributed by 

sector 1 and 4.21% is contributed by sector 2 and so on (Note that the inoperability 

interdependency matrix is represented by the notation Z�  in the IIM and DIIM 

formulation). 

Table 5. US Inoperability interdependency Matrix 

Industry  Description 1 2 W 65 

1 Farms 0.0188 0.0009 W 0.0000 

2 Forestry, fishing, and related activities 0.0421 0.0571 W 0.0000 X X X X Y X 
65 State and local government enterprises 0.0002 0.0000 W 0.0133 

 

2.2.6 Resilience Matrix 

In the Dynamic Inoperability Input–output Model (DIIM), resilience matrix is 

denoted by K . The ��,  diagonal element in the resilience matrix is denoted by \�  that 

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

recovery. 

Let �� be the length of time required by ��,  industry sector to recover from its 

initial inoperability level ]�2^5>0 to an acceptable inoperability level ]�2��5. Hence, the 

recovery parameter (\� ) only depends on the initial condition (t=0) and a terminal 

condition (t=T). Note also that it is assumed that recovery is achieved when ]�2�5 has 

reached a negligible level relative to the initial inoperability ]�205 (e.g., 1% of the initial 

magnitude). Hence, the model in equation 6 depends primarily on the assessment of the 

initial inoperability ]�205, which will be the subject of subsequent discussions. In case 

studies, we assumed the T to be 30 days, which is in similar to the recovery duration of 

Hurricane Isabel. The resilience coefficient of that particular industry sector is calculated 

as follows (Lian and Haimes, 2006): 

\�= 

`a R b@2�5 b@2c@5F T
c@ 2���@@� 5           (8) 

Where the term ln R]�2^5 ]�2��5F T  is called recovery constant and it determines the 

recovery rate, the term ����  denotes the ��, diagonal element in Z� matrix and while the 

term (1-���� ) shows how much an industry sector is dependent (i.e., self-reliant) on itself. 

A higher value of the recovery constant implies self-reliance and further implies the 

ability of a sector to recover faster (Lian and Haimes, 2006; Santos and Orsi, 2010). 

Generally, economic resilience describes the ability of a system (industry sector) 

to absorb the damage shocks (losses) (Holling 1973; Perrings, 2001). Resilience is 

measured in the context of recovery period by an industry sector to recover to its pre-
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disaster production level. Increasing the resilience of an industry sector will result in 

faster recovery process and relatively less economic losses. The Resilience coefficient e� 
of an industry sector can be controlled and improved with proper risk management 

strategies. The resilience of an industry sector can be improved via a number of strategies 

(Rose and Liao, 2005): 

• expediting the recovery of the affected industry sector production processes; 

• utilizing an existing back-up for continuous operation of production processes; 

• additional inventories to be utilized in supply shortages; 

• using other alternatives inputs, the objective is to make-up for scarce inputs 

during a disaster; or 

• moving production processes facilities to other locations. 

2.2.7 Workforce Recovery Survey Data 

Typically, the economic losses associated with disasters are estimated by 

hypothetical simulations due to lack of data. A detailed survey was conducted by Burrus 

et al. (2002) called full day equivalents lost (FDEL) data survey to address this lack of 

data issue. The comprehensive FDEL data survey provides information regarding 

estimates of the number of days required by each industry sector to recover fully to their 

normal business operations after being disrupted by disasters of various intensities.  

The industry sectors mentioned in their survey are similar to the industry sectors 

classified in this dissertation research. In particular, this research utilizes the complete 

empirical FDEL survey data set to predict the economic effects of reduced workforce on 

the production of industry sectors.   
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The economic losses given in the tables are calculated using detailed survey data 

based on the Burrus et al. (2002). In particular, the FDEL survey data sets were directly 

requested from the authors. The complete FDEL spreadsheet was sent by one of the co-

authors via e-mail, which will be used in the proposed hurricane case studies (see 

Appendix C). Table 6 presents a portion of the conducted survey data describing business 

days lost by workforce sectors during various hurricane intensities. 

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

IMPLAN Sector Name Bertha Fran Bonnie 

480 Electrical Repair Service 1.00 42.50 4.00 

462 Real Estate 10.74 11.72 8.24 

455 Miscellaneous Retail 8.02 14.27 4.19 

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 by natural disasters can cause 

significant production loss to industry sectors (Webb et al., 2000). West and Lenze 

(1994) pointed out that most studies regarding natural disaster economic impact analysis 

deployed “hypothetical simulations” due to unavailability of related data for the specific 

disruptive event. Business interruption loss estimation caused by natural disasters is 

complex. For hurricanes, this complexity is further exacerbated by limited data pertaining 
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to direct and indirect business economic impacts (NRC, 1999). Burrus et al. (2002) 

conducted a detailed survey to address the lack of industry-specific data for assessing 

economic losses associated with hurricanes of various intensities. In this survey, a new 

recovery function full-day equivalents lost (FDEL) was introduced, which refers to the 

number of days required by each industry sector to recover fully to their normal business 

operations, after disrupted by a hurricane. The formulation of the FDEL is as follows 

(Burrus et al., 2002): 

FDELj # 21.25 S P�5. D�,� % ∑ 21.25 S P�5opqr . max 20, D�,� S D�,���5  (8) 

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

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

by a specific workforce sector �, to reach the percentage of the normal operations ��. 

2.4 Dynamic Cross Prioritization Plot (DCPP) 

Santos (2006) developed a methodology to integrate the inoperability and 

economic loss metrics to explore policy insights offered by the DIIM analysis. Typically, 

these two metrics generate different rankings for the affected interdependent systems; 

hence, both metrics should be considered in identifying and prioritizing the critical 

systems. 

Gokey et al. (2009) developed a detailed prioritization methodology to aid 

policymakers of the Virginia Department of Transportation (VDOT) in resource 

allocation process pertaining to bridge maintenance. The critical bridges were highlighted 

and ranked on the basis of two attributes, economic value and maintenance. Since these 

attributes are both important, a visual tool called the Cross Prioritization Plot (CPP) was 
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developed to integrate the economic and maintenance metrics. The CPP tool combines 

the economic value and maintenance metrics into a scatter plot in such a way that the x-

axis depicts the ranking of bridges according to the maintenance metric while the y-axis 

shows the bridge rankings based on the economic value metric. The points closest to the 

origin in the scatter plot deserve more attention with respect to prioritization. 

Resurreccion and Santos (2011) extended the CPP tool and developed a dynamic cross 

prioritization plot (DCPP) tool by utilizing the Dynamic Inoperability Input-output Model 

(DIIM). They discussed the DCPP prioritization methodology in the context of 

identifying critical industry sectors of Virginia with respect to inventory management for 

hurricane preparedness.  

Similarly, in this research key industry sectors of Virginia disrupted by workforce 

absenteeism triggered by a hurricane will be identified for optimal resource allocation 

based on the two previously identified metrics: the inoperability and economic loss. In 

particular, we are interested to investigate the extent to which variations in the values of 

these metrics can affect the identification and prioritization of the critical sectors. In this 

research, a prioritization methodology will build on the visualization tool developed by 

Resurreccion and Santos (2011). 

2.5 Statistical Dependence 

Events are said to be dependent if the occurrence of one event influences the 

occurrence of other events. The concept of dependence is believed to be introduced by K 

Pearson (Mari and Kotz, 2001). Furthermore, C. Giniand and M. Frencher provided 

significant contributions in introducing and disseminating the concept of dependence 
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analysis (Mari and Kotz, 2001). Mari and Kotz (2001) discussed concepts of statistical 

dependence in detail.   

Statistical dependence is a widely recognized concept and has continued to 

become a widely used method in the domain of probability and statistics. Applications of 

dependence modeling have also proven useful in other related fields such as project risk 

analysis (van Dorp and Duffey, 1999; Duffey and van Dorp, 1999; van Dorp, 2003; van 

Dorp, 2004), data security (Muralidhar and Sarathy, 2012), decision analysis 

(Venkataramani and Kumar, 2006; Clemen and Reilly, 1999), risk modeling (Haug et al., 

2011), and finance (Härdle et al., 2002; Domma et al., 2008), among others. However, 

literature regarding the statistical dependence concept in economic loss estimation caused 

by disasters is relatively underdeveloped. 

2.5.1 Copulas in Dependence Modeling 

Bivariate distribution is the joint probability distribution of two random variables. 

Copulas are joint distributions with uniform marginals on the unit interval (Genest and 

Mackay, 1986; Nelson, 2006; Balakrishnan and Lai, 2009). Any bivariate distribution can 

be transformed using its own cumulative distribution functions to obtain a copula (Sklar, 

1959; Genest and Mackay; 1986). A copula filters out the marginal distribution 

information and captures the dependence information between random variables (Kotz 

and van Dorp, 2010).  

The paper by Hutchinson and Lai (1990) constitutes one of the early works that 

contributed significantly in disseminating the concept and application of copulas. 

Pertinent literature is available about construction, derivation and properties of various 

copulas (Cooke and Waij, 1986; Nelsen, 2006; Mari and Kotz, 2001). Copulas have 
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become useful in modeling the dependence amongst variables (Haug et. al., 2011). One 

notable advantage of using the copula approach in statistical dependence modeling is that 

it decomposes a joint distribution by separately modeling uncertainty through marginal 

distributions and describing the dependence between the variables (Kotz and van Dorp, 

2010). Recent methodological developments in the area of copulas have seen a growing 

trend in recent years, particularly in finance and insurance related applications (Cherubini 

et al., 2004).  
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CHAPTER 3 

RESEARCH METHODOLOGY 

 
This chapter starts with the discussion of the process of translating workforce 

absenteeism into production losses, noting that workforce absenteeism can affect the 

quality and availability of products and services provided by the industry sectors. The 

primary data sources and data collection requirements essential in conducting the 

workforce statistical analysis are summarized. The second part of the chapter summarizes 

a risk-based methodology developed and deployed in this research for identifying critical 

systems on the basis of the inoperability and economic loss metrics. The methodology is 

guided by the integrated concepts of risk assessment and management to address several 

risk analysis issues. The last part of the chapter discusses the incorporation of statistical 

dependence into a dynamic recovery model that computes for the direct and indirect 

economic losses at each time increment within the recovery horizon. 

3.1  Conceptualization of the Research Methodology 

This research methodology is driven by the integration of the three research 

contribution as summarized in Fig. 2. Research contribution 1 involves formulation of 

workforce perturbation models to quantify economic losses caused specifically by 

workforce disruptions in the aftermath of hurricanes. Research contribution 2 involves 

development of a risk-based framework to decompose the risk assessment and risk 

management questions pertaining to hurricane scenarios. Research contribution 2 

provides a more solid linkage between research contributions 1 and 3. The case study and 
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prioritization results (within research contribution 2) were primarily designed as 

motivated by the three questions of risk assessment and the three questions of the risk 

management that guided the design of the research methodology. Research contribution 3 

involves the development of a probability model to account for workforce recovery 

duration uncertainties. The workforce recovery durations obtained from this model serve 

as one of the input parameters to the workforce based DIIM.  In the extended DIIM 

workforce disruption assessment is a critical piece of the model. Indeed, such changes in 

the assumed workforce disruption values create significant impacts on the inoperability 

and economic loss ranges. 

 

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

Workforce unavailability in the aftermath of a hurricane can degrade productivity 

of industry sectors within an economic region. Reduced workforce levels after a 

hurricane will lead to higher inoperability and result in regional economic losses. 

Workforce availability and mobility is critical in disruptive events like hurricane, as most 

of the industry sectors are workforce-dependent. Workforce disruptions will cause direct 

economic loss to industry sectors. Today, industry sectors are highly interdependent and 

due to the ripple effects caused by disruptive events, almost every industry sector within 

the region will be affected. Furthermore, industry sectors which are relatively less 

workforce-reliant can also suffer significant losses due to those interdependencies. As 

workforce perturbations constitute significant portion of economic loss, it is essential to 

perform workforce statistical analysis to estimate the degree a particular industry sector is 

dependent on its manpower. 

To this aim, employment statistics for each industry sector for the State of 

Virginia were gathered using the data published by BEA regional economic accounts (see 

Appendix D). The first step in the workforce statistics analysis is to determine the total 

workforce count throughout the economic region (state of Virginia). The second step is to 

determine the workforce percentage distribution of each industry sector. This workforce 

breakdown per sector will help in identifying those industry sectors with largest critical 

workforce ratios. Fig. 3 depicts the number of workforce per sector and also their 

corresponding percentage values.  

 



37 
 

 
 

Fig. 3. Virginia workforce distribution per industr y sector 
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sectors will cause indirect impacts in the production of other industry sectors. Hence, the 
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Arnold et al., (2006) achieved this by assessing workforce productivity. Nevertheless, the 

data utilized in their estimation is only applicable for relatively much smaller set of 

sectors compare to the 65 sectors in the Regional I-O Multiplier System II (RIMS II) 

sector classification system defined in this research. The RIMS II Division of the U.S. 

Department of Commerce provides the estimates of input-output regional multipliers for 

various geographical resolutions (metropolitan statistical areas, states, and counties) 

(Santos and Haimes, 2004). Hence, we will use a new approach to predict workforce 

contribution factor for every industry sector. Workforce perturbation elements can be 

assessed to determine inoperability across all sectors.  

The effects of reduced workforce availability on the production output of a sector 

can be estimated by computing the ratio between the local area personal income (���7�) 
and the total production output (�� ) of a particular industry sector �. This ratio gives 

information regarding the portion of a sector’s output that is dependent on labor. 

Furthermore, this ratio provides insights on how a regional shock to the general 

workforce can be modeled as inoperability to a particular sector i. Recall in the DIIM 

equation (6) the initial inoperability vector v205, where each element of this vector, 

denoted by ]�205 , corresponds to the inoperability of sector i. A proportionality 

relationship can be established to link sector inoperability ]�205  with the labor 

dependency ratio (���7�/��) as follows (Orsi and Santos, 2010): 

]�205 x <=>?@M@        (9) 

We can rewrite the above relationship by introducing a multiplier, w, to describe 

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

undisrupted state, while a value of 1 refers to the maximum disruption. 

]�205 #  6 <=>?@M@       (10) 

The above formula applies only to the deterministic case. Different disaster 

scenarios will cause the value of w to vary depending upon the disaster’s potency to 

disrupt the general workforce. 

 To model the uncertainty in w, we created a simulation algorithm that utilizes the 

full day equivalents lost (FDEL) data. In Table 7, the resulting data structure from the 

simulation depicts the industry sectors along the rows (� # 1,2, … ,655, and the iterations 

on the columns (+ # 1,2, … ,100005.  

 

Table 7. Data structure of the FDEL simulation results 

 

Hence, the sector inoperability as formulated in the previous equation can be 

indexed in terms of both the sector type i, and iteration j. Furthermore, the notation ]�205 

in the previous deterministic inoperability model is analogous to the notation ]�,�205 

when uncertainty is introduced.  

]205�,� #  � 6 <=>?@M@       (11) 
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For simplicity, the labor dependency ratio (���7�/��) is treated to be invariant of 

the iteration, which seems to be a reasonable assumption (i.e., this ratio measures labor 

productivity, which takes significantly long periods of time to change). On the other 

hand, the multiplier  �  measures the disruption triggered by a disaster on workforce 

availability. For each iteration j, we assume that the workforce disruption,  �, affects the 

general workforce. Hence the subscript only includes the iteration index, j (and not the 

industry sector index, i). Nevertheless, this workforce disruption trickles down across the 

different industry sectors after being multiplied with the labor dependency ratio (���7�/
�� ). Hence, this process creates a sector inoperability that is a function of both the 

industry sector i, as well as the iteration j. 

In order to estimate  �, we utilized the simulated values of FDEL from Table 6. 

Without loss of generality, the notation n in the following equation refers to the total 

number of iterations (i.e, n = 10,000). The workforce disruption ratio is then expressed as 

follows: 

 � # ={
_|}~<N��M��E ∑ |}~<NN �      (12) 

The numerator of the above equation takes the average impact of a disaster on the FDEL 

per iteration. The reasoning behind this is that we initially assume that a disaster will 

affect the general pool of workforce population, and this approach reduces the potential 

biases associated with industry sectors that have either too small or large values of FDEL. 

Also, the averaging process also evens out the effect of diverse workforce distributions 

(i.e., places of residence and work) across a vast region that is affected by a disaster. 

On the other hand, the expression in the denominator is interpreted as the average 

of all the maximum values of FDEL obtained from all n iterations. We specifically chose 
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this measure since simply taking the grand maximum for all iterations makes the 

denominator too large, causing the workforce disruption ratio to be insignificant in many 

iterations. Also, the use of this formula is not uncommon in the literature of statistics of 

extremes. Asbeck and Haimes (1984) refer to this measure as the conditional expected 

value of extremes as used in the context of the partitioned multi-objective risk method 

(PMRM). Furthermore, the expression in the denominator is referred to as Conditional 

Value-at-Risk (CVaR), which has gained popularity in the field of financial risk analysis 

in recent years.  

As the workforce disruption ratio approaches 1, the larger the impact will be on 

the industry sector inoperability. When a disaster has mild consequences, or if 

preparedness actions have been effectively implemented prior to a disaster (e.g., 

evacuation), this ratio will approach 0. This is the ideal case where nearly 100% 

workforce is available to report to work and the subsequent impact on the sector 

inoperability will be negligible. 

Since the workforce perturbations parameters can serve as one of the inputs in the 

extended DIIM, FDEL data serve as one of the parameter to analyze the ripple effects of 

workforce productivity disruptions in the aftermath of hurricanes. This research 

acknowledges the uncertainty in the assessment of expert judgment by utilizing FDEL 

data to account for uncertainty in workforce recovery durations. FDEL data shall be 

modeled as triangular random variable with parameters a, m, b. In table 6, there are 3 

FDEL’s per row sector and we sorted the FDELs per row from lowest to highest. Given a 

triangular distribution with parameters (a, m, b), the sorted FDELs then become a, m, and 

b, respectively. The data provided by Burrus et al. (2002) was conducted for 71 sectors, 
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and we converted it to the 65 sectors as used by BEA. With a few exceptions, these 

sectors align well. There are several literature on sector concordance and aggregation 

techniques that we employed (Miller and Blair, 2009). 

3.3 Risk Analysis 

Lowrance (1976) defines risk as: “measure of the probability and severity of 

adverse effects”. Risk assessment usually starts with defining the system, and involves 

identification of a scenario (e.g., a hurricane event), determination of the event 

probabilities (likelihoods), and estimation of the adverse effects (consequences). Risk 

management, on the other hand, is concerned with the development of alternatives in 

accordance with the event probabilities and consequences, and recommending the Pareto-

optimal solutions to mitigate the risks. 
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Fig. 4. Risk analysis framework to model interdependent workforce disruptions 
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3.3.1 Risk Assessment 

Kaplan and Garrick (1981), identified risk assessment elements as description of a 

scenario, the likelihood of described scenario, and the impacts related to that scenario: 

� # ����, ��, ���� 
Where �  represents risk, ��  represents description of scenario� , ��  is the 

probability of the scenario � and �� is the consequence of the scenario �. For example, a 

sample of the hurricane scenarios implemented in the case study is enumerated in Table 

8.  

Table 8. Hurricane scenarios on the basis of increasing consequences 

 

 

The three questions associated with the concept of risk assessment are provided in 

Fig. 5 (Kaplan and Garrick, 1981). 

  

 

 

 

 

 

Scenario Likelihood  
(Frequency) 

Consequences 

Low-intensity 
hurricane 
Categories (0-2) 

Probability of  
low-intensity 
hurricane 

Economic losses 
caused  by low-
intensity hurricane 

High-intensity 
hurricane 
Categories (3-5) 

Probability of  
high-intensity 
hurricane 

Economic losses 
caused  by high-
intensity hurricane 

What can go wrong? (e.g., a hurricane making a landfall in a 
US region) 

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

What are the consequences? (e.g., infrastructure failures and 
workforce absenteeism leading to economic losses) 

Fig. 5. Risk assessment questions applied to a hurricane scenario 
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Due to the uncertainties that characterize disruptive events, answering the risk 

assessment questions can be challenging. Hence, data collection and expert elicitation 

may be required to comprehensively address the risk assessment questions. 

3.3.2 Risk Management 

On the other hand, risk management uses information established from the risk 

assessment process. According to Haimes (2004), the concept of risk management 

involves attempting to answer the three questions shown in Fig. 6: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Risk assessment and management of disaster consequences are necessary in 

formulating preparedness and recovery policy insights. Each year, the nation is visited by 

multiple disasters with varying regional scope and consequences. Modeling disasters is a 

complex task because of the need for disaster-specific methods and domain-specific areas 

and expertise. Nevertheless, this research develops a risk analysis framework (e.g., see 

What can be done and what options are available? 
(e.g., expediting the recovery processes of critical industry sectors, storing 
inventories of critical industry sectors, backup resources, and enhanced workforce 
mobility during a hurricane) 
 
What are the tradeoffs in terms of all costs, benefits, and risks? 
(e.g., challenges in providing enhanced mobility to workers of critical industry 
sectors during a hurricane, expediting hurricane recovery efforts and managing 
costs associated with those accelerated recovery efforts, governmental/policy-
makers agenda) 
 
What are the impacts of current decisions on future options? 
(e.g., optimal resource allocation and prioritization of critical industry sectors will 
lead to less economic losses) 
 

Fig. 6. Risk assessment questions applied to a hurricane scenario 
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Fig. 4) by encapsulating the six questions of risk assessment and management. The 

developed risk analysis framework is capable of providing decision-making insights for 

resource allocations in the aftermath of hurricanes. Furthermore, a decision analysis tool 

is developed to model hurricanes impacts on workforce productivity by integrating of the 

extended DIIM and post-hurricane workforce sector recovery durations (such as FDEL 

data). The decision analysis tool identifies the critical sectors via the economic loss and 

inoperability metrics. Hence, risk management policies can then be developed for the 

critical sectors that are identified by the decision analysis tool. 

3.4  Incorporating Statistical Dependence in the DIIM 

Recently, Akhtar and Santos (2013) extended the DIIM to assess workforce 

disruption in the aftermath of various hurricane scenarios. They utilized deterministic 

values of hurricane-specific workforce recovery data to create the initial perturbation 

vector. Workforce availability levels vary considerably over time and is influenced by 

many factors, therefore involve a lot of uncertainty. Using deterministic parameters in 

modeling the effects of disasters on interdependent infrastructure and economic systems 

may result in misguided conclusions. To effectively model the effects of disruptive on 

infrastructure and economic systems, it is essential to address uncertainty. However, 

quantifying uncertainties involved in workforce perturbations can be a daunting task. 

Issues pertaining to system complexity, interdependency, and uncertainty pose significant 

challenges on modeling the impacts of workforce disruptions across a regional economy. 

Often, disaster risk analysts are unable to explicitly factor the uncertainty component in 

economic loss estimation due to data constraints. Furthermore, ignoring uncertainties 

associated with workforce recovery durations in quantifying economic loss specifically 



47 
 

caused by workforce disruptions will result in underestimation of risks. Hence, it is 

imperative to develop a risk-based methodology to assess the uncertainties associated 

with time-varying levels of workforce availability. 

This research acknowledges the importance of quantifying the dependence 

between the uncertain recovery durations of various workforce sectors. Statistical 

dependence modeling was implemented to analyze the impacts of workforce disruptions 

and the uncertainties associated with recovery durations of interdependent economic 

sectors. The DIIM was utilized to generate two distinct metrics (or objectives) namely, 

inoperability and economic loss for identifying critical interdependent economic sectors. 

Monte Carlo simulation methods have been previously deployed in the I-O 

analysis of interdependent industry sectors subjected to a disruptive event, which 

involved the specification of various marginal probability distributions only. 

Implementing traditional Monte Carlo simulations can result in serious underestimation 

of total uncertainty in workforce recovery durations. To illustrate the drawback of 

implementing Monte Carlo simulation without dependence, take the case of drawing a 

realization of the workforce recovery duration in a particular industry sector for a low-

intensity hurricane scenario. Suppose that the value of workforce recovery duration for 

this low-intensity scenario is drawn from the upper part of the assumed marginal 

distribution. Next, consider a high-intensity hurricane scenario with a different marginal 

distribution. It is possible that the value of workforce recovery duration forth is high-

intensity scenario is drawn from the lower part. As a result, any cumulative effect of a 

common risk factor will be neglected, resulting in misrepresentation of uncertainty in the 

workforce recovery durations. This may ultimately distort the effects of workforce 
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perturbations on the resulting economic loss estimates. To address this issue, one may 

develop the dependence between uncertain variables using the concept of common risk 

factors (van Dorp, 2003). Hence, to quantify the uncertainties in workforce durations, we 

introduce a statistical dependence model amongst these random variables (workforce 

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

 

3.3.1 Risk Factor for Workforce Sectors 

In the previous section, we revisited the DIIM and introduced the random 

variables to quantify the uncertainty in assessing workforce recovery durations. In this 

section, we discuss the concept of common risk factor that will enable the statistical 

dependence analysis of workforce recovery durations. In subsequent discussions, it is 

important to note that the term “interdependency” should not be confused with the term 

“statistical dependence”. The interdependency in the I-O model corresponds essentially 

to the production relationships among interconnected industry sectors in an economic 

region. On the other hand, the term dependence as used in this section will be interpreted 

in a probabilistic sense, which is typically modeled by assuming some level of 

correlations between the random variables. 

A common risk factor may be viewed as a latent variable that influences uncertain 

attributes (van Dorp, 2003). Typically, common risk factors have different units of 

measurement. Common risk factors are modeled as uniform latent random variables and 

for convenience purposes they are transformed to one scale. The transformed value of a 

common risk factor is bounded between 0 to 1, where 0 corresponds to the lowest risk 

and 1 represents the highest risk associated with that transformed common risk factor.  
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In this research, “��” is used to denote the hurricane intensity and the subscript 

“ �” represents a hurricane category.  It is assumed that hurricane intensity is a random 

variable that follows a uniform distribution [0, 1] having a cumulative distribution 

function F(��). A hypothetical example in a transportation domain would be a hurricane 

of a particular intensity causing a closure of a major highway. This scenario has the 

potential to disrupt workforce availability of the industry sectors whose workforce uses 

that specific highway for commuting purposes. Workforce perturbations in a disruptive 

event like a hurricane can be influenced by various risk factors such as hurricane 

intensity, extent of damage to transportation infrastructures, and other public safety 

concerns. These factors can be identified as common risk factors that may influence the 

uncertainty in levels of workforce availability. However, we primarily use hurricane 

intensity as the common risk factor for simplicity; nevertheless, the methodology 

developed in this research is capable of incorporating additional common risk factors. 

To model uncertainty, we are assuming positive dependence between the 

workforce recovery duration and hurricane intensity as a common risk factor, which is a 

reasonable assumption. Two variables are said to be positively dependent if large values 

of one variable are probabilistically associated with the large values of the other variable 

(Kimeldorp and Sampson, 1989; Lehmann, 1966). For a hurricane that is predicted to 

make a landfall on a populated region, the expected consequences are likely to be higher 

as the intensity of the hurricane increases. Although the intensity level of a hurricane on 

the Saffir-Simpson scale may not directly relate to the impacts of hurricane, it can be 

used as a surrogate variable as there is an assumed correlation 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 impacts analysis can hinder the 

validity of modeling and implementation of effective risk analysis. Galway (2007) 

asserted that elicitation of expert judgment could be utilized for subjective probability 

distributions while describing the reasoning for uncertainty. Furthermore, elicitation of 

expert judgment can help generate the marginal distribution to assess the uncertainty. In 

this research, post-hurricane workforce recovery duration data (i.e., FDEL) serve as the 

parameters to generate the probability distributions of workforce recovery durations for 

various economic sectors. In this research, we will use the standard 65-sector regional 

classification system to enable straightforward comparisons with our earlier deterministic 

hurricane consequence analysis (Akhtar and Santos, 2013). These probability 

distributions will be referred to as marginal distributions in subsequent sections. The 

triangular distribution is used as a marginal distribution to estimate the workforce 

recovery times associated with the disruptions to the industry sector in the aftermath of a 

hurricane. However, the beta or two-sided power distributions can also be utilized to 

obtain the marginal distributions (van Dorp and Kotz, 2002b). Furthermore, the two-sided 

power distribution (TSP) is also included in the spreadsheet-based graphical user 

interface (GUI) to give more flexibility to the analysis. The flexibility of the TSP 

distribution and the intuitiveness of its parameters make 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” is represented by x~ Triangular (a, 

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

f(x) = � r2M��52���52���5 � � � � �,
r2��M52���52���5 � � � � �,�     (13) 

 

Where “a”  denotes the optimistic estimate (lower bound), “m” denotes most likely 

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

The triangular distribution is useful in cases when the actual distribution of a 

random variable is either unknown or challenging to be determined due to data 

availability and collection constraints. The triangular distribution can either be positively 

or negatively skewed and it is unimodal by default (van Dorp and Kotz, 2002a). 

Furthermore, according to Johnson (1997) there is no triangular distribution that can yield 

a uniform, J-shaped and U-shaped forms. The triangular distribution lacks flexibility but 

some analysts prefer it over the Beta distribution in estimating risk-based random 

variables. For example, Johnson (1997) states that a triangular distribution as a good 

alternative to the Beta distribution because of its relative simplicity. Triangular 

distributions have been applied to oil exploration, nuclear waste management, and a 

myriad of risk analysis problems (Glickman and Xu, 2008). 

3.3.3.2 Two-Sided Power Distribution 

The two-sided power distribution (TSP) was introduced by van Dorp and Kotz 

(2002a, 2002b). A two-sided power distribution is an extension of the triangular 



52 
 

distribution. The random variable “x” is represented by x~ TSP (a, m, b, n). The formula 

for the probability density function is as follows: 

f(x\a, m, b, n) = � 
��� � M������
�� � � � � �,

��� � ��M����
�� � � � � �,�     (14) 

 

Where � and � are lower and upper limits of the support, m denotes a threshold 

parameter that can influence the change in the form of the probability density function, 

and �  represents the shape parameter. The cumulative distribution (cdf) of a TSP 

distribution can be determined from the pdf and is summarized below: 

��(x|a, m, b, n) = ������� � M������
           � � � � �,
1 S 2���52���5 � ��M����
 � � � � �,�     (15) 

 

The inverse cdf derived in closed form is as follow: 

���� (y|a, m, b, n) = �� % ��2� S �5
��2� S �5,E            �^� 0 � � � ]� S �21 S �52� S �5
��2� S �5,E �^� 0 � � � 1�  (16) 

 

Where q ≡ Pr (X≤ m) = 
������         (17) 

The notation q is interpreted as the relative distance of the mode � to the lower 

limit � over the endpoints of the support [a, b]. Equation 17 reveals that q depends on �, 

� and � 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, which is useful in the Monte Carlo 

simulation process. TSP distribution can be used in risk analysis, simulation, and 

sensitivity analysis studies (Kortz and Van Dorp, 2004).  
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3.3.3 Representing Uncertainty in Workforce Recovery Durations 

Workforce recovery duration is a variable that merits attention in modeling the 

impact of a hurricane on the economic sectors of an affected region. The longer the 

recovery duration is, the greater the risk will be in terms of economic losses, productivity 

degradation, and infrastructure failures. We posit that the uncertainty in workforce 

recovery duration should not be simply modeled by independently specifying a marginal 

distribution for each industry sector. Hence, to implement the statistical dependence 

model, and to define uncertainties in workforce perturbations, it is essential to set up a 

multivariate distribution between hurricane intensity and workforce recovery durations.  

 

 

 

Fig. 7. Dependence diagram example for hurricane scenario 

Fig. 7 presents a probability model that depicts the linkage of hurricane intensity 

“��” to the recovery time “��” required by workforce sector � after being affected by a 
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joint distribution (multivariate distribution) between ��  and �� . Note that the marginal 

distributions for all ��, �= 1,2,…,65, are to be pre-specified by the analyst. With specified 

marginal distributions, the copula approach is a method that can be used to model the 

bivariate distributions between the random variable and risk factor (Genest and Mackay, 

1986; Nelsen, 2006). Hence, the joint distribution between �� and �� is obtained through 

its associated copula.  

Hurricane intensity is a latent uniform [0, 1] random variable H where H =0 

(H=1) models low (high) intensity and values in between represent intermediate intensity 

levels. Random variables ��  in the Fig. 7 are the sector triangular random variables 

modeling workforce recovery durations (FDEL) uncertainty. Each arc between the 

random variable tuples (��,�� ) describes the dependence between hurricane intensity and 

a sector’s workforce recovery duration (FDEL). The degree of dependence between 

hurricane intensity and workforce recovery durations of a sector is specified by the 

conditional probability as given below: 

!� # Pr2�� � ��02��5|�� � 0.55     (18) 

The conditional probability !� describes the probability that a sectors FDEL is 

above its median value given that the hurricanes intensity will be above its median value. 

Thus, when !� = 0.5, hurricane intensity does not affect a sector’s FDEL (the 

independence case). On the other hand, when !�  = 1, hurricane intensity determines 

completely a sector’s FDEL (the complete dependence case). For intermediate values of 

!� ∈ (0.5, 1) an intermediate degree of dependence is specified. Since no information is 

available on the degree of dependence we select !�  = 0.75 for all industry sectors. A 

graphical user interface (GUI) feature is provided in the decision support tool of the 
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dependence model, which will allow analysts to specify the degree of dependence. To 

complete the probability model specification in Fig. 7 a bivariate distribution (��,��  ) 
needs to be specified with degree of dependence !�, since the model in Fig. 7 assumes 

conditional independence of the random variables !� given hurricane intensity ��. Herein 

we shall use the Generalized Diagonal Band copula with two-sided power generating 

densities (GDB-TSP) function, as the cumulative distribution function and density 

function are in the closed forms and the sampling from (GDB-TSP) copula is 

straightforward. GDB-TSP copula is a sub-family of GDB copulae, which was 

introduced by Cooke and Waij (1986). Kotz and van Dorp (2010) discussed sampling and 

other details of GDB copulae with TS generating densities in detail.  

 

3.3.4 Integrated Methodology 

As described in previous sections, this research builds on the DIIM and develops 

a statistical dependence model to relate workforce recovery durations with hurricane 

intensity. The workforce recovery duration estimates obtained from the hurricane 

statistical dependence modeling tool are then entered into the DIIM to subsequently 

quantify the economic loss due to hurricane-induced workforce disruptions. Fig. 8 depicts 

the integration of various supporting modules that serve as the conceptual framework for 

this research.  



56 
 

 

Fig. 8. Framework for assessing hurricane-induced workforce losses 

The framework presented in Fig. 8 encompasses the integration of several 

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

economic outputs of each sector, production input requirements from workforce, and 

surveys on disaster consequences, among others. Second, the uncertainty analysis module 

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

computations needed to relate workforce recovery with hurricane intensity. Third, a 
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decision support system was developed in this research to integrate the data, 

mathematical formulations, and user inputs. The fourth module labeled as case study 

enables the user to create various scenarios for detailed analysis. Finally, the fifth module 

on prioritization is directly tied with the case study scenario, enabling the ranking and 

visualization of the critical sectors on the basis of the 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 published by the Bureau of Economic 

Analysis (BEA) and post-hurricane workforce sector recovery surveys) serve as inputs in 

the extended DIIM, to estimate the impacts of hurricane scenario on regional workforce 

sectors. This chapter presents the preliminary case study and prioritizations results for 

low-and high-intensity hurricane scenarios. This chapter then culminates with the 

discussion of utilization of the dynamic cross prioritization plot (DCPP) in the decision 

analysis methodology.  

4.1  Preliminary Case Study Results 

This section discusses the use of hurricane recovery data, along with regional 

economic data gathered from the Bureau of Economic Analysis (BEA), to support the 

implementation of the workforce recovery modeling in the extended DIIM. The extended 

DIIM is specifically applied in estimating the impacts of various hurricane scenarios on 

workforce recovery for the state of Virginia.  

Pertinent literature is available about hurricane intensities and consequences. 

Blake et al. (2005) provided a comprehensive list of devastating hurricanes on basis of 

economic losses and human fatalities. A case in point, according to Lin et al. (2010) 

hurricane Isabel struck North Carolina on September 18, 2003. Hurricane Isabel was 

classified as a category 2 storm in the Saffir-Simpson scale. Hurricane Isabel produced 

economic losses greater than $ 3.3 billion and a death toll of 17 lives. Hurricane Isabel 
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caused considerable impact to the regions in northeastern North Carolina and east central 

Virginia.  

The HAZUS-MH software tool was released by the US Federal Emergency 

Management Agency (FEMA), to estimate the impacts of disasters like earthquakes, 

hurricanes and floods (Schneider, 2006; Remo and Pinter, 2012; Bond et al., 2007) used 

HAZUS-MH to estimate the return period of low intensity hurricanes. Burrus et al. 

(2002) discussed the importance of decomposing the categories of hurricane scenarios in 

loss estimation models (i.e., different combinations of frequency and intensity). This 

chapter focuses on two hurricane scenarios (low- and high-intensity) in the state of 

Virginia by utilizing workforce survey data from Burrus et al. (2002). The assumption is 

that the previously conducted survey data by the Burrus et al. (2002) is applicable in the 

current case studies for the Commonwealth of Virginia. The detailed results of both 

hurricane scenarios and comparison on the basis of their total cumulative economic loss 

and inoperability levels will be shown in next sections. The objective of the case study is 

to manage impacts of various hurricane scenarios in Virginia by integrating available 

regional economic and workforce survey data.  

4.1.1 Scenario 1: Low-Intensity Hurricane 

In this research, a low-intensity hurricane scenario exhibits the following 

characteristics: 

• Higher striking frequency, but with relatively lower consequences, 

• Includes categories 1-2 on Saffir-Simpson Scale (with wind speeds of 74- 110 

mph), 

• Faster recovery (lower inoperability) and relatively smaller economic losses.  



60 
 

The first scenario looks at the perturbation effects to the industry sectors caused 

by a low-intensity hurricane scenario. Fig. 9 and Fig. 10 show the recovery trajectories 

for critical sectors separately assessed using the economic loss and inoperability metrics. 

Fig. 9 shows the top ten industry sectors in terms of highest cumulative economic loss. 

The alphanumeric codes for each of the critical sectors are enclosed in parentheses as 

follows : 1) Miscellaneous professional, scientific, and technical services (S49); 2) 

Federal general government (S62); 3) State and local government enterprises (S65); 4) 

Construction (S7); 5) Administrative and support services (S51); 6) Federal government 

enterprises (S63); 7) Computer systems design and related services (S48); 8) Federal 

Reserve banks, credit intermediation, and related activities (S41); 9) Retail trade (S28); 

and 10) Real estate (S45). These top ten sectors pointed out are relatively more labor-

dependent compared to the other industry sectors. The total expected cumulative 

economic loss for a low-intensity hurricane is approximately $410.13 million (0.10% of 

GDP). An interesting behavior of the recovery graph in Fig. 9 is that the recovery plots of 

industry sectors flatten within 4 days for a low-intensity hurricane scenario. On the other 

hand, Fig. 10 shows the top ten industry sectors in terms of the inoperability metric for a 

low-intensity hurricane: 1) Social assistance (S56); 2) Hospitals and nursing and 

residential care facilities (S55); 3) Educational services (S53); 4) Federal government 

enterprises (S63); 5) Federal general government (S62); 6) Ambulatory health care 

services (S54); 7) State and local general government (S64);  8) State and local 

government enterprises (S65); 9) Other services, except government (S61);  and 10) 

Computer and electronic products (S13). The rankings of industry sectors are different 

for economic loss and inoperability. 
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Fig. 9. Top ten industry sectors with highest economic loss (low-intensity) 

 

 

 

Fig. 10. Top ten industry sectors with highest inoperability (low-intensity) 

Note that the top ten sectors in terms of inoperability account for only 28.8% of 

the total regional losses. In contrast, the top ten sectors in terms of economic loss metric 
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account for 52.5% of the total regional losses. The inoperability metric identifies the 

critical sectors not necessarily on the basis of the monetary worth of the economic loss, 

but rather on the ‘normalized’ loss of each sector as a proportion of its total production 

output. Fig. 10 demonstrates that peak inoperability levels for the top ten sectors ranges 

between 14% to 32% but the inoperability level drops to 5% within two days for all 

industry sectors reflecting availability of returning workforce. All industry sectors 

recover to 1% of inoperability within 4 to 5 days. Fig. 9 and Fig. 10 reveal that only three 

industry sectors both appeared in the top ten rankings for both cumulative economic loss 

and inoperability. These sectors are Federal government enterprises (S63), Federal 

general government (S62), and State and local government enterprises (S65). Note that 

the Miscellaneous professional, scientific, and technical services sector (S49) suffered 

significantly more than any other sectors as indicated in Fig. 9; nevertheless, this sector 

does not appear in the top 10 rankings of critical sectors based on the inoperability 

metric. 

Since the resulting economic loss and inoperability rankings are different, Table 9 and 

Table 10 provide additional information regarding the rankings of the critical industry 

sectors. Table 9 shows the rankings of the top ten industry sectors based on the economic 

loss metric, with side-by-side comparisons with how these sectors rank according to the 

inoperability metric. On the other hand, Table 10 shows the rankings of the top ten 

industry sectors based on the inoperability metric, with side-by-side comparisons with 

how these sectors rank according to the economic loss metric. Tables 9 and Table 10 

reveal that a particular industry sector with a high inoperability value does not necessarily 

have a high economic loss, or vice versa. Decisions regarding disaster management 
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typically focus on the economic loss minimization. The advantage of using the workforce 

recovery model is to identify other considerations beyond monetary objectives.  

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

 

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

 

4.1.2 Scenario 2: High-Intensity Hurricane 

In this research, a high-intensity hurricane scenario exhibits the following 

characteristics: 

• Lower striking frequency, but with relatively higher consequences, 

Sector  Name  Economic Loss                 Inoperability 
Rank     Value ($M5               Rank     Value (10S3) 

S49 Misc. Services 1 43.90 18 2.92 
S62 Federal general Govt. 2 23.85 5 3.42 
S65 State and local Govt. enterprises 3 22.94 8 3.25 
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 
S48 Computer systems design  7 17.95 12 3.18 
S41 Federal Reserve banks 8 17.18 59 1.73 
S28 Retail trade 9 16.52 34 2.57 
S45 Real estate 10 15.62 64 0.83 

 

Sector  Name  Inoperability                 Economic Loss 
Rank     Value (10S35    Rank          Value($M) 

S56 Social assistance 1 3.83 34 02.01 
S55 Hospitals and nursing and residential  2 3.65 17 08.83 
S53 Educational services 3 3.59 25 03.66 
S63 Federal government enterprises 4 3.48 6 18.13 
S62 Federal general government 5 3.42 2 23.85 
S54 Ambulatory health care services 6 3.41 15 11.31 
S64 State and local general government 7 3.30 16 09.50 
S65 State and local Govt. enterprises 8 3.25 3 22.94 
S61 Other services, except Govt. 9 3.24 11 14.84 
S13 Computer and electronic products 10 3.28 28 03.28 
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• Includes categories 3-5 on Saffir-Simpson Scale (with wind speeds of 111- 155+ 

mph), 

• Slower recovery (higher inoperability) and relatively larger economic losses.  

The second scenario looks at the perturbation effects to the industry sectors 

caused by a high-intensity hurricane scenario. Fig. 11 shows the top ten industry sectors 

ranked on the basis of the highest cumulative economic loss. The slopes of the curves 

reveal recovery after the first 10 days as depicted in Fig. 11. The total simulated 

economic loss to all65 industry sectors is $6,777.23M (1.69% of GDP), which is about 

16.5 times more than the low-intensity hurricane scenario. Of this total amount, the top 

ten industry sectors suffered $3,558.55M over the recovery period. The most affected 

sector, Miscellaneous professional, scientific, and technical services sector (S49), suffers 

around $725 million economic loss which is approximately 10.7% of the total economic 

loss of all industry sectors. 

 

 
Fig. 11. Top ten industry sectors with highest economic loss (high-intensity) 
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Fig. 12 depicts top ten industry sectors on the basis of inoperability metric. The 

inoperability level for the high-intensity hurricane scenario has a peak value of 97% 

inoperability for the most impacted industry sector. Peak inoperability levels for the top 

ten sectors are between 78% to 97% but the inoperability level drops to 20% within ten 

days for all industry sectors due to improvements in workforce recovery. All industry 

sectors recover to 1% of inoperability within 28 days.  

 

 

 

Fig. 12. Top ten industry sectors with highest inoperability (high-intensity) 

In Table 11, the industry sectors are ranked primarily on the basis of the economic 

loss metric. Columns 5 and 6 represent the corresponding inoperability rank and 

associated value of the top ten industry sectors ranked primarily on the basis of the 

economic loss metric. In contrast, the industry sectors in Table 12 are ranked primarily on 

the basis of the inoperability metric, while the additional columns 5 and 6 show the 

corresponding economic loss rank and economic loss in $ associated with the top ten 

industry sectors ranked primarily on the basis of the inoperability metric.  
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The major difference between the low-and high-intensity hurricane scenarios can 

be attributed to the magnitudes of inoperability values describing the degree in which the 

production capacity of the industry sectors are disrupted. By the same token, the overall 

simulated economic losses are also significantly different due to a correlation between 

workforce availability and hurricane intensity. A comparison of the two scenarios is 

shown in Table 13. 

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

 

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

 

Sector  Name  Economic Loss                 Inoperability  

Rank     Value ($M5           Rank         Value (10S2) 
S49 Misc. Services 1 725.48 18 4.84 
S62 Federal general Govt. 2 394.24 5 5.65 
S65 State and local Govt. enterprises 3 379.17 8 5.38 
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 
S48 Computer systems design 7 296.67 12 5.27 
S41 Federal Reserve banks 8 284.00 59 2.87 
S28 Retail trade 9 273.12 34 4.26 
S45 Real estate 10 258.13 64 1.37 

 

Sector  Name  Inoperability                 Economic Loss 
Rank     Value (10S25      Rank        Value($M) 

S56 Social assistance 1 6.33 34 33.24 
S55 Hospitals and nursing and residential  2 6.04 17 145.94 
S53 Educational services 3 5.94 25 60.64 
S63 Federal government enterprises 4 5.76 6 299.69 
S62 Federal general government 5 5.65 2 394.24 
S54 Ambulatory health care services 6 5.64 15 186.90 
S64 State and local general government 7 5.46 16 157.03 
S65 State and local Govt. enterprises 8 5.38 3 379.17 
S61 Other services, except Govt. 9 5.36 11 245.25 
S13 Computer and electronic products 10 5.34 28 054.29 
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Table 13. Summary of economic loss and inoperability for low- and high-intensity  

Intensity Economic Loss 
($M) 

Average Inoperability 
Value (10��) 

Low 410 
 

2.55 

High 6,777 
 

42.17 
 

 

4.2 Prioritization 

In this research, the dynamic cross prioritization plot (DCPP) is implemented to 

visually identify critical industry sectors from a multi-criteria evaluation analysis point of 

view. The DCPP generates arc orientations in the form of a scatter plot for defining 

prioritization regions to capture critical industry sectors. The DCPP is also flexible and 

can be varied depending on the preference structure (i.e., level of importance) placed by 

the policymakers on the inoperability and economic loss metrics. 

Fig. 13 shows the integration of the inoperability and economic loss rankings into 

a scatter plot with economic loss industry rankings on the x-axis and inoperability 

rankings on the y-axis. It can be seen that each point represents an industry sector and the 

location of the point on the scatter plot determines its level of importance. To illustrate 

the DCPP prioritization, take a simple example of an industry sector which is ranked 

sixth in the economic loss and fourth in the inoperability. This industry sector will be 

located at the coordinate (6, 4) on the DCPP scatter plot shown in Fig. 13. Points that are 

close to the x-axis represent critical industry sectors using the inoperability metric 

minimization objective. Similarly, points that are close to the y-axis represent critical 

industry sectors using the economic loss metric minimization objective. The prioritization 
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region can be determined via a threshold arc (curve) in DCPP tool. This research 

considers 3 regions for prioritization: (i) critical region that equally favors inoperability 

and economic loss reduction; (ii) critical region that gives higher priority to inoperability 

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

Threshold curves in the form of quarter-circles can be utilized in the case when 

the inoperability and economic loss objectives are equally favored. The resulting 

threshold curve will determine a critical region and it will encapsulate the critical 

industry sectors for prioritization. But if one objective is favored over another objective, 

the resulting threshold curves will be represented as elliptical regions. The threshold 

curves shown in Fig. 13 depict the case where both inoperability and economic loss are 

equally favored. Referring again to Fig. 13, varying the radius of the threshold curve will 

affect the number of industry sectors enclosed in the critical region. The radius of a 

threshold curve could represent a budgetary constraint; hence, a larger radius would tend 

to capture a larger set of sectors for prioritization. In addition, the ten industry sectors 

captured by a smaller threshold curve shown in Fig. 13 reflect a reduced set of critical 

industry sectors. Fig. 14 demonstrates the utilization of arc orientations in defining the 

critical region in a case that favors inoperability minimization objective over economic 

loss minimization objective. Fig. 14 reveals that points closer to x-axis are enclosed by 

the threshold ellipse. In this situation, S49 (Miscellaneous professional, scientific, and 

technical services) is captured by the horizontally-oriented ellipse. In contrast, the 

circular curve (threshold curve equally favoring economic loss and inoperability 

reduction) would have excluded S49 for prioritization, despite its highest inoperability 

ranking. 
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Fig. 13. DCPP for critical region with equal preference assumption 

 

Fig. 14. DCPP for critical region with higher preference to inoperability reduction 
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On the other hand, Fig. 15 depicts the use of arc orientation in a case that favors 

economic loss minimization objective over inoperability minimization objective. Fig. 15 

reveals that more points are enclosed by the threshold ellipse and the enclosed points are 

closer to the y-axis. In this situation, S28 (Retail Trade) is captured by the vertically-

oriented ellipse. Nevertheless, S28 would have been excluded from the prioritized critical 

region had a circular curve (threshold curve equally favoring economic loss and 

inoperability reduction) been used. 

 

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 obtained from the deterministic workforce 

I-O model were presented. Building on the previous chapter’s results, Chapter 5 develops 

a statistical dependence model to investigate uncertainties in workforce recovery 

durations. We specifically apply the methodology to estimate the impacts of various 

hurricane scenarios on regional workforce sectors in the Commonwealth of Virginia. 

Also in this chapter, four scenarios are performed to compare and contrast their effects in 

terms of economic losses, sector inoperability values, and variations in preference 

structures for prioritizing critical sectors.  

5.1  Hurricane Scenarios 

Workforce recovery durations were sampled by via a bivariate sample generator, 

which were then entered to the DIIM computer tool for the simulation of the scenarios. 

These scenarios are developed to account for uncertainty in workforce availability levels 

in the aftermath of hurricanes. In the case studies, the time increment is measured in days. 

Nevertheless, other time units may be considered by the analyst. Each scenario was 

simulated using 10, 000 iterations.   

The four scenarios are enumerated and described below. 

• Scenario 1: Workforce recovery duration with independence assumption 

• Scenario 2: Workforce recovery duration with dependence assumption, Random-

intensity hurricane scenario 
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• Scenario 3: Workforce recovery duration with dependence assumption, Low-

intensity hurricane scenario 

• Scenario 4: Workforce recovery duration with independence assumption, High-

intensity hurricane scenario 

5.1.1 Scenario 1: Workforce recovery duration (Independence assumption) 

The first scenario is for independence assumption in which Monte Carlo 

simulation is utilized to generate workforce recovery durations using FDEL data with the 

assumption of statistical independence in the workforce recovery durations (i.e., no 

linkage between workforce recovery durations and hurricane intensity). 

Fig. 16 and Fig. 17 show the recovery trajectories for critical industry sectors 

separately assessed using the economic loss and inoperability metrics. Fig. 16 (top left 

panel) shows top ten industry sectors on the basis of highest cumulative economic loss 

metric. The alphanumeric codes for each of the critical industry sectors are enclosed in 

parentheses as follows: 1) Miscellaneous professional, scientific, and technical services 

(S49); 2) Federal general government (S62); 3) State and local government enterprises 

(S65); 4) Construction (S7); 5) Administrative and support services (S51); 6) Federal 

government enterprises (S63); 7) Computer systems design and related services (S48); 8) 

Federal Reserve banks, credit intermediation, and related activities (S41); 9) Retail trade 

(S28); and 10) Real estate (S45). These top ten sectors are relatively more labor-

dependent compared to the other industry sectors. The total expected cumulative 

economic loss for an independence assumption hurricane scenario is approximately 

$2165.09 million (0.54% of GDP). An interesting behavior of the recovery graph in the 
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top left panel of Fig. 16 is that the recovery trajectories of industry sectors flatten within 

6 days for this hurricane scenario.  

On the other hand, Fig. 17 depicts the top ten industry sectors in terms of the 

inoperability metric: 1) Social assistance (S56); 2) Hospitals and nursing and residential 

care facilities (S55); 3) Educational services (S53); 4) Federal government enterprises 

(S63); 5) Federal general government (S62); 6) Ambulatory health care services (S54); 7) 

State and local general government (S64); 8) State and local government enterprises 

(S65); 9) Other services, except government (S61); and 10) Computer and electronic 

products (S13).  

The rankings of industry sectors are different for economic loss and inoperability. 

The magnitudes of the production output for different sectors vary considerably in the 

Commonwealth of Virginia (as in any other states); hence, the critical sectors shown in 

Fig. 16 and Fig. 17 yield different sector rankings. Note that the top ten sectors in terms 

of inoperability account for only 28.86% of the total regional losses. In contrast, the top 

ten sectors in terms of economic loss metric account for 52.50% (0.28 % of GDP) of the 

total regional losses. The inoperability metric identifies the critical sectors not necessarily 

on the basis of the monetary worth of the economic loss, but rather on the ‘normalized’ 

loss of each sector as a proportion of its total production output. The top left panel of Fig. 

17 shows that the peak inoperability levels for the top ten sectors range between 29% to 

63%, but the inoperability level drops to 5% within five days for all industry sectors 

reflecting availability of returning workforce. All industry sectors recover to 1% of 

inoperability within 6 to 7 days. 
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Fig. 16. Top ten sectors with highest economic loss values 
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Fig. 17. Top ten sectors with highest inoperability values 
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case, the workforce recovery durations are assumed to be dependent but the conditioning 

event is either a low- or high-intensity hurricane scenario. This is a case where the 
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decision makers do not have any information about the hurricane intensity. The 

characteristics of low-and high-intensity hurricane scenarios are discussed in Section 

4.1.1 and Section 4.1.2 of Chapter 4. 

In terms of overall economic impact (Fig. 16, top right panel), the expected 

economic loss from the simulation of all 65 industry sectors is $2.28 billion (0.57% of 

GDP), the maximum was $6.45 billion (1.61% of GDP), and the minimum was 

$436.2million (0.10% of GDP). The top ten sectors in terms of economic loss metric 

account for 30.03% of the total regional losses. We observed that a significant portion of 

the economic losses is concentrated on a relatively small set of sectors (i.e., top 10 

sectors out of 65). Such observation can provide policy insights in key sector 

prioritization, which may prove useful for disaster preparedness planning. 

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

The third scenario looks at the impact of a low-intensity hurricane scenario with 

dependence assumption for uncertainty in workforce recovery duration (i.e., positive 

dependence between hurricane intensity and workforce recovery durations). Simulation 

of this scenario reveals the following key results. In terms of overall economic impact 

(Fig. 16, bottom left panel), the expected economic loss for all 65 industry sectors was 

estimated to be $972.17 million (0.24% of GDP). Of this total amount, the top ten 

industry sectors suffered $510.47 million (0.001 % of GDP) over the recovery period. 

Furthermore, the maximum total economic loss was $3.40 billion (0.85% of GDP), and 

the minimum was $434.53 million (0.24%) of GDP. Fig. 17 (bottom left panel) shows 

that scenario 3 reaches a peak inoperability value of around 51% for the highest-ranked 

industry sector. The results of the simulation demonstrate that all 65 sectors recover to 
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1% of inoperability in approximately six days. Peak inoperability levels for the top ten 

sectors range between 24% to 51% but the inoperability level drops to 5% within four 

days for all industry sectors. 

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

The fourth scenario looks at the impact of a high-intensity hurricane scenario with 

dependence assumption for uncertainty in workforce recovery duration. From the 

simulation (Fig. 16, bottom right panel), we found that the expected total economic loss 

to all 65 sectors was $3.64 billion (0.90% of GDP), the maximum was $6.54 billion 

(1.63% of GDP), and the minimum was $1.89 billion (0.47% of GDP). The top ten 

sectors account for 47.44% of the total economic loss. The major difference between the 

Scenario 3 and the Scenario 4 can be attributed to the magnitude of the inoperability 

levels (see Fig. 17, bottom left and right panels). Scenario 4 peaks around 98% 

inoperability for the highest-ranked industry sector. Simulated results show that all 65 

sectors recover to 1% of inoperability approximately four weeks (see Fig. 17, top right 

panel). Peak inoperability levels for the top ten sectors range between 37% to 98% but 

the inoperability level drops to 5% within three weeks for all industry sectors. 

Table 14 shows the top ten industry sectors with highest expected economic 

losses for the four hurricane scenarios considered in the case study. On the other hand, 

Table 15 shows the rankings of the top ten industry sectors based on expected 

inoperability metric. The rankings are based on expected values. Other statistical 

measures (e.g., standard deviation, percentiles, min, max, etc.) may cause the rankings to 

vary. A summary of the economic impact of all four scenarios is shown in Table 16. 
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Table 14. Top ten sectors with highest economic loss for various hurricane scenarios 

 
 

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

 

 

Table 16. Summary of economic impact of the four scenarios 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 434.53 972.17 3405.15 
High-Intensity 1233.88 3614.95 6542.04 

 

Rank  Sector  Name  Independence Random-Intensity Low-Intensity High-Intensity 

       Value ($M)      Value ($M) Value ($M) Value ($M) 

1 S49 Misc. Services 231.77 245.00 104.07 386.97 
2 S62 Federal general Govt. 125.95 133.14 56.55 210.29 
3 S65 State and local Govt. enterprises 121.13 128.05 54.39 202.25 
4 S7 Construction 109.92 116.20 49.36 183.53 
5 S51 Administrative and support services 97.11 102.66 43.61 162.15 
6 S63 Federal Govt. enterprises 95.74 101.21 42.99 159.85 
7 S48 Computer systems design 94.78 100.19 42.56 158.24 
8 S41 Federal Reserve banks 90.73 95.91 40.74 151.49 
9 S28 Retail trade 87.25 92.23 39.18 145.68 
10 S45 Real estate 82.46 87.17 37.03 137.68 
 

Rank  Sector  Name Independence Random-Intensity Low-Intensity High-Intensity 

     Value 210S3)    Value (10S3)    Value (10S3)    Value (10S3) 

1 S56 Social assistance 20.22 29.91 9.08 33.76 
2 S55 Hospitals and nursing and residential  19.30 28.55 8.66 32.22 
3 S53 Educational services 18.97 28.06 8.52 31.67 
4 S63 Federal government enterprises 18.41 27.24 8.27 30.75 
5 S62 Federal general government 18.05 26.71 8.11 30.15 
6 S54 Ambulatory health care services 18.00 26.63 8.08 30.06 
7 S64 State and local general government 17.43 25.79 7.83 29.11 
8 S65 State and local Govt. enterprises 17.20 25.44 7.72 28.71 
9 S61 Other services, except Govt. 17.12 25.33 7.69 28.58 
10 S13 Computer and electronic products 17.07 25.25 7.66 28.50 
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Indeed, addressing uncertainty in modeling workforce disruptions of industry 

sectors lead to number of benefits. The model gives ranges of inoperability and economic 

loss (in contrast with the deterministic results as previously published by Akhtar and 

Santos (2013)). Fig. 18 and Fig. 19 depict the sensitivity analysis of top ten sectors with 

highest economic losses across various hurricane scenarios. In Fig. 18, we juxtaposed the 

results from independence and random intensity scenarios. In the independence case, it is 

assumed that the workforce recovery duration and hurricane intensity are uncorrelated 

(i.e., hurricane intensity does not influence the value of workforce recovery duration). In 

the random intensity scenario, we assumed that workforce recovery duration is dependent 

on hurricane intensity; however, there is no information whatsoever on the intensity of 

the hurricane (i.e., it is completely unknown whether the intensity is low or high). Hence, 

it can be seen that when a random hurricane intensity scenario is assumed, the uncertainty 

of the simulated economic losses are significantly wider as evident from the lengths of 

the box and whisker plots. 
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Fig. 18. Sensitivity analysis of top ten sectors (independence and random scenario) 

 

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

Fig. 18 by introducing statistical dependence between workforce recovery duration and 

hurricane intensity. It can be seen from Fig. 19 that when workforce recovery duration is 

positively correlated with hurricane intensity, the uncertainty in the distribution of 

economic losses is considerably reduced. For each of the affected sectors, we have 

separately modeled and visualized the distributions of economic losses resulting from 

low- and high-intensity cases. It can be seen that with the help of statistical dependence 

we are able to decompose explicitly the distribution for low-and high-intensity hurricane 

scenarios. Intuitively, the box and whisker plots in Fig. 19 show that larger economic 

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

actual hurricane scenarios observed in the past. 
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Fig. 19. Sensitivity analysis of top ten sectors (low- and high-intensity) 
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CHAPTER 6 

CONCLUSIONS AND AREAS FOR FUTURE RESEARCH 

 

This dissertation integrated statistical dependence modeling with interdependency 

analysis to investigate how addressing workforce disruption uncertainty affects 

identification and prioritization of critical interdependent industry sectors on their 

potential consequences (economic loss and inoperability). Workforce disruption 

uncertainty was quantified by linking workforce recovery durations of industry sectors to 

hurricane intensity. The prioritization methodology utilizes a decision support system, 

which is customizable with respect to variations in policymaker preferences, multi-

criteria evaluation analysis can aid in enhancement of decision policies pertaining to 

critical sector prioritization. 

We specifically examined the risk associated with reduced workforce levels in the 

aftermath of a hurricane. Results from the scenarios revealed that enhancing workforce 

availability and mobility in the aftermath of hurricanes could significantly reduce the 

economic losses and could also help in expediting recovery. Based on our findings, labor-

dependent service sectors suffer the largest workforce productivity impact—accounting 

for nearly 30% of the total regional losses. In addition, a cluster of manufacturing sectors 

accounts for around 10% of the total regional losses. Identification and prioritization of 

critical workforce sectors aids the decision-making process by narrowing the focus on the 

most affected workforce sectors that incur the greatest production losses due to workforce 

disruptions. Indeed, effective resource allocation across the affected interdependent 

workforce sectors is critical for rapid recovery and managing the adverse effects of 
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disruptive events. Risk management policies can be developed for the critical sectors 

identified by the decision analysis tool to positively influence the recovery process. 

Since a key contribution of this research is development and application of 

hurricane-based statistical dependence analysis, several areas for future work can spin-off 

from this research. Notably, opportunities exist to integrate our analysis with other 

critical infrastructure models to further improve the current state of disaster consequence 

modeling. Finally, although the model was applied specifically to Virginia’s workforce 

sectors, the same methodology can be implemented to other 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 Description 111CA 113FF 211 212 213 22 23 321 327 331 332 333 334

111CA Farms 1.189 0.032 0.001 0.001 0.002 0.000 0.003 0.029 0.002 0.002 0.001 0.001 0.001

113FF Forestry, fishing, and related activities 0.071 1.123 0.000 0.001 0.001 0.000 0.005 0.176 0.002 0.002 0.001 0.002 0.001

211 Oil and gas extraction 0.064 0.020 1.095 0.027 0.036 0.172 0.041 0.028 0.033 0.034 0.020 0.018 0.008

212 Mining, except oil and gas 0.010 0.002 0.004 1.102 0.017 0.028 0.018 0.005 0.089 0.112 0.025 0.017 0.005

213 Support activities for mining 0.001 0.000 0.020 0.027 1.008 0.004 0.001 0.001 0.003 0.003 0.001 0.001 0.000

22 Utilities 0.028 0.006 0.009 0.040 0.022 1.004 0.012 0.031 0.052 0.060 0.028 0.020 0.009

23 Construction 0.016 0.006 0.049 0.007 0.009 0.026 1.008 0.019 0.019 0.026 0.015 0.012 0.005

321 Wood products 0.004 0.008 0.002 0.002 0.005 0.001 0.031 1.193 0.009 0.006 0.003 0.005 0.002

327 Nonmetallic mineral products 0.003 0.002 0.005 0.007 0.026 0.003 0.045 0.014 1.119 0.022 0.010 0.011 0.004

331 Primary metals 0.011 0.007 0.020 0.030 0.098 0.006 0.036 0.017 0.033 1.422 0.274 0.172 0.041

332 Fabricated metal products 0.017 0.012 0.022 0.020 0.051 0.008 0.071 0.034 0.039 0.068 1.145 0.141 0.032

333 Machinery 0.015 0.012 0.012 0.024 0.039 0.005 0.026 0.011 0.010 0.030 0.022 1.094 0.006

334 Computer and electronic products 0.006 0.004 0.004 0.006 0.013 0.003 0.013 0.014 0.024 0.035 0.028 0.041 1.165

335 Electrical equipment, appliances, and components0.003 0.006 0.003 0.003 0.008 0.002 0.025 0.010 0.005 0.018 0.013 0.043 0.013

3361MV Motor vehicles, bodies and trailers, and parts 0.006 0.005 0.004 0.009 0.013 0.002 0.010 0.008 0.008 0.013 0.008 0.026 0.004

3364OT Other transportation equipment 0.001 0.002 0.001 0.002 0.002 0.001 0.002 0.002 0.002 0.006 0.003 0.004 0.002

337 Furniture and related products 0.001 0.000 0.001 0.000 0.001 0.000 0.009 0.007 0.001 0.001 0.001 0.002 0.001

339 Miscellaneous manufacturing 0.002 0.001 0.001 0.001 0.007 0.001 0.003 0.002 0.005 0.003 0.004 0.010 0.001

311FT Food and beverage and tobacco products 0.124 0.011 0.001 0.001 0.004 0.001 0.003 0.008 0.005 0.003 0.003 0.003 0.002

313TT Textile mills and textile product mills 0.002 0.003 0.001 0.001 0.002 0.000 0.003 0.007 0.005 0.002 0.001 0.006 0.001

315AL Apparel and leather and allied products 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

322 Paper products 0.010 0.003 0.004 0.006 0.018 0.002 0.010 0.012 0.037 0.020 0.016 0.015 0.008

323 Printing and related support activities 0.002 0.002 0.001 0.002 0.004 0.001 0.004 0.004 0.003 0.004 0.004 0.003 0.004

324 Petroleum and coal products 0.081 0.025 0.012 0.026 0.043 0.012 0.053 0.030 0.033 0.032 0.020 0.019 0.009

325 Chemical products 0.110 0.066 0.022 0.015 0.083 0.006 0.033 0.053 0.069 0.034 0.050 0.042 0.031

326 Plastics and rubber products 0.012 0.006 0.005 0.014 0.017 0.003 0.023 0.014 0.018 0.013 0.013 0.035 0.012

42 Wholesale trade 0.087 0.041 0.016 0.025 0.052 0.008 0.049 0.099 0.058 0.092 0.065 0.088 0.064

44RT  Retail trade 0.004 0.001 0.003 0.002 0.003 0.002 0.038 0.002 0.003 0.002 0.002 0.005 0.001

481 Air transportation 0.002 0.001 0.001 0.001 0.003 0.001 0.003 0.004 0.004 0.003 0.004 0.003 0.002

482 Rail transportation 0.010 0.003 0.003 0.036 0.012 0.016 0.005 0.010 0.024 0.040 0.011 0.008 0.003

483 Water transportation 0.002 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000

484 Truck transportation 0.026 0.008 0.004 0.028 0.024 0.004 0.019 0.033 0.057 0.033 0.019 0.019 0.007

485 Transit and ground passenger transportation 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.000
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Code Industry Description 335 3361MV 3364OT 337 339 311FT 313TT 315AL 322 323 324 325 326

111CA Farms 0.001 0.003 0.001 0.005 0.003 0.337 0.039 0.009 0.009 0.005 0.001 0.009 0.007

113FF Forestry, fishing, and related activities 0.002 0.003 0.001 0.016 0.004 0.029 0.004 0.002 0.029 0.006 0.000 0.002 0.011

211 Oil and gas extraction 0.019 0.024 0.013 0.019 0.014 0.034 0.036 0.011 0.037 0.027 0.749 0.065 0.037

212 Mining, except oil and gas 0.021 0.029 0.010 0.009 0.010 0.009 0.009 0.002 0.015 0.006 0.005 0.020 0.010

213 Support activities for mining 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.014 0.002 0.001

22 Utilities 0.020 0.030 0.015 0.020 0.014 0.030 0.033 0.015 0.051 0.026 0.011 0.030 0.028

23 Construction 0.010 0.018 0.010 0.013 0.008 0.013 0.011 0.004 0.018 0.016 0.038 0.014 0.014

321 Wood products 0.005 0.012 0.003 0.098 0.012 0.004 0.005 0.001 0.029 0.006 0.002 0.003 0.007

327 Nonmetallic mineral products 0.016 0.026 0.005 0.008 0.006 0.011 0.004 0.001 0.005 0.003 0.005 0.006 0.010

331 Primary metals 0.197 0.203 0.077 0.066 0.081 0.021 0.014 0.005 0.019 0.014 0.015 0.015 0.023

332 Fabricated metal products 0.073 0.170 0.088 0.059 0.051 0.030 0.020 0.010 0.034 0.027 0.018 0.023 0.037

333 Machinery 0.019 0.075 0.023 0.008 0.021 0.012 0.006 0.002 0.013 0.017 0.009 0.011 0.014

334 Computer and electronic products 0.050 0.083 0.123 0.022 0.024 0.011 0.021 0.007 0.023 0.027 0.004 0.018 0.026

335 Electrical equipment, appliances, and components1.071 0.025 0.017 0.005 0.008 0.004 0.003 0.001 0.005 0.005 0.002 0.004 0.009

3361MV Motor vehicles, bodies and trailers, and parts0.007 1.411 0.016 0.006 0.005 0.006 0.004 0.002 0.007 0.005 0.004 0.004 0.005

3364OT Other transportation equipment 0.003 0.007 1.184 0.002 0.002 0.002 0.002 0.001 0.003 0.002 0.001 0.003 0.003

337 Furniture and related products 0.001 0.002 0.001 1.044 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.002

339 Miscellaneous manufacturing 0.005 0.009 0.003 0.003 1.052 0.002 0.007 0.007 0.002 0.003 0.001 0.005 0.005

311FT Food and beverage and tobacco products 0.003 0.005 0.003 0.005 0.004 1.254 0.015 0.023 0.012 0.013 0.002 0.018 0.013

313TT Textile mills and textile product mills 0.002 0.014 0.003 0.048 0.015 0.003 1.194 0.107 0.026 0.013 0.001 0.004 0.019

315AL Apparel and leather and allied products 0.000 0.005 0.000 0.002 0.001 0.000 0.024 1.091 0.001 0.011 0.000 0.000 0.001

322 Paper products 0.020 0.024 0.011 0.027 0.021 0.052 0.025 0.012 1.257 0.200 0.004 0.017 0.035

323 Printing and related support activities 0.003 0.005 0.005 0.004 0.003 0.004 0.003 0.004 0.004 1.026 0.001 0.005 0.003

324 Petroleum and coal products 0.021 0.025 0.013 0.020 0.016 0.039 0.039 0.012 0.037 0.030 1.082 0.071 0.042

325 Chemical products 0.064 0.079 0.028 0.070 0.071 0.064 0.328 0.049 0.124 0.093 0.031 1.371 0.361

326 Plastics and rubber products 0.034 0.072 0.018 0.063 0.035 0.034 0.017 0.014 0.028 0.024 0.005 0.026 1.073

42 Wholesale trade 0.081 0.126 0.056 0.079 0.058 0.112 0.091 0.056 0.090 0.076 0.048 0.075 0.068

44RT  Retail trade 0.003 0.008 0.003 0.011 0.004 0.003 0.002 0.002 0.002 0.002 0.004 0.006 0.003

481 Air transportation 0.002 0.005 0.004 0.004 0.003 0.003 0.003 0.002 0.003 0.007 0.001 0.003 0.004

482 Rail transportation 0.010 0.012 0.005 0.007 0.006 0.014 0.007 0.002 0.020 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 0.000 0.000 0.001 0.000

484 Truck transportation 0.017 0.030 0.015 0.026 0.017 0.038 0.026 0.013 0.028 0.019 0.007 0.020 0.017

485 Transit and ground passenger transportation0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001
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Code Industry Description 42 44RT 481 482 483 484 485 486 487OS 493 511 512 513

111CA Farms 0.001 0.002 0.002 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.002 0.001 0.001

113FF Forestry, f ishing, and related activities 0.000 0.001 0.001 0.003 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001

211 Oil and gas extraction 0.009 0.009 0.151 0.058 0.145 0.118 0.038 0.091 0.073 0.013 0.012 0.008 0.009

212 Mining, except oil and gas 0.001 0.001 0.003 0.005 0.004 0.003 0.002 0.003 0.002 0.001 0.003 0.002 0.002

213 Support activities for mining 0.000 0.000 0.003 0.001 0.003 0.002 0.001 0.002 0.001 0.000 0.000 0.000 0.000

22 Utilities 0.005 0.009 0.006 0.007 0.010 0.008 0.004 0.011 0.006 0.011 0.007 0.008 0.009

23 Construction 0.004 0.007 0.012 0.057 0.013 0.012 0.004 0.084 0.010 0.007 0.008 0.007 0.017

321 Wood products 0.002 0.002 0.001 0.016 0.001 0.002 0.001 0.003 0.001 0.001 0.003 0.006 0.002

327 Nonmetallic mineral products 0.001 0.002 0.002 0.004 0.003 0.003 0.002 0.005 0.002 0.001 0.002 0.001 0.003

331 Primary metals 0.003 0.003 0.008 0.033 0.020 0.013 0.013 0.014 0.006 0.005 0.007 0.004 0.007

332 Fabricated metal products 0.004 0.005 0.014 0.015 0.056 0.023 0.028 0.028 0.008 0.008 0.013 0.004 0.014

333 Machinery 0.002 0.002 0.004 0.008 0.007 0.006 0.005 0.031 0.006 0.008 0.004 0.004 0.004

334 Computer and electronic products 0.007 0.004 0.009 0.009 0.012 0.007 0.005 0.006 0.004 0.004 0.021 0.013 0.034

335 Electrical equipment, appliances, and components0.001 0.001 0.002 0.006 0.003 0.005 0.003 0.005 0.002 0.003 0.002 0.001 0.006

3361MV Motor vehicles, bodies and trailers, and parts0.003 0.005 0.003 0.005 0.004 0.031 0.045 0.003 0.006 0.007 0.004 0.002 0.003

3364OT Other transportation equipment 0.001 0.000 0.028 0.033 0.049 0.002 0.005 0.001 0.007 0.001 0.001 0.001 0.002

337 Furniture and related products 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001

339 Miscellaneous manufacturing 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002

311FT Food and beverage and tobacco products 0.002 0.002 0.006 0.002 0.003 0.002 0.001 0.001 0.002 0.001 0.005 0.002 0.002

313TT Textile mills and textile product mills 0.001 0.003 0.001 0.001 0.004 0.001 0.001 0.001 0.001 0.000 0.001 0.001 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 0.000 0.000 0.001 0.000 0.000

322 Paper products 0.005 0.005 0.004 0.005 0.004 0.005 0.002 0.005 0.004 0.004 0.021 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 0.002 0.053 0.008 0.005

324 Petroleum and coal products 0.011 0.009 0.207 0.079 0.197 0.161 0.052 0.024 0.100 0.015 0.014 0.008 0.010

325 Chemical products 0.007 0.008 0.014 0.015 0.017 0.019 0.007 0.010 0.010 0.006 0.017 0.007 0.008

326 Plastics and rubber products 0.005 0.006 0.004 0.005 0.004 0.014 0.004 0.007 0.006 0.004 0.006 0.003 0.006

42 Wholesale trade 1.032 0.019 0.034 0.033 0.038 0.040 0.015 0.020 0.021 0.011 0.039 0.008 0.017

44RT  Retail trade 0.001 1.002 0.002 0.003 0.005 0.014 0.005 0.006 0.004 0.001 0.001 0.001 0.001

481 Air transportation 0.002 0.002 1.002 0.002 0.004 0.006 0.001 0.001 0.003 0.002 0.007 0.004 0.003

482 Rail transportation 0.001 0.001 0.002 1.008 0.003 0.014 0.001 0.002 0.001 0.001 0.002 0.001 0.001

483 Water transportation 0.000 0.000 0.001 0.000 1.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000

484 Truck transportation 0.004 0.009 0.007 0.009 0.012 1.054 0.004 0.005 0.007 0.004 0.006 0.004 0.004

485 Transit and ground passenger transportation0.000 0.000 0.000 0.001 0.000 0.000 1.000 0.000 0.000 0.000 0.002 0.001 0.001
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Code Industry Description 514 521CI 523 524 525 531 532RL 5411 5415 5412OP 55 561 562

111CA Farms 0.002 0.002 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.002

113FF Forestry, f ishing, and related activities 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.001 0.001

211 Oil and gas extraction 0.010 0.008 0.010 0.003 0.007 0.004 0.008 0.004 0.006 0.010 0.006 0.037 0.022

212 Mining, except oil and gas 0.002 0.001 0.001 0.000 0.001 0.001 0.002 0.001 0.001 0.002 0.001 0.002 0.003

213 Support activities for mining 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000

22 Utilities 0.006 0.005 0.007 0.002 0.005 0.006 0.010 0.003 0.007 0.006 0.006 0.007 0.012

23 Construction 0.008 0.020 0.011 0.003 0.010 0.018 0.007 0.003 0.004 0.010 0.006 0.006 0.007

321 Wood products 0.007 0.001 0.001 0.000 0.001 0.003 0.004 0.001 0.001 0.001 0.001 0.002 0.002

327 Nonmetallic mineral products 0.004 0.002 0.002 0.000 0.001 0.002 0.002 0.001 0.001 0.003 0.001 0.002 0.003

331 Primary metals 0.007 0.003 0.003 0.001 0.002 0.002 0.004 0.002 0.003 0.006 0.004 0.005 0.016

332 Fabricated metal products 0.011 0.005 0.005 0.002 0.004 0.004 0.006 0.002 0.005 0.007 0.006 0.007 0.026

333 Machinery 0.004 0.002 0.002 0.001 0.002 0.002 0.003 0.001 0.002 0.003 0.002 0.005 0.018

334 Computer and electronic products 0.033 0.010 0.011 0.003 0.008 0.002 0.004 0.006 0.018 0.010 0.019 0.009 0.010

335 Electrical equipment, appliances, and components0.004 0.002 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.004 0.002 0.003 0.007

3361MV Motor vehicles, bodies and trailers, and parts0.003 0.002 0.003 0.001 0.002 0.001 0.003 0.001 0.001 0.003 0.003 0.005 0.018

3364OT Other transportation equipment 0.002 0.001 0.003 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001

337 Furniture and related products 0.002 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000

339 Miscellaneous manufacturing 0.002 0.001 0.002 0.000 0.001 0.000 0.001 0.000 0.001 0.002 0.001 0.002 0.008

311FT Food and beverage and tobacco products 0.004 0.005 0.003 0.001 0.003 0.001 0.002 0.002 0.003 0.005 0.002 0.004 0.004

313TT Textile mills and textile product mills 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001 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 0.000 0.000 0.000 0.000 0.003

322 Paper products 0.005 0.004 0.005 0.003 0.003 0.001 0.005 0.003 0.003 0.006 0.004 0.006 0.007

323 Printing and related support activities 0.006 0.006 0.011 0.011 0.007 0.001 0.004 0.003 0.003 0.007 0.007 0.006 0.004

324 Petroleum and coal products 0.012 0.009 0.011 0.004 0.008 0.004 0.008 0.005 0.007 0.012 0.007 0.049 0.026

325 Chemical products 0.009 0.005 0.007 0.003 0.005 0.004 0.006 0.003 0.004 0.013 0.009 0.013 0.018

326 Plastics and rubber products 0.005 0.002 0.003 0.001 0.002 0.002 0.004 0.001 0.002 0.005 0.002 0.004 0.007

42 Wholesale trade 0.018 0.009 0.010 0.004 0.007 0.005 0.036 0.005 0.009 0.012 0.011 0.014 0.022

44RT  Retail trade 0.001 0.002 0.001 0.000 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.002 0.001

481 Air transportation 0.007 0.006 0.005 0.002 0.004 0.001 0.003 0.002 0.005 0.004 0.002 0.006 0.007

482 Rail transportation 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.002

483 Water transportation 0.000 0.000 0.001 0.000 0.000 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 0.003 0.001 0.002 0.004 0.006 0.004 0.008

485 Transit and ground passenger transportation0.002 0.002 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.002 0.001
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Code Industry Description 111CA 113FF 211 212 213 22 23 321 327 331 332 333 334

486 Pipeline transportation 0.002 0.001 0.009 0.002 0.002 0.030 0.002 0.002 0.002 0.003 0.001 0.001 0.000

487OS Other transportation and support activities 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 0.001 0.001 0.001 0.002 0.000 0.002 0.007 0.006 0.006 0.006 0.006 0.003

511 Publishing industries (includes softw are) 0.004 0.003 0.003 0.005 0.009 0.002 0.008 0.006 0.007 0.007 0.007 0.007 0.043

512 Motion picture and sound recording industries0.001 0.001 0.001 0.001 0.002 0.000 0.002 0.001 0.001 0.001 0.001 0.001 0.001

513 Broadcasting and telecommunications 0.010 0.006 0.007 0.011 0.021 0.005 0.022 0.019 0.017 0.018 0.020 0.018 0.011

514 Information and data processing services 0.002 0.001 0.001 0.002 0.004 0.002 0.004 0.006 0.005 0.005 0.006 0.005 0.003

521CI Federal Reserve banks, credit intermediation, and related activities0.095 0.017 0.020 0.033 0.049 0.018 0.032 0.032 0.038 0.042 0.040 0.032 0.015

523 Securities, commodity contracts, and investments0.020 0.007 0.007 0.013 0.019 0.005 0.013 0.012 0.014 0.046 0.048 0.039 0.011

524 Insurance carriers and related activities 0.022 0.006 0.005 0.010 0.014 0.004 0.009 0.010 0.010 0.012 0.010 0.010 0.006

525 Funds, trusts, and other financial vehicles 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 0.012 0.010 0.014 0.032 0.007 0.022 0.033 0.022 0.023 0.028 0.022 0.012

532RL Rental and leasing services and lessors of intangible assets0.018 0.006 0.039 0.033 0.040 0.010 0.023 0.021 0.025 0.026 0.024 0.020 0.014

5411 Legal services                                                                  0.008 0.008 0.007 0.013 0.032 0.007 0.016 0.012 0.011 0.015 0.013 0.012 0.007

5415 Computer systems design and related services                                    0.006 0.005 0.009 0.014 0.011 0.004 0.009 0.009 0.009 0.010 0.016 0.011 0.009

5412OP Miscellaneous professional, scientific, and technical services0.037 0.036 0.030 0.047 0.107 0.025 0.091 0.070 0.067 0.068 0.070 0.064 0.052

55 Management of companies and enterprises 0.017 0.007 0.025 0.038 0.058 0.007 0.018 0.045 0.052 0.050 0.039 0.051 0.035

561 Administrative and support services 0.019 0.011 0.011 0.020 0.033 0.010 0.031 0.035 0.038 0.052 0.045 0.037 0.023

562 Waste management and remediation services0.002 0.002 0.001 0.003 0.005 0.001 0.003 0.005 0.004 0.012 0.005 0.003 0.001

61 Educational services 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

621 Ambulatory health care services 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

622HO Hospitals and nursing and residential care facilities0.000 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 0.000 0.000 0.000 0.000 0.000

711AS Performing arts, spectator sports, museums, and related activities0.002 0.004 0.001 0.002 0.003 0.001 0.003 0.004 0.003 0.003 0.003 0.003 0.002

713 Amusements, gambling, and recreation industries0.000 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 0.001 0.002 0.004 0.001 0.003 0.005 0.005 0.004 0.005 0.004 0.002

722 Food services and drinking places 0.005 0.002 0.002 0.004 0.008 0.005 0.006 0.010 0.009 0.009 0.009 0.008 0.004

81 Other services, except government 0.009 0.006 0.004 0.006 0.013 0.003 0.021 0.017 0.016 0.019 0.014 0.011 0.005

GFG   Federal general government 0.005 0.003 0.004 0.005 0.009 0.002 0.004 0.005 0.008 0.008 0.007 0.011 0.010

GFE   Federal government enterprises 0.004 0.001 0.001 0.004 0.003 0.001 0.003 0.004 0.005 0.006 0.004 0.005 0.002

GSLG  State and local general government 0.005 0.008 0.001 0.001 0.004 0.000 0.002 0.012 0.003 0.029 0.007 0.004 0.001

GSLE  State and local government enterprises 0.009 0.003 0.003 0.012 0.007 0.002 0.005 0.011 0.016 0.019 0.009 0.007 0.003

Total industry output requirement 2.28 1.58 1.53 1.77 2.12 1.48 1.97 2.29 2.18 2.65 2.26 2.27 1.72
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Code Industry Description 335 3361MV3364OT 337 339 311FT 313TT 315AL 322 323 324 325 326

486 Pipeline transportation 0.001 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.002 0.001 0.019 0.003 0.002

487OS Other transportation and support activities 0.005 0.009 0.005 0.014 0.005 0.009 0.007 0.003 0.009 0.012 0.003 0.006 0.007

493 Warehousing and storage 0.004 0.008 0.008 0.007 0.005 0.005 0.004 0.002 0.005 0.008 0.001 0.003 0.005

511 Publishing industries (includes software) 0.007 0.014 0.018 0.007 0.006 0.005 0.005 0.003 0.005 0.008 0.003 0.008 0.006

512 Motion picture and sound recording industries0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001

513 Broadcasting and telecommunications 0.011 0.024 0.021 0.021 0.016 0.013 0.012 0.008 0.013 0.024 0.007 0.015 0.015

514 Information and data processing services 0.003 0.007 0.007 0.007 0.005 0.003 0.003 0.002 0.004 0.006 0.001 0.003 0.004

521CI Federal Reserve banks, credit intermediation, and related activities0.022 0.044 0.038 0.040 0.029 0.048 0.025 0.013 0.024 0.041 0.017 0.023 0.030

523 Securities, commodity contracts, and investments0.022 0.049 0.045 0.044 0.033 0.014 0.008 0.004 0.010 0.014 0.006 0.009 0.011

524 Insurance carriers and related activities 0.007 0.013 0.011 0.011 0.008 0.013 0.007 0.005 0.008 0.014 0.005 0.008 0.008

525 Funds, trusts, and other financial vehicles 0.000 0.001 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 0.014 0.029 0.024 0.036 0.021 0.027 0.016 0.010 0.018 0.036 0.009 0.015 0.020

532RL Rental and leasing services and lessors of intangible assets0.015 0.031 0.028 0.017 0.020 0.020 0.016 0.009 0.020 0.030 0.029 0.024 0.019

5411 Legal services                                                                  0.008 0.014 0.015 0.010 0.012 0.009 0.008 0.008 0.008 0.014 0.006 0.008 0.009

5415 Computer systems design and related services                                    0.006 0.013 0.017 0.010 0.008 0.007 0.006 0.003 0.007 0.014 0.007 0.008 0.008

5412OP Miscellaneous professional, scientific, and technical services0.046 0.100 0.099 0.076 0.062 0.052 0.056 0.039 0.051 0.080 0.029 0.095 0.065

55 Management of companies and enterprises0.037 0.113 0.093 0.035 0.031 0.053 0.036 0.017 0.046 0.048 0.023 0.061 0.044

561 Administrative and support services 0.025 0.045 0.047 0.031 0.027 0.029 0.026 0.038 0.029 0.059 0.012 0.025 0.027

562 Waste management and remediation services0.003 0.007 0.003 0.005 0.003 0.003 0.003 0.001 0.005 0.004 0.002 0.003 0.004

61 Educational services 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 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 0.000 0.000 0.000 0.000 0.000

622HO Hospitals and nursing and residential care facilities0.000 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 0.000 0.000 0.000 0.000 0.000

711AS Performing arts, spectator sports, museums, and related activities0.002 0.004 0.003 0.003 0.002 0.003 0.002 0.001 0.003 0.004 0.001 0.002 0.003

713 Amusements, gambling, and recreation industries0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000

721 Accommodation 0.002 0.005 0.004 0.005 0.004 0.003 0.003 0.002 0.003 0.010 0.001 0.002 0.004

722 Food services and drinking places 0.005 0.010 0.008 0.009 0.007 0.006 0.006 0.003 0.007 0.017 0.003 0.005 0.008

81 Other services, except government 0.008 0.017 0.012 0.013 0.009 0.011 0.009 0.004 0.013 0.016 0.005 0.010 0.011

GFG   Federal general government 0.018 0.027 0.007 0.006 0.009 0.007 0.010 0.005 0.006 0.006 0.005 0.024 0.013

GFE   Federal government enterprises 0.004 0.005 0.003 0.004 0.003 0.004 0.004 0.002 0.004 0.006 0.002 0.003 0.003

GSLG  State and local general government 0.005 0.006 0.003 0.004 0.003 0.004 0.002 0.001 0.009 0.003 0.001 0.001 0.003

GSLE  State and local government enterprises 0.006 0.011 0.006 0.008 0.005 0.010 0.010 0.005 0.015 0.010 0.003 0.009 0.009

Total industry output requirement 2.07 3.15 2.28 2.20 1.91 2.54 2.28 1.66 2.26 2.21 2.27 2.24 2.24
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Code Industry Description 42 44RT 481 482 483 484 485 486 487OS 493 511 512 513

486 Pipeline transportation 0.000 0.001 0.005 0.002 0.006 0.004 0.001 1.004 0.002 0.001 0.001 0.000 0.000

487OS Other transportation and support activities 0.015 0.013 0.124 0.011 0.103 0.060 0.003 0.008 1.049 0.019 0.017 0.010 0.003

493 Warehousing and storage 0.009 0.014 0.002 0.001 0.007 0.013 0.001 0.001 0.007 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 0.002 0.005 0.003 0.003 1.039 0.009 0.010

512 Motion picture and sound recording industries0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.003 1.131 0.065

513 Broadcasting and telecommunications 0.013 0.015 0.016 0.016 0.014 0.016 0.007 0.015 0.011 0.011 0.036 0.025 1.178

514 Information and data processing services 0.002 0.004 0.003 0.003 0.003 0.002 0.001 0.004 0.002 0.002 0.011 0.004 0.006

521CI Federal Reserve banks, credit intermediation, and related activities0.021 0.038 0.021 0.100 0.023 0.027 0.011 0.025 0.016 0.021 0.056 0.033 0.034

523 Securities, commodity contracts, and investments0.006 0.008 0.007 0.046 0.030 0.010 0.007 0.013 0.008 0.006 0.016 0.015 0.011

524 Insurance carriers and related activities 0.017 0.022 0.018 0.014 0.036 0.048 0.022 0.031 0.016 0.019 0.025 0.023 0.009

525 Funds, trusts, and other financial vehicles 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.002 0.000 0.001 0.000 0.000

531 Real estate 0.019 0.050 0.020 0.021 0.035 0.027 0.005 0.020 0.021 0.059 0.050 0.074 0.038

532RL Rental and leasing services and lessors of intangible assets0.010 0.013 0.030 0.109 0.013 0.015 0.009 0.008 0.014 0.007 0.030 0.015 0.017

5411 Legal services                                                                  0.007 0.006 0.007 0.026 0.008 0.008 0.004 0.010 0.006 0.006 0.025 0.018 0.010

5415 Computer systems design and related services                                    0.006 0.007 0.009 0.020 0.010 0.008 0.003 0.006 0.004 0.006 0.022 0.008 0.012

5412OP Miscellaneous professional, scientific, and technical services0.047 0.053 0.037 0.060 0.045 0.035 0.021 0.063 0.025 0.024 0.124 0.109 0.099

55 Management of companies and enterprises0.021 0.012 0.015 0.015 0.020 0.021 0.011 0.009 0.017 0.016 0.042 0.015 0.009

561 Administrative and support services 0.030 0.033 0.033 0.036 0.032 0.071 0.016 0.051 0.038 0.039 0.103 0.053 0.037

562 Waste management and remediation services0.001 0.002 0.002 0.003 0.017 0.003 0.006 0.004 0.009 0.003 0.002 0.002 0.004

61 Educational services 0.001 0.003 0.000 0.001 0.000 0.000 0.000 0.000 0.000 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 0.000 0.000 0.000 0.000 0.000

622HO Hospitals and nursing and residential care facilities0.000 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 0.000 0.000 0.000 0.000 0.000

711AS Performing arts, spectator sports, museums, and related activities0.002 0.003 0.002 0.007 0.002 0.002 0.001 0.002 0.003 0.003 0.006 0.025 0.033

713 Amusements, gambling, and recreation industries0.000 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 0.002 0.002 0.003 0.002 0.002 0.001 0.002 0.002 0.002 0.011 0.005 0.005

722 Food services and drinking places 0.005 0.006 0.028 0.006 0.004 0.005 0.002 0.004 0.007 0.004 0.016 0.008 0.008

81 Other services, except government 0.008 0.009 0.006 0.013 0.007 0.014 0.005 0.016 0.008 0.009 0.014 0.010 0.014

GFG   Federal general government 0.010 0.002 0.100 0.006 0.075 0.004 0.002 0.005 0.008 0.002 0.012 0.008 0.022

GFE   Federal government enterprises 0.007 0.008 0.004 0.003 0.016 0.027 0.002 0.006 0.016 0.010 0.009 0.006 0.003

GSLG  State and local general government 0.001 0.002 0.001 0.002 0.004 0.002 0.001 0.001 0.003 0.001 0.001 0.001 0.002

GSLE  State and local government enterprises 0.003 0.005 0.013 0.004 0.012 0.008 0.002 0.004 0.006 0.006 0.005 0.005 0.005

Total industry output requirement 1.39 1.47 2.05 1.97 2.16 2.01 1.40 1.70 1.60 1.44 1.95 1.74 1.82
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Code Industry Description 42 44RT 481 482 483 484 485 486 487OS 493 511 512 513

486 Pipeline transportation 0.000 0.001 0.005 0.002 0.006 0.004 0.001 1.004 0.002 0.001 0.001 0.000 0.000

487OS Other transportation and support activities 0.015 0.013 0.124 0.011 0.103 0.060 0.003 0.008 1.049 0.019 0.017 0.010 0.003

493 Warehousing and storage 0.009 0.014 0.002 0.001 0.007 0.013 0.001 0.001 0.007 1.038 0.006 0.003 0.002

511 Publishing industries (includes softw are) 0.004 0.005 0.004 0.006 0.005 0.004 0.002 0.005 0.003 0.003 1.039 0.009 0.010

512 Motion picture and sound recording industries0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.003 1.131 0.065

513 Broadcasting and telecommunications 0.013 0.015 0.016 0.016 0.014 0.016 0.007 0.015 0.011 0.011 0.036 0.025 1.178

514 Information and data processing services 0.002 0.004 0.003 0.003 0.003 0.002 0.001 0.004 0.002 0.002 0.011 0.004 0.006

521CI Federal Reserve banks, credit intermediation, and related activities0.021 0.038 0.021 0.100 0.023 0.027 0.011 0.025 0.016 0.021 0.056 0.033 0.034

523 Securities, commodity contracts, and investments0.006 0.008 0.007 0.046 0.030 0.010 0.007 0.013 0.008 0.006 0.016 0.015 0.011

524 Insurance carriers and related activities 0.017 0.022 0.018 0.014 0.036 0.048 0.022 0.031 0.016 0.019 0.025 0.023 0.009

525 Funds, trusts, and other financial vehicles 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.002 0.000 0.001 0.000 0.000

531 Real estate 0.019 0.050 0.020 0.021 0.035 0.027 0.005 0.020 0.021 0.059 0.050 0.074 0.038

532RL Rental and leasing services and lessors of intangible assets0.010 0.013 0.030 0.109 0.013 0.015 0.009 0.008 0.014 0.007 0.030 0.015 0.017

5411 Legal services                                                                  0.007 0.006 0.007 0.026 0.008 0.008 0.004 0.010 0.006 0.006 0.025 0.018 0.010

5415 Computer systems design and related services                                    0.006 0.007 0.009 0.020 0.010 0.008 0.003 0.006 0.004 0.006 0.022 0.008 0.012

5412OP Miscellaneous professional, scientific, and technical services0.047 0.053 0.037 0.060 0.045 0.035 0.021 0.063 0.025 0.024 0.124 0.109 0.099

55 Management of companies and enterprises 0.021 0.012 0.015 0.015 0.020 0.021 0.011 0.009 0.017 0.016 0.042 0.015 0.009

561 Administrative and support services 0.030 0.033 0.033 0.036 0.032 0.071 0.016 0.051 0.038 0.039 0.103 0.053 0.037

562 Waste management and remediation services0.001 0.002 0.002 0.003 0.017 0.003 0.006 0.004 0.009 0.003 0.002 0.002 0.004

61 Educational services 0.001 0.003 0.000 0.001 0.000 0.000 0.000 0.000 0.000 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 0.000 0.000 0.000 0.000 0.000

622HO Hospitals and nursing and residential care facilities0.000 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 0.000 0.000 0.000 0.000 0.000

711AS Performing arts, spectator sports, museums, and related activities0.002 0.003 0.002 0.007 0.002 0.002 0.001 0.002 0.003 0.003 0.006 0.025 0.033

713 Amusements, gambling, and recreation industries0.000 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 0.002 0.002 0.003 0.002 0.002 0.001 0.002 0.002 0.002 0.011 0.005 0.005

722 Food services and drinking places 0.005 0.006 0.028 0.006 0.004 0.005 0.002 0.004 0.007 0.004 0.016 0.008 0.008

81 Other services, except government 0.008 0.009 0.006 0.013 0.007 0.014 0.005 0.016 0.008 0.009 0.014 0.010 0.014

GFG   Federal general government 0.010 0.002 0.100 0.006 0.075 0.004 0.002 0.005 0.008 0.002 0.012 0.008 0.022

GFE   Federal government enterprises 0.007 0.008 0.004 0.003 0.016 0.027 0.002 0.006 0.016 0.010 0.009 0.006 0.003

GSLG  State and local general government 0.001 0.002 0.001 0.002 0.004 0.002 0.001 0.001 0.003 0.001 0.001 0.001 0.002

GSLE  State and local government enterprises 0.003 0.005 0.013 0.004 0.012 0.008 0.002 0.004 0.006 0.006 0.005 0.005 0.005

Total industry output requirement 1.39 1.47 2.05 1.97 2.16 2.01 1.40 1.70 1.60 1.44 1.95 1.74 1.82
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Code Industry Description 514 521CI 523 524 525 531 532RL 5411 5415 5412OP 55 561 562

486 Pipeline transportation 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001

487OS Other transportation and support activities 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 0.002 0.001 0.001 0.000 0.002 0.001 0.001 0.002 0.001 0.003 0.003

511 Publishing industries (includes softw are) 0.013 0.009 0.015 0.005 0.011 0.002 0.007 0.005 0.007 0.011 0.013 0.012 0.008

512 Motion picture and sound recording industries0.008 0.002 0.005 0.001 0.003 0.001 0.001 0.001 0.003 0.005 0.003 0.002 0.002

513 Broadcasting and telecommunications 0.049 0.032 0.074 0.019 0.046 0.008 0.019 0.022 0.048 0.023 0.031 0.033 0.020

514 Information and data processing services 1.010 0.009 0.028 0.004 0.017 0.002 0.003 0.003 0.004 0.005 0.007 0.010 0.008

521CI Federal Reserve banks, credit intermediation, and related activities0.039 1.172 0.125 0.040 0.159 0.148 0.049 0.028 0.033 0.036 0.059 0.039 0.032

523 Securities, commodity contracts, and investments0.010 0.134 1.168 0.042 0.560 0.020 0.012 0.009 0.009 0.012 0.041 0.014 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 0.025 0.012 0.032 0.062

525 Funds, trusts, and other f inancial vehicles 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 0.105 0.023 0.067 1.069 0.041 0.058 0.066 0.045 0.030 0.041 0.030

532RL Rental and leasing services and lessors of intangible assets0.047 0.010 0.022 0.006 0.013 0.003 1.021 0.009 0.012 0.015 0.031 0.017 0.027

5411 Legal services                                                                  0.015 0.020 0.032 0.020 0.034 0.010 0.013 1.011 0.010 0.013 0.022 0.015 0.012

5415 Computer systems design and related services                                    0.041 0.014 0.040 0.007 0.026 0.004 0.009 0.010 1.015 0.014 0.022 0.018 0.007

5412OP Miscellaneous professional, scientif ic, and technical services0.081 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 enterprises 0.017 0.025 0.026 0.009 0.017 0.006 0.030 0.010 0.011 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 services0.002 0.001 0.002 0.001 0.001 0.008 0.001 0.001 0.001 0.002 0.002 0.003 1.127

61 Educational services 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 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 0.000 0.000 0.000 0.000 0.000

622HO Hospitals and nursing and residential care facilities0.000 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 0.000 0.000 0.000 0.000 0.000

711AS Performing arts, spectator sports, museums, and related activities0.005 0.007 0.007 0.002 0.005 0.002 0.003 0.004 0.005 0.007 0.009 0.007 0.004

713 Amusements, gambling, and recreation industries0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001

721 Accommodation 0.013 0.014 0.009 0.003 0.007 0.003 0.004 0.005 0.009 0.006 0.003 0.011 0.010

722 Food services and drinking places 0.018 0.026 0.013 0.005 0.013 0.006 0.008 0.010 0.015 0.017 0.010 0.022 0.016

81 Other services, except government 0.024 0.025 0.020 0.006 0.015 0.013 0.021 0.007 0.007 0.014 0.017 0.017 0.019

GFG   Federal general government 0.019 0.009 0.044 0.008 0.022 0.002 0.008 0.002 0.010 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 0.003 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 0.001 0.001 0.001 0.002 0.001 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 1.75 1.89 2.18 1.72 2.34 1.48 1.54 1.36 1.49 1.58 1.59 1.70 1.87
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Code Industry Description 61 621 622HO 624 711AS 713 721 722 81 GFG GFE GSLG GSLE

486 Pipeline transportation 0.001 0.000 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0.002 0.008

487OS Other transportation and support activities 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 0.001 0.002 0.002 0.002 0.003 0.002 0.003 0.003 0.002 0.002 0.001 0.004 0.002

511 Publishing industries (includes softw are) 0.015 0.006 0.005 0.012 0.010 0.008 0.013 0.007 0.008 0.015 0.005 0.008 0.011

512 Motion picture and sound recording industries0.010 0.002 0.002 0.011 0.005 0.003 0.008 0.004 0.003 0.006 0.003 0.002 0.002

513 Broadcasting and telecommunications 0.016 0.020 0.016 0.023 0.025 0.025 0.038 0.024 0.021 0.037 0.033 0.028 0.020

514 Information and data processing services 0.003 0.003 0.004 0.003 0.005 0.003 0.005 0.004 0.006 0.014 0.004 0.006 0.005

521CI Federal Reserve banks, credit intermediation, and related activities0.030 0.031 0.034 0.036 0.035 0.033 0.038 0.033 0.066 0.016 0.044 0.022 0.091

523 Securities, commodity contracts, and investments0.008 0.010 0.016 0.035 0.023 0.011 0.013 0.010 0.053 0.008 0.010 0.010 0.035

524 Insurance carriers and related activities 0.012 0.046 0.044 0.035 0.050 0.033 0.044 0.029 0.023 0.012 0.007 0.007 0.015

525 Funds, trusts, and other financial vehicles 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 0.063 0.137 0.093 0.081 0.060 0.047 0.052 0.066 0.021 0.024 0.034 0.057

532RL Rental and leasing services and lessors of intangible assets0.010 0.013 0.010 0.009 0.019 0.013 0.025 0.021 0.009 0.009 0.008 0.008 0.016

5411 Legal services                                                                  0.006 0.013 0.012 0.011 0.020 0.029 0.016 0.010 0.011 0.009 0.009 0.010 0.013

5415 Computer systems design and related services                                    0.013 0.007 0.008 0.009 0.007 0.009 0.010 0.007 0.008 0.054 0.012 0.009 0.015

5412OP Miscellaneous professional, scientific, and technical services0.044 0.059 0.047 0.057 0.107 0.077 0.113 0.058 0.056 0.137 0.044 0.047 0.111

55 Management of companies and enterprises 0.008 0.019 0.035 0.016 0.024 0.051 0.043 0.038 0.015 0.013 0.008 0.008 0.015

561 Administrative and support services 0.029 0.055 0.048 0.053 0.067 0.034 0.069 0.029 0.040 0.054 0.034 0.037 0.069

562 Waste management and remediation services0.004 0.003 0.003 0.006 0.002 0.004 0.011 0.004 0.003 0.002 0.002 0.009 0.019

61 Educational services 1.003 0.000 0.000 0.000 0.004 0.001 0.000 0.000 0.002 0.001 0.002 0.003 0.000

621 Ambulatory health care services 0.000 1.023 0.015 0.000 0.007 0.000 0.000 0.000 0.001 0.002 0.000 0.001 0.000

622HO Hospitals and nursing and residential care facilities0.000 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 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000

711AS Performing arts, spectator sports, museums, and related activities0.003 0.002 0.002 0.005 1.142 0.014 0.006 0.007 0.005 0.005 0.003 0.003 0.003

713 Amusements, gambling, and recreation industries0.000 0.000 0.000 0.000 0.001 1.000 0.001 0.001 0.000 0.001 0.000 0.001 0.000

721 Accommodation 0.004 0.004 0.002 0.004 0.004 0.003 1.006 0.005 0.004 0.008 0.003 0.003 0.004

722 Food services and drinking places 0.007 0.013 0.009 0.013 0.009 0.010 0.035 1.011 0.008 0.007 0.016 0.014 0.008

81 Other services, except government 0.012 0.014 0.016 0.017 0.018 0.020 0.023 0.014 1.021 0.010 0.019 0.016 0.015

GFG   Federal general government 0.002 0.003 0.003 0.003 0.004 0.003 0.005 0.004 0.005 1.029 0.019 0.003 0.004

GFE   Federal government enterprises 0.007 0.006 0.007 0.004 0.005 0.011 0.020 0.011 0.006 0.003 1.003 0.004 0.003

GSLG  State and local general government 0.002 0.002 0.002 0.002 0.005 0.002 0.003 0.002 0.004 0.002 0.002 1.004 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 0.005 0.010 0.008 1.021

Total industry output requirement 1.56 1.61 1.73 1.67 1.83 1.71 1.91 1.88 1.70 1.81 1.63 1.61 2.12
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APPENDIX B A Matrix  

Source: Bureau of Economic Analysis - 2009 

 

0.13 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

0.05 0.11 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.08 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.64 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03

0.00 0.00 0.00 0.09 0.01 0.02 0.01 0.00 0.07 0.07 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03

0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.02 0.00 0.01 0.03 0.01 0.00 0.00 0.02 0.04 0.03 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.03 0.01 0.00 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.01 0.01 0.01 0.01 0.03 0.01 0.00 0.00 0.02 0.01 0.02

0.01 0.00 0.04 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.04 0.02 0.09

0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.08 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.02 0.00 0.04 0.01 0.10 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

0.00 0.00 0.01 0.01 0.05 0.00 0.01 0.00 0.01 0.28 0.17 0.08 0.02 0.12 0.07 0.03 0.03 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.01 0.01 0.03 0.00 0.05 0.02 0.02 0.03 0.11 0.10 0.02 0.05 0.09 0.05 0.04 0.03 0.01 0.01 0.00 0.02 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.04 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02

0.01 0.01 0.01 0.02 0.03 0.00 0.02 0.00 0.00 0.01 0.01 0.08 0.00 0.01 0.04 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.02 0.14 0.03 0.04 0.08 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.01

0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.01 0.01 0.03 0.01 0.06 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.29 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00
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0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.02 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.00 0.01 0.01 0.01
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APPENDIX C Workforce Sectors Recovery Source Data 

 

Source: Burrus, R.T., C.F. Dumas, C.H. Farrell and W.W. Hall. (2002) 
    The Impacts of Low-Intensity Hurricanes on Regional Economic Activity. Natural Hazards Review. 3(3):118-125. 

Contact:  Chris Dumas 910-962-4026, dumasc@uncw.edu 
    

       
Table 3.  Average Business Interruption Times by Industrial Sector and Hurricane, Wilmington, N.C. 

(Full Day Equivalents Lost (FDEL), Disaggregated Data) 

       IMPLAN 2-Digit 
 

Number of   Hurricane     

Model 87 SIC Sector Survey BERTHA FRAN BONNIE 
 

Sector Sector Name Observations 
Ave. 

FDELs 
Ave. 

FDELs 
Ave. 

FDELs Average 

393 37 Boat Building and Repairing 6 6.54 104.46 32.21 47.74 

488 79 Amusement and Recreation Services, N.E.C. 8 9.94 89.03 17.78 38.92 

450 54 Food Stores 3 12.92 23.25 27.08 21.08 

500 83 Social Services, N.E.C. 1 0.00 51.75 6.25 19.33 

48 15 New Residential Structures 6 12.96 34.25 6.33 17.85 

480 76 Electrical Repair Service 1 1.00 42.50 4.00 15.83 

453 57 Furniture & Home Furnishings Stores 3 8.58 31.58 4.92 15.03 

502 84 Other Nonprofit Organizations 4 16.75 13.13 14.56 14.81 

462 65 Real Estate 17 10.74 11.72 8.24 10.23 

455 59 Miscellaneous Retail 12 8.02 14.27 4.19 8.83 

128 23 Canvas Products 1 5.00 14.00 5.00 8.00 

457 61 Credit Agencies 13 6.31 14.35 2.88 7.85 

442 48 Radio and TV Broadcasting 2 2.00 12.38 8.75 7.71 

463 70 Hotels and Lodging Places 10 0.83 21.35 0.60 7.59 

506 87 Engineering, Architectural Services 6 0.50 16.67 0.50 5.89 

489 79 Membership Sports and Recreation Clubs 3 2.33 2.58 12.08 5.67 

315 35 Conveyors and Conveying Equipment 1 4.00 8.00 4.75 5.58 

451 55 Automotive Dealers & Service Stations 5 1.75 9.45 5.40 5.53 

449 53 General Merchandise Stores 5 4.25 6.95 4.40 5.20 

508 87 Management and Consulting Services 2 4.25 8.75 1.38 4.79 

520 94 Federal Government - Non-Military 1 4.00 8.00 2.00 4.67 

494 81 Legal Services 4 3.06 6.31 3.63 4.33 

189 28 Inorganic Chemicals Nec. 2 3.25 6.25 3.25 4.25 

441 48 Communications, Except Radio and TV 3 1.00 6.58 4.92 4.17 

497 82 Other Educational Services 2 2.50 6.00 3.50 4.00 

40 14 Dimension Stone 1 5.00 3.75 2.75 3.83 

124 23 Apparel Made From Purchased Materials 1 2.25 5.50 3.50 3.75 

447 50 Wholesale Trade 1 2.00 6.00 1.00 3.00 

432 39 Manufacturing Industries, N.E.C. 6 2.25 3.00 3.50 2.92 

464 72 Laundry, Cleaning and Shoe Repair 3 2.50 4.33 1.92 2.92 

435 42 Motor Freight Transport and Warehousing 8 2.66 3.06 1.84 2.52 
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496 82 Colleges, Universities, Schools 2 1.00 3.50 3.00 2.50 

49 16 New Industrial and Commercial Buildings 8 1.25 2.44 3.63 2.44 

454 58 Eating & Drinking 10 1.75 3.28 2.25 2.43 

490 80 Doctors and Dentists 10 1.58 3.15 2.43 2.38 

469 73 Advertising 7 1.82 3.21 2.04 2.36 

458 62 Security and Commodity Brokers 2 1.38 2.75 2.88 2.33 

460 64 Insurance Agents and Brokers 7 1.61 3.07 2.04 2.24 

456 60 Banking 3 3.33 1.67 1.67 2.22 

246 32 Gypsum Products 1 2.00 2.00 2.50 2.17 

499 83 Child Day Care Services 1 0.00 3.00 3.50 2.17 

507 87 Accounting, Auditing and Bookkeeping 3 1.75 3.33 1.33 2.14 

282 34 Fabricated Structural Metal 2 1.63 3.13 1.63 2.13 

474 73 Personnel Supply Services 8 0.78 1.56 3.75 2.03 

386 37 Motor Vehicle Parts and Accessories 1 2.00 2.00 2.00 2.00 

331 35 Special Industry Machinery N.E.C. 3 1.75 2.42 1.75 1.97 

230 32 Glass and Glass Products,  Exc Containers 1 1.50 2.25 1.50 1.75 

471 73 Photofinishing, Commercial Photography 3 0.42 1.33 3.50 1.75 

446 49 Sanitary Services and Steam Supply 2 1.38 2.38 1.25 1.67 

473 73 Equipment Rental  and Leasing 3 1.00 2.67 1.33 1.67 

495 82 Elementary and Secondary Schools 3 0.83 1.17 2.67 1.56 

129 23 Pleating and Stitching 1 0.00 0.00 4.50 1.50 

164 26 Paperboard Containers and Boxes 2 1.50 2.00 1.00 1.50 

285 34 Sheet Metal Work 1 1.00 2.00 1.00 1.33 

493 80 Other Medical and Health Services 2 1.00 2.00 1.00 1.33 

512 94 Other State and Local Govt Enterprises 2 1.00 2.00 1.00 1.33 

448 52 Building Materials & Gardening 3 1.25 1.50 1.00 1.25 

491 80 Nursing and Protective Care 2 1.25 1.25 1.25 1.25 

220 30 Miscellaneous Plastics Products 2 0.63 1.63 1.00 1.08 

179 27 Commercial Printing 1 1.00 1.00 1.00 1.00 

501 83 Residential Care 7 0.00 1.86 0.32 0.73 

178 27 Miscellaneous Publishing 2 0.00 0.00 1.50 0.50 

503 86 Business Associations 1 0.00 0.00 1.00 0.33 

475 73 Computer and Data Processing Services 4 0.00 0.00 0.94 0.31 

55 15 Maintenance and Repair, Residential 1 0.00 0.00 0.00 0.00 

383 36 Electrical Equipment, N.E.C. 1 0.00 0.00 0.00 0.00 

472 73 Services To Buildings 3 0.00 0.00 0.00 0.00 

479 75 Automobile Repair and Services 1 0.00 0.00 0.00 0.00 

492 80 Hospitals 1 0.00 0.00 0.00 0.00 

498 83 Job Trainings & Related Services 1 0.00 0.00 0.00 0.00 

505 86 Religious Organizations 1 0.00 0.00 0.00 0.00 
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APPENDIX D Workforce Count (state of Virginia)  

Source: Bureau of Economic Analysis - 2009 

 

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 manufacturing 8515
51000 Virginia 518           Motor vehicles, bodies and trailers, and parts manufacturing(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

SA25N Total full-time and part-time employment by NAICS industry 1/
Bureau of Economic Analysis

Fips Area LineCode Description 2009
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51000 Virginia 709         Sporting goods, hobby, book and music stores 21551
51000 Virginia 711         General merchandise stores 85389
51000 Virginia 712         Miscellaneous store retailers 40058
51000 Virginia 713         Nonstore retailers 45446
51000 Virginia 800       Transportation and warehousing 132621
51000 Virginia 801         Air transportation 14701
51000 Virginia 802         Rail transportation 5639
51000 Virginia 803         Water transportation 1588
51000 Virginia 804         Truck transportation 39525
51000 Virginia 805         Transit and ground passenger transportation 15835
51000 Virginia 806         Pipeline transportation 393
51000 Virginia 807         Scenic and sightseeing transportation 649
51000 Virginia 808         Support activities for transportation 16565
51000 Virginia 809         Couriers and messengers 17661
51000 Virginia 811         Warehousing and storage 20065
51000 Virginia 900       Information 95023
51000 Virginia 901         Publishing industries, except Internet 22855
51000 Virginia 902         Motion picture and sound recording industries 6251
51000 Virginia 903         Broadcasting, except Internet 10414
51000 Virginia 904         Internet publishing and broadcasting 3/ (NA)
51000 Virginia 905         Telecommunications 38801
51000 Virginia 906         ISPs, search portals, and data processing 13134
51000 Virginia 907         Other information services 3/ 3568
51000 Virginia 1000       Finance and insurance 198378
51000 Virginia 1001         Monetary authorities - central bank (D)
51000 Virginia 1002         Credit intermediation and related activities 69577
51000 Virginia 1003         Securities, commodity contracts, investments 58095
51000 Virginia 1004         Insurance carriers and related activities 55432
51000 Virginia 1005         Funds, trusts, and other financial vehicles (D)
51000 Virginia 1100       Real estate and rental and leasing 203552
51000 Virginia 1101         Real estate 185569
51000 Virginia 1102         Rental and leasing services 17230
51000 Virginia 1103         Lessors of nonfinancial intangible assets 753
51000 Virginia 1200       Professional, scientific, and technical services 502433
51000 Virginia 1300       Management of companies and enterprises 77165
51000 Virginia 1400       Administrative and waste management services 262902
51000 Virginia 1401         Administrative and support services 254508
51000 Virginia 1402         Waste management and remediation services 8394
51000 Virginia 1500       Educational services 92425
51000 Virginia 1600       Health care and social assistance 423974
51000 Virginia 1601         Ambulatory health care services 165064
51000 Virginia 1602         Hospitals 103061
51000 Virginia 1603         Nursing and residential care facilities 71004
51000 Virginia 1604         Social assistance 84845
51000 Virginia 1700       Arts, entertainment, and recreation 91494
51000 Virginia 1701         Performing arts and spectator sports 41688
51000 Virginia 1702         Museums, historical sites, zoos, and parks 4946
51000 Virginia 1703         Amusement, gambling, and recreation 44860
51000 Virginia 1800       Accommodation and food services 315286
51000 Virginia 1801         Accommodation 49840
51000 Virginia 1802         Food services and drinking places 265446
51000 Virginia 1900       Other services, except public administration 269031
51000 Virginia 1901         Repair and maintenance 52792
51000 Virginia 1902         Personal and laundry services 61018
51000 Virginia 1903         Membership associations and organizations 108518
51000 Virginia 1904         Private households 46703
51000 Virginia 2000     Government and government enterprises 873242
51000 Virginia 2001       Federal, civilian 182880
51000 Virginia 2002       Military 154739
51000 Virginia 2010       State and local 535623
51000 Virginia 2011         State government 157019
51000 Virginia 2012         Local government 378604


