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Economic Consequences of the HayWired Scenario—
Digital and Utility Network Linkages and Resilience

By lan Sue Wing,' Dan Wei,2 Adam Z. Rose,2and Anne M. Wein?

Abstract

The HayWired scenario examines a hypothetical earth-
quake (mainshock) with a moment magnitude (M) of 7.0
occurring on April 18, 2018, at 4:18 p.m. on the Hayward
Fault in the east bay part of California’s San Francisco Bay
region. This study evaluates the economic impacts of the
HayWired earthquake scenario on the greater San Francisco
Bay region’s economy using a detailed multiregional static
computable general equilibrium model for 6 months following
the event and a simpler, multiregional intertemporal partial
equilibrium simulation model for the dynamic recovery in the
17 years thereafter. Economic impacts are measured by the
estimated reduction in the bay region’s gross regional product
(GRP), the standard economic measure of the total value of
final goods and services produced. The major hazards that
cause property (buildings and contents) damages (or capital
stock losses) are ground shaking, liquefaction, landslides,
and fire following earthquake. Economic impacts in terms of
GRP (or business interruption losses) caused by both capital
stock losses and water and electricity utility and telecommu-
nications-service disruptions from the HayWired earthquake
sequence are estimated and are primarily caused by capital
stock damages. The most vulnerable industry sectors are
heavy manufacturing and service industries, such as education
and healthcare. The hardest hit county (in absolute and relative
terms) is Alameda County, followed by Santa Clara County.
In the 6 months following the earthquake, total GRP losses
are estimated to be $44.2 billion (4.2 percent of California’s
projected baseline gross state product [GSP] over the period),
but this result could be reduced by about 43 percent to $25.3
billion after factoring in microeconomic resilience tactics,
which promote the efficient use of remaining resources.

The most effective resilience tactic for businesses that
experience property damages and power-service disruptions
is production recapture (using overtime or extra shifts to

'Department of Earth and Environment, Boston University.

2Sol Price School of Public Policy and Center for Risk and Economic
Analysis of Terrorism Events (CREATE), University of Southern California.

3U.S. Geological Survey.

catch up on lost production after necessary facilities and
equipment have been repaired or replaced and power services
have been restored). The most effective resilience tactic for
water-service or data- and voice-service outages is production
isolation (making greater use of processes that do not need
these services). Production isolation combined with the use of
portable equipment by telecommunication carriers to fast track
data- and voice-service restoration can effectively reduce GRP
losses below those imposed by power outages that are the
greatest cause of data- and voice-service disruptions.

Information and communications technology (ICT)
sectors, which are the core of the digital economy, include
internet publishing and broadcasting; telecommunications;
data- processing, hosting, and related services; and other
information services. GRP losses (in percent) in the ICT
sectors show a strong correspondence with property
damages, although internet publishing and broadcasting
show a consistent pattern of GRP losses exceeding capital
losses in counties less directly affected by the earthquake
(San Mateo and San Francisco Counties) and counties that
export 80 percent of these services (Marin, Solano, and Santa
Cruz Counties). Internet publishing not only suffers direct
economic damage but also suffers from smaller supplies of
data-processing and telecommunications inputs, whose prices
increase significantly.

A simple, dynamic recovery model illustrates that
initially, relative to “business as usual,” capital stocks in the
largely unaffected remainder of the bay region and the rest
of California decrease owing to reallocation of investment
toward the most severely damaged counties. Eventually, coun-
ties with less damage gain from picking up the slack of lost
capacity in the core of the damaged region and also provide
valuable inputs to all affected counties by producing their
goods and services during the recovery process.

Introduction

Earthquakes and other natural disasters affect regional
and national economies by disrupting inputs to the production
of goods and services. These inputs include primary factors
of production, such as land that provides natural resources,
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capital that provides productive capacity, and labor that pro-
vides human resources, as well as intermediate inputs such as
processed goods and utility services.

The HayWired scenario examines a hypothetical earth-
quake (mainshock) with a moment magnitude (M, ) of 7.0
occurring on April 18, 2018, at 4:18 p.m. on the Hayward
Fault in the east bay part of California’s San Francisco Bay
region. For such an urban earthquake, the primary economic
concern is the damage to capital such as buildings and contents
and critical infrastructure. Severely damaged buildings would
be unavailable for use, and damages to critical infrastructure
would cause utility-service outages (for example, electric, gas,
water), interruptions to data and voice services, and disruption
to transportation systems (for example, roadways, rail lines,
airports, and seaports) (Porter, 2018; Jones and others, this
volume; Wein, Witkowski, and others, this volume). Further-
more, damages to buildings and infrastructure could ignite fires
that spread owing to limited fire-suppression resources, and
damages to critical infrastructure (for example, communication
systems, roadways, and water-supply systems) could increase
emergency-response times (Scawthorn, 2018). This study
focuses on the economic impacts from capital losses (property
or building and content damages) and water-, power-, and
data- and voice-service disruptions. The latter refers to a major
theme of the HayWired scenario—today’s wired and wire-
lessly connected world. Therefore, we also analyze the digital
economy, centered around the information and communica-
tions technology (ICT) industry sectors, which play a vital role
in the regional economy. For the HayWired scenario, economic
impacts from earthquake damages to transportation infrastruc-
ture are considered in Kroll and others (this volume).

This study estimates the regional economic impacts of
property damages and utility-service disruptions on the San
Francisco Bay region economy from the HayWired scenario
using a multiregional computable general equilibrium (CGE)
model. The model consists of industrial sectors and institutions
(for example, households and government sectors) and simu-
lates their interaction through production functions and market
linkages (for example, the output of one sector becomes an
input to another sector or itself). This means that the effects of
earthquake damages to one sector may be direct (production is
affected by property damages and utility outages) or indirect
(production is affected by disruptions to its supplier and cus-
tomer chains). The latter are sometimes referred to as ripple,
multiplier, or general equilibrium effects.

The equilibrium solution of the CGE model computes
the prices and quantities of goods and production factors that
equalize supply and demand in all markets in the economy.
The economic impacts are measured by the estimated reduc-
tion in the bay region’s gross regional product’ (GRP), the
standard economic measure of the total value of final goods
and services produced. Within this model some sectors may
lose, whereas others may gain. Where production decreases,
prices increase owing to scarcity and thus drive a realloca-
tion of scarce resources to highest marginal value uses. The
analysis assumes capital to be fixed, but labor resources are

somewhat mobile among sectors, and factors of production
can substitute for each other. These flexibilities in the econ-
omy are a form of inherent economic resilience that effectively
reduces GRP losses that otherwise would be incurred.

Economic resilience refers to the ability of the economy
to use remaining resources efficiently and to recover from
or adapt at an accelerated pace to damages and disruptions
caused by adverse events. It can be measured as the capabil-
ity to reduce potential negative effects on GRP (Rose, 2009,
2017). At the micro (business) and meso (sector/market) levels
of the economy, resilience—sometimes termed “business con-
tinuity” practices—enables enterprises to reduce their revenue
losses, typically termed “business interruption” (BI) losses.
In this study, these practices are referred to as static inherent
and adaptive resilience tactics and include conserving scarce
resources, using existing inventories of materials, substitut-
ing for disrupted supplies and services, temporarily relocating
business activities, telecommuting, and the ability to make
up lost production time by people working overtime or extra
shifts. Wein and Rose (2011) compiled and categorized (in
economic resilience terms) many tactics that were identified
as having the potential to reduce BI during the development
of the 2008 ShakeOut southern San Andreas Fault earthquake
scenario. In this study, the effectiveness of resilience tactics is
evaluated by modifying inputs and outputs of the CGE model
to demonstrate their relative potential effectiveness in reducing
BI losses measured in terms of GRP.

We begin by reviewing literature on economic impact
assessments of previous disasters and estimates of disaster
scenarios. The scenario assessments include our own work

“In this report, we refer to several indicators of economic activity at the
macroeconomic level. Gross domestic product (GDP) refers to the value of
all final goods and services produced in an economy (less imports). It is the
sum of consumption, investment, government spending, and exports, minus
imports. Gross regional product (GRP) is the counterpart for subnational areas.
Note that even though the term “gross” is used, it is only because the concept
includes depreciation. It is otherwise considered a “net” concept, because it
does not include intermediate goods (goods used to produce other goods). GRP
is an indicator from the production side and is approximately equivalent to
value added, which reflects the income and depreciation counterpart.

Gross output is also a production measure but one that includes the value of
intermediate goods (which results in a great amount of double counting, so it
is not as popular among economists). However, it is an indicator of significant
interest to the business community because it is equivalent to sales revenue. In
general, GRP is about 60 percent of gross output.

The term direct gross output losses refers to lost production at the sites
of businesses directly affected by the HayWired mainshock (either through
property damage or utility service disruptions). The term total gross output
losses includes various “higher-order” effects. In input-output modeling this
includes indirect and induced effects resulting from quantity interdependence
through supply chains and in CGE modeling refers to general equilibrium
effects (essentially indirect and induced effects but with the consideration of
responses to prices and inclusion of input substitutions).

All of the above convey different aspects of the commonly used term
business interruption (BI). The term BI is used at the levels of the indi-
vidual business, sector, and economy as a whole, as is the term gross output.
However, GRP is typically only used at the macroeconomic level, although its
counterpart—value added—is used at all three levels. (See Rose [2004a] for
more information.)
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that has established techniques to model the economic impacts
for the three previous U.S. Geological Survey (USGS) sce-
narios—the Southern California Shakeout earthquake (Rose
and others, 2011), the California ARkStorm severe winter
storm (Sue Wing and others, 2016), and a California tsunami
generated by an earthquake offshore of the Alaska Peninsula
(Rose and others, 2016). Next, we establish a foundation

for this analysis with a description of the San Francisco Bay
region economy and the composition of the largest industry
sectors. We also define the ICT sectors, the core of the digital
economy, and what sectors they depend on and serve. The
detailed description of the CGE model is then provided, fol-
lowed by the discussion of formal definitions and measures of
economic resilience.

The analysis of economic impacts proceeds in several
steps. First, estimates are constructed for the direct economic
impacts to industry sectors resulting from physical damage
to buildings and contents caused by the mainshock shaking,
liquefaction and landslides, aftershocks, fire following the
mainshock, and utility-service disruptions. Second, the total
economic impacts (consisting of both direct and indirect
effects) are estimated by simulating lost production in upstream
and downstream sectors through market adjustments along the
supply chain, using a multiregional CGE model. The economic
impacts on sectors and the economy are first calculated
without the consideration of microeconomic resilience
tactics (apart from the resilience already incorporated in the
CGE model’s baseline structural representation of supply,
demand, and market interactions®). The economic impacts
are then estimated with various types of additional inherent
and adaptive resilience tactics. The bottom-line measure
of the economic impacts on the bay region economy of the
HayWired earthquake scenario during the following 6 months
are estimated as the reduction in GRP, in both absolute and
percentage terms. To complement the short timeframe of
the analysis, a simpler multiregional intertemporal partial
equilibrium simulation model demonstrates a dynamic
recovery for 17 years following the mainshock.

Literature Review of Economic Impact
Analysis of Earthquake Events or
Scenarios

The literature review focuses on the estimation of total
economic impacts stemming from business interruption losses.
The M 6.7 1994 Northridge, California, earthquake remains
the costliest earthquake in U.S. history in terms of GRP
reduction ($75 billion, in 2018 dollars) and property damage
($31 billion, in 2018 dollars). Based on empirical survey
data collected from more than 1,000 firms in the cities of Los
Angeles and Santa Monica, Tierney (1997) investigated the

>This includes inherent resilience of the economy through the price system
in the form of input and locational substitution embedded in the CGE model’s
equations (see appendix 2 for details).

3

disaster preparedness, response, and recovery of businesses.
Although structural and nonstructural damages caused
substantial economic losses, a large number of firms suffered
from extensive BI owing to other disaster-related problems,
including utility service disruption, transportation network
disruption, and a decrease in customer demand. The results
also elucidate the cost-reducing potential of various resilience
tactics adopted by businesses. For example, nearly 30 percent
of the study respondents had stored fuel or batteries, and

more than 35 percent had stored water prior to the earthquake.
However, only 5.2 percent of respondents indicated that they
had arrangements to move a business to an alternative location
in case of a disaster. (See also Rose and Lim, 2002, and papers
reviewed below for further analysis of resilience to electricity-
service disruptions using Tierney’s data.)

The series of earthquakes in 2010 and 2011 in Canter-
bury, New Zealand, resulted in an estimated $15 billion in
rebuild costs, which is about 10 percent of New Zealand’s
annual gross domestic product (GDP) (Parker and Steenkamp,
2012). Insured losses, covering both property damage and
business interruption losses, exceeded U.S. $25 billion (Parker
and Steenkamp, 2012). The Canterbury economy exhibited
reasonable resilience—agriculture and manufacturing sectors
were only slightly affected, and merchandise exports remained
strong owing to the rapid recovery of the capacity of seaports
and airports. However, international tourism and student
enrollment dropped significantly, which greatly affected
service sectors such as retail, education, accommodation, and
hospitality (Parker and Steenkamp, 2012).

Kajitani and others (2013) performed an economic
impact analysis of the M_ 9.1 2011 Tohoku, Japan, earthquake,
tsunami, and subsequent nuclear accident based on observed
time-series data on economic activities before and after the
disaster. The study revealed significant economic impacts
beyond the direct damage of $211 billion. Indirect economic
impacts include supply-chain disruptions, decrease in retail
trade and tourism because of curtailed consumption, and fear
of radiation. Japan’s GDP decreased by 1.32 percent and
1.63 percent, respectively, in the first two quarters after the
disaster. Despite these substantial losses, several resilience
mechanisms were identified, including, for example, a col-
lective energy conservation effort that successfully averted
blackouts after the reduction of power generation capacity
owing to nuclear power units being offline.

Using a time series-based input-output table for the City
of Kobe, Okuyama (2014) applied a combined approach of
structural-decomposition analysis (SDA) and shift-share
analysis to analyze the long-term economic structural change
and the corresponding economic impacts of the M 6.9 1995
Kobe earthquake. The four factors included in the SDA were
changes in regional purchase coefficients, changes in pro-
duction technological coefficients, changes in final demand,
and changes in exports. Reduced final demand (caused by loss
of lives and [or] out-migration) was found to be the largest
contributor to total output losses. The study also identified
how impacts varied across industries, with three service
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sectors (port-related transportation, other transportation, and
public services) and the food and kindred products sector
experiencing the largest negative effects.

Rose and Liao’s (2005) pioneering study of economic
resilience provided a rigorous definition of static economic
resilience and demonstrated methods for incorporating key
resilience tactics into a CGE modeling framework. The two
tactics modeled were adaptive conservation (for example,
recycling water) and adaptive input substitution (for example,
finding new substitutes for piped water services, such as
bottled or trucked water), and they were incorporated by alter-
ing constant elasticity of substitution (CES) production func-
tion productivity parameters and elasticities of substitution,
respectively, based on Tierney’s (1997) data. The model was
applied to simulate a major Pacific subduction zone magnitude
6.1 earthquake affecting the Portland, Oregon, water system,
resulting in a 48-percent reduction in service delivery over
4 weeks of recovery time, with direct and indirect losses of
more than $1 billion (or 4.6 percent of gross output). The two
resilience tactics described above yielded potential reductions
in business interruption losses of 33 percent.

A CGE modeling study by Rose and others (2007a) of
the resilience of the Los Angeles water system to a 2-week
shutdown stemming from a terrorist attack indicated that
these two resilience tactics could have a much smaller impact
because of differences in the structure of the economies being
modeled, the larger impacts to the water system, and the shorter
period over which producers and consumers could engage
in substitution. However, the additional resilience tactics of
water storage, input isolation, and production recapture (see
definitions below) increased the potential loss reductions to
more than 90 percent. Rose and others (2007b) derived similar
estimates for all of these resilience tactics combined to recover
from a hypothetical shutdown of the Los Angeles electricity
system caused by terrorist attack.

Rose and others (2011) simulated the economic impacts
of an earthquake on the Verdugo Fault, north of Los Angeles,
by coupling a CGE model with a water system fragility model.
Base case results indicated a gross output loss of nearly $1 bil-
lion—or a nearly 5-percent loss of gross output over a 2-week
recovery period, but resilience potential is estimated to be in
excess of 90 percent. However, the authors cautioned that the
moderation of losses in the real-world economy could be much
smaller because of obstacles to implementation of the various
resilience tactics (this applies to previous studies by the authors
as well). A novel feature of that analysis relates to water prices,
which are typically set by local government authorities rather
than by the market and, therefore, do not adjust in the face of
shortages. If water prices are allowed to rise with scarcity, cur-
tailment of 24 percent of baseline supply triggers a 30-percent
increase in the equilibrium price of water, but the consequent
reallocation of water among users reduced business interrup-
tion losses by only 2 percent, in part because of the limited
substitution possibilities among water and other inputs, even
modeling the effect of additional measures that would have the
effect of increasing the substitutability of other inputs for water.

Mackenzie and others (2012) used a multiregional input-
output (I-O) model to estimate the total economic impacts of
the 2011 Tohoku tsunami. As with the CGE framework, I-O
models characterize the economy as a set of interconnected
supply chains linking the activities of economic sectors. The
key finding is that more than 90 percent of the potential BI
losses could be avoided by a combination of inventories held
by domestic producers and expanding input supplies through
increased imports from abroad. Although the analysis did
not explicitly consider issues of timing, some of this offset is
implicitly contributed by production recapture.

In 2015, a multidisciplinary initiative was funded by the
National Institute of Standards and Technology to develop a
comprehensive set of modeling tools to better assess the likely
impact of natural disasters on local communities, understand
the factors affecting community resilience, and develop cost-
effective strategies to optimize the recovery of communities
(Ellingwood and others, 2016). A dynamic spatial CGE model
was developed by Cutler and others (2016) to estimate the
economic impact of damages to building stocks and trans-
portation infrastructure caused by a simulated magnitude 7.8
earthquake in the Centerville Virtual Community, one of the
community resilience testbeds of the initiative. The study also
takes the dynamic impacts of changes in firm and household
behavior into consideration. Alternative degrees of substitut-
ability between capital and labor for the producing sectors
and various rates of precautionary savings for households are
analyzed to examine their effects on the long-run economic
and social impacts of the disaster.

Thematically, the study that is closest to this report is the
economic consequence analysis of the ShakeOut earthquake
scenario—a hypothetical magnitude 7.8 southern San Andreas
Fault earthquake centered near Palm Springs, California (Rose
and others, 2011). That investigation used an I-O rather than
a CGE model, which likely resulted in overstatement of the
Bl losses, because the former modeling approach omitted
substitution among the various inputs to individual sectors
and interregional substitution among the sources of supply of
commodity inputs to production and consumption. Hazus and
other geotechnical estimation methods were used to estimate
property damage from ground shaking, supplemented by a
fire-damage estimation methodology, yielding loss estimates
of $113 billion—more than half accounted for by fire damage.
The total BI losses (without resilience tactics) were estimated
at $204 billion, stemming from as much as a 6-month disrup-
tion to the regional water system, which accounted for more
than 35 percent of the total. The sole resilience option consid-
ered was production recapture, which was estimated to reduce
BI losses by 67 percent to $68 billion.

San Francisco Bay Region Economy

The San Francisco Bay region consists of nine counties:
Marin, Sonoma, Napa, Solano, San Francisco, San Mateo,
Contra Costa, Alameda, and Santa Clara. In the past 15 years,
the economy of the bay region experienced a 37-percent
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growth in gross regional product (GRP)—the measure of the
total value of final goods and services produced in a region,
which for the bay region was about 14 percent greater than the
average growth rate for the United States (Kroll and others,
2017).° Based on I-O data from IMPLAN (short for impact
analysis for planning), of which we have aggregated the
9-county bay region economy into 46 industry sectors (see
appendix 1 for details), the GRP for the bay region in 2012
was $579 billion (IMPLAN, 2014). This accounted for nearly
30 percent of the total gross State product (GSP) of California,
which was $2,050 billion in 2012. Table 1 shows the top five
industry sectors in terms of GRP, and table 2 shows the top five
industry sectors in terms of employment (including both full-
and part-time jobs).” The top five sectors listed in these two
tables account for nearly 50 percent of the total GRP and total
employment, respectively, of the economy of the bay region.®

One theme of the HayWired scenario is the effects of
wired and wireless technology in today’s world. Therefore, we
focus on the digital economy through the ICT sectors that play
a vital role in the bay region’s economy. Based on the 9-county
46-sector bay region I-O table (see appendix | for details),
the 3 sectors that provide ICT services in the model are (1) tele-
communications (such as Verizon, AT&T, T-Mobile, Comcast,
Spectrum); (2) internet publishing and broadcasting and web-
search-portal services (such as Netflix and Amazon as video
broadcast sites, Google and Yahoo as internet search portals,
and Facebook and Twitter as internet social networking sites);
and (3) data processing, hosting, and related services (such as
Amazon, Microsoft, and Google for providing computer data-
storage services and Google, Microsoft, and Apple for provid-
ing application hosting). The GRPs of these three sectors were
$11.19, $7.39, and $4.26 billion, respectively, in 2012, and the
employment in these sectors was 30,700, 30,400, and 15,900,
respectively, in 2012.

Tables 3 to 5 show the top 10 sectors that depend on—
that is, purchase the largest quantities of the outputs of—the
three ICT service sectors in the bay region economy, both

°This includes the five Metropolitan Statistical Areas defined by the U.S.
Department of Commerce’s Bureau of Economic Analysis in the San Fran-
cisco Bay region, which also includes San Benito County in addition to the
nine counties listed above.

"The three major datasets used by IMPLAN for employment estimates
are the Bureau of Labor Statistics (BLS) Census of Employment and Wages
(CEW), the Census Bureau County Business Patterns (CBP), and the Bureau
of Economic Analysis (BEA) Regional Economic Accounts (REA) data.
IMPLAN employment estimates are usually larger than the employment data
provided by government agencies (such as the California Employment Devel-
opment Department [EDD]) because IMPLAN employment includes not only
full-time and part-time wage and salary employment (typically small business
and professional practices) but also proprietor employment. The latter is not
included in the EDD employment estimates.

8The discussions of the San Francisco Bay region economy in this sec-
tion and the economic impact model to be discussed in the next section are
based on IMPLAN data for the year 2012. These represent the latest data
that could be obtained when we started working on the HayWired economic
impact study in 2014. Based on IMPLAN data obtained in 2018, the GRP and
employment of the 9-county bay region were $804 billion and 5.293 million
thousand jobs (full-time and part-time) in 2016. The top sectors in terms of
GRP and employment remained the same as in 2012.

in total dollar terms and as a percentage of the purchasing
sectors’ gross output. The three ICT sectors themselves are
major users of their own outputs as inputs in production. Apart
from this, the top sectors using ICT are service sectors such
as finance, insurance, real estate, and leasing; professional,
scientific, and technical services; business services; and
publishing, motion pictures, and broadcasting.

Tables 6 to 8 show the top 10 sectors from which the
ICT service sectors purchase inputs to produce their services,
both in total dollar terms and as a percentage of the respective
ICT sectors’ gross output. Consistent with that shown in
tables 3 to 5, the three ICT services use large amounts of
their own outputs as inputs in production. Apart from this, the
top supplier sectors to ICT service sectors are professional,
scientific, and technical services; finance, insurance,
real estate, and leasing; business services; light industry;
publishing, motion picture, and broadcasting; semiconductor
and related device manufacturing; and computer systems
design and related services.

Table 1. Five largest industry sectors (gross regional product
basis) in the nine-county San Francisco Bay region, California
(data from IMPLAN, 2014).

Computable general equilibrium model Billions of 2012 dollars

sector

33. Finance, insurance, real estate, and $86.45
leasing

36. Other professional, scientific, and $43.26
technical services

46. Government and non-NAICS'! $42.90

35. Computer systems design and $36.27
related services

16. Semiconductor and related device $28.74

manufacturing

'NAICS stands for North American Industry Classification System (U.S.
Census Bureau, 2017). Non-NAICS sector includes all sectors in IMPLAN
(2014) that are not defined by the NAICS code.

Table 2. Five largest industry sectors (employment basis) in
the nine-county San Francisco Bay region, California (data from
IMPLAN, 2014).

Computable general equilibrium model

Jobs
sector
33. Finance, insurance, real estate, and 560,300
leasing
46. Government and non-NAICS! 409,000
19. Retail trade 403,700
41. Arts, entertainment, and recreation 390,700
36. Other professional, scientific, and 369,100

technical services

'NAICS stands for North American Industry Classification System (U.S.
Census Bureau, 2017). Non-NAICS sector includes all sectors in IMPLAN
(2014) that are not defined by the NAICS code.
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Table 3. Top industry-sector purchases of internet-publishing and broadcasting services in the San Francisco Bay region, California

(data from IMPLAN, 2014).

Industry sector

Input in millions
of 2012 dollars

Industry sector

Input as percent-
age of gross output

Internet publishing and broadcasting
Food, drug, and chemicals

Other professional, scientific, and technical
services

Other business services

Light industry

Heavy industry

Finance, insurance, real estate, and leasing
Publishing, motion pictures, and broadcasting
Telecommunications

Computer systems design and related services

1,219
278
267

220
216
157
148
132

83

75

Internet publishing and broadcasting

Other mining
Couriers and messengers

Primary metal manufacturing
Heavy industry

Other business services
Light industry

Food, drug, and chemicals
Sightseeing transportation

Telecommunications

11.37
6.13

3.22

1.07
0.67
0.57
0.53
0.51
0.48
0.44

Table 4. Top industry-sector purchases of telecommunications in the San Francisco Bay region, California (data from IMPLAN, 2014).

Industry sector

Input in millions

of 2012 dollars

Industry sector

Input as percent-
age of gross

output
Telecommunications 2,299 Telecommunications 12.28
Other professional, scientific, and technical services 936 Coal mining 4.95
Publishing, motion pictures, and broadcasting 795 Publishing, motion pictures and broadcasting 2.45
Finance, insurance, real estate, and leasing 673 Repair and maintenance 1.70
Other business services 390 Other Professional, scientific, and technical 1.53
services
Government and non-NAICS! 375 Electricity generation/transmission/distribution 1.23
Construction 299 Accommodations 1.08
Light industry 259 Rail transportation 1.02
Semiconductor and related device manufacturing 182 Other business services 1.01
Computer systems design and related services 175 Construction 0.97

'NAICS stands for North American Industry Classification System (U.S. Census Bureau, 2017). Non-NAICS sector includes all sectors in IMPLAN (2014)

that are not defined by the NAICS code.

Table 5. Top industry-sector purchases of data processing, hosting, and related services in the San Francisco Bay region, California

(data from IMPLAN, 2014).

Input in millions

Input as percentage

Industry sector of 2012 dollars Industry sector of gross output
Other professional, scientific, and technical services 328 Other mining 1.56
Finance, insurance, real estate, and leasing 241 Telecommunications 1.21
Telecommunications 227 Other information services 0.90
Other business services 159 Accommodations 0.74
Publishing, motion picture, and broadcasting 127 Transit and ground passengers 0.55
Computer systems design and related services 95 Other professional, scientific, and technical 0.54
services
Light industry 93 Air transportation 0.50
Government and non-NAICS' 44 Other business services 0.41
Arts, entertainment, and recreation 42 Publishing, motion picture, and broadcasting 0.39
Accommodations 35 Data processing, hosting, and related services 0.38

'NAICS stands for North American Industry Classification System (U.S. Census Bureau, 2017). Non-NAICS sector includes all sectors in IMPLAN (2014)

that are not defined by the NAICS code.
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Table 6. Top industry-supplier sectors to internet-publishing and broadcasting services in the San Francisco Bay region, California
(data from IMPLAN 2014).

Industry sector Input in millions of Input as qer(_:entage of gross o_ulput of _internet-
2012 dollars publishing and broadcasting services
Internet publishing and broadcasting 1,219 11.37
Food, drug, and chemicals 278 2.59
Other professional, scientific, and technical services 267 2.49
Other business services 220 2.06
Light industry 216 2.02
Heavy industry 157 1.47
Finance, insurance, real estate, and leasing 148 1.38
Publishing, motion picture, and broadcasting 132 1.23
Telecommunications 83 0.78
Computer systems design and related services 75 0.70

Table 7. Top industry-supplier sectors to telecommunications in the San Francisco Bay region, California (data from IMPLAN, 2014).

Idustry sostor P zdals o telocommanications
Telecommunications 2,299 12.28
Other professional, scientific, and technical services 936 5.00
Publishing, motion picture, and broadcasting 795 4.25
Finance, insurance, real estate, and leasing 673 3.60
Other business services 390 2.08
Government and non-NAICS! 375 2.00
Construction 299 1.60
Light industry 259 1.38
Semiconductor and related device manufacturing 182 0.97
Computer systems design and related services 175 0.93

'NAICS stands for North American Industry Classification System (U.S. Census Bureau, 2017). Non-NAICS sector includes all sectors in IMPLAN (2014)
that are not defined by the NAICS code.

Table 8. Top industry-supplier sectors to data processing, hosting, and related services in the San Francisco Bay region, California
(data from IMPLAN, 2014).

Input in millions of  Input as percentage of gross output of data

Industry sector 2012 dollars processing, hosting, and related services
Other professional, scientific, and technical services 328 5.54
Finance, insurance, real estate, and leasing 241 4.06
Telecommunications 227 3.83
Other business services 159 2.68
Publishing, motion picture, and broadcasting 127 2.14
Computer systems design and related services 95 1.60
Light industry 93 1.57
Government and non-NAICS' 44 0.75
Arts, entertainment, and recreation 42 0.70
Accommodations 35 0.58

'NAICS stands for North American Industry Classification System (U.S. Census Bureau, 2017). Non-NAICS sector includes all sectors in IMPLAN (2014)
that are not defined by the NAICS code.



8 The HayWired Earthquake Scenario—Societal Consequences

Economic Impact Estimation Model—
Computable General Equilibrium
Modeling

A computable general equilibrium (CGE) model is a
stylized computational representation of the circular flow of
the economy (see, for example, Sue Wing, 2009, 2011; Sue
Wing and Balistreri, 2018). It solves for the set of commodity
and factor (intermediate inputs used to produce other goods
and services rather than for final consumption, as well as
labor and capital) prices and the set of activity levels of
firms’ outputs and households’ incomes that equalize supply
and demand across all markets in the economy. The model
developed for this study divides California’s economy into 18
areas (the 17 counties in the region affected by the HayWired
mainshock—Alameda, Contra Costa, Marin, Merced,
Monterey, Napa, Sacramento, San Benito, San Francisco,

San Joaquin, San Mateo, Santa Clara, Santa Cruz, Solano,
Sonoma, Stanislaus, and Yolo—and the remainder of the
State). Each economy consists of 46 industry sectors and
households in nine different income categories and is linked to
the other regions through trade.

The industry aggregation (see appendix 1) is matched
to the occupancy classes in Hazus, the Federal Emergency
Management Agency’s (FEMA) expert loss estimation system
(Federal Emergency Management Agency, 2012), which was
used by other HayWired team members to calculate the build-
ing and content losses caused by the earthquake’s physical
impacts (Seligson and others, 2018). Each sector is mod-
eled as a representative firm that produces a single good or
service using production technology characterized by a CES
cost function denominated over combinations of intermediate
commodity and primary factor inputs. The households in each
income group are modeled as a single representative agent
with a constant marginal propensity to save and invest out of
income and preferences characterized by a CES expenditure
function denominated over final consumption of commodities.
Government is represented in a simplified fashion, because its
role in the circular flow of the economy is passive—collect-
ing taxes from industries and passing some of the resulting
revenue to households as lump-sum transfers, in addition to
purchasing commodities to create a composite government
good that is consumed by households. Two primary factors of
production are represented within the model—labor, whose
endowment is fixed but whose allocation among sectors
responds to changes in the wage rate, and capital, which is
treated as sector-specific and immobile among industries or
regions during the 6-month postearthquake recovery horizon.
Factors are owned by the representative agents, who rent them
out to the firms in the agents’ county of residence in exchange
for factor income. Each region is modeled as an open econ-
omy that engages in trade with the rest of California, the rest
of the United States, and the rest of the world according to
an assumption, whereby imports from other counties, States,

and the rest of the world are imperfect substitutes for goods
produced locally (Armington, 1969) and also modeled using
CES functions.

The basic model is static, computing the prices and
quantities of goods and factors that equalize supply and
demand in all markets in the economy, subject to constraints
on the external balance of payments, over a single period of
6 months duration.’ The economic impacts of the earthquake
are modeled as exogenous reductions in endowments of
sector-specific capital in the sectors sustaining direct physical
damage and negative shocks to the aggregate (that is, the sum
of domestic and imported) supply of utility lifelines to each
region. The model is formulated as a mixed complementary
programming problem using the Mathematical Programming
System for General Equilibrium analysis (MPSGE) subsystem
for the General Algebraic Modeling System (GAMS) software
(Brooke and others, 1988; Rutherford, 1999) and is solved
using the PATH solver (Ferris and Munson, 2000). A more
detailed and technical description of the model is given in
appendix 2. The model is calibrated using an IMPLAN social
accounting matrix for the State of California for the year 2012
(IMPLAN, 2014). The key parameters of the model are sum-
marized in appendix 2. Earlier variants of the model were used
to analyze the effects of other disaster scenarios, such as a San
Francisco Bay region earthquake cutting off water supplies
from the California Aqueduct to Los Angeles County (Rose
and others, 2011), the USGS California ARkStorm severe win-
ter storm scenario (Sue Wing and others, 2016), and the USGS
Science Application for Risk Reduction project (SAFRR)
tsunami scenario (Rose and others, 2016).

°The shortest timeframe on which the assumptions of Walrasian general
equilibrium (market clearance, zero profit, and income balance) that underpin
the construction and operation of a CGE model can be said to hold is the
timeframe of several weeks to months that corresponds to Alfred Marshall’s
“short-period” over which price signals bring supply and demand in line
with one another but the endowment of productive factors does not adjust
(see Helm, 2008). Intermediate and final goods markets clear on about the
timeframe over which work-in-process and finished goods inventories are
drawn down. However, labor markets can remain far out of full employ-
ment equilibrium for periods of several years. Our selection of a 6-month
simulation horizon for our comparative statics CGE analysis attempts to strike
a balance between the duration of damaging aftershocks and the shortest
period on which Marshallian quasi-rents (above-normal profits generated by
idiosyncrasies of location or specialized fixed factors such as human capital)
are eroded by competitive entry firms into the economy’s various markets and
prices equilibrate in the postdisaster regime. Consumers tend to rapidly adjust
the composition of expenditures if they experience appropriately weighted
disequilibrium aggregate marginal expenditures that exceed their marginal
utility (for example, shifting away from luxury goods and toward staple
items in a postdisaster environment). However, the timeframe over which
households can continue to undertake expenditures in excess of their income
is determined by their pool of savings and (or) remittances, as well as borrow-
ing constraints. These facilitating factors are unlikely to operate over periods
longer than a few months, which will tend to bring households’ spending into
line with their income. Because most households’ primary source of income
is labor remuneration, but wages adjust slowly and job search and matching
takes time, household adjustment is more likely to occur on the expenditure
side rather than on the income side in the short run.
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Economic Resilience

Researchers and decision makers in the disaster field are
split on the definition of economic resilience. One group uses
the concept to refer to any action taken to reduce disaster losses.
This group, with a large representation of engineers, focuses
primarily on mitigation to reduce the frequency and magni-
tude of disaster stimuli and strengthening property to reduce
damage (see, for example, Bruneau and others, 2003). This
broad definition has also been adopted and applied across the
board by major panels of experts assessing resilience research
and practice, such as the National Research Council, which
defines resilience as “The ability to prepare and plan for, absorb,
recover from, or more successfully adapt to actual or potential
adverse events” (National Research Council, 2012, p. 16).

Another group, with a large representation of social
scientists (Tierney, 2007; Rose, 2017; Cutter, 2016), but with
increasing representation by engineers in relation to utility
lifelines (National Research Council, 2017), focuses primarily
on actions implemented after the disaster strikes. This group
takes the meaning of resilience more literally, referring to its
Latin language root, whose definition is “to rebound.” They also
acknowledge that resilience is a process, whereby steps can be
taken before the disaster to build resilience capacity, but resil-
ient actions do not take place until after a disaster. Examples
would include emergency drills, purchase of back-up electricity
generators, and lining up alternative suppliers of critical inputs.
In each case, the action serves no benefit before a disaster takes
place but lowers the interruption of key business services when
a disaster takes place. Here the focus is not on property damage,
which has already taken place, but rather the reduction in the
loss of the flow of goods and services emanating from property
or capital stock. The former is often measured in terms of GRP
and employment and is typically referred to as business inter-
ruption (Tierney, 1997). BI begins at the point when the disaster
strikes and continues until the system has recovered or reached
a “new normal,” which is typically considered a “sustainable”
level of activity (meaning a healthy economy). Measuring Bl
losses is thus much more complicated, because it involves mat-
ters of the duration and time-path of recovery, both of which
are strongly affected by the behavioral responses of public and
private decision makers (Rose, 2015).

Defining Economic Resilience

There are many definitions of resilience, but Rose (2009)
and others have found more commonalities than differences.
We offer the following general definitions of resilience, which
capture the essence of the concept, and then follow them up
with definitions that capture the essence of economic consid-
erations. Following Rose (2004b, 2009), we distinguish two
major categories of resilience.

In general, static resilience refers to the ability of the
system to maintain a high level of functioning when shocked
(Holling, 1973). Static economic resilience is the efficient use

of remaining resources at a given point in time. It refers to the
core economic concept of coping with resource scarcity, which
is exacerbated under disaster conditions.

In general, dynamic resilience refers to the ability and
speed of the system to recover (Pimm, 1984). Dynamic
economic resilience is the efficient use of resources over time
for investment in repair and reconstruction. Investment is a
time-related phenomenon—the act of setting aside resources
that could potentially be used for current consumption in
order to reestablish productivity in the future. Static economic
resilience does not restore damaged capacity and is therefore
not likely to lead to complete recovery.

Note that economic resilience can take place at three
levels of analysis:

e Microeconomic (operation of individual businesses,
households, and government agencies; for example,
conservation of or substitution for critical inputs,
use of inventories or excess capacity, relocation, and
production rescheduling)

e Mesoeconomic (operation of industries and markets;
for example, the resource-allocating mechanism of
the price system)

e Macroeconomic (operation of the economy; for exam-
ple, supply-chain adjustments, importation of critical
inputs, and fiscal and monetary policy)

Another important delineation in economic resilience, and
resilience in general, is the distinction between inherent and
adaptive resilience (Tierney, 2007; Cutter, 2016). Inherent resil-
ience refers to resilience capacity already built into a system or
capacity that can be enhanced before the disaster strikes, such
as the ability to use more than one fuel in an electric-power
generating unit, substituting domestically disrupted goods
and services with imports, the workings of the market system
in offering price signals to identify scarcity and value, and
established government policy levers. Adaptive resilience is
exemplified by normal or improvisational actions after a disas-
ter strikes, such as undertaking conservation that was not previ-
ously thought possible, changing technology, devising market
mechanisms where they might not have previously existed,
and (or) devising new government postdisaster assistance
programs. It is important to realize that a great deal of resil-
ience is already embodied in the economy at various levels (for
example, a firm’s ability to substitute inputs and market signals
for reallocating resources) and that policies could be designed
to capitalize rather than obstruct or duplicate this capacity. At
the same time, benefits can accrue from policy that is geared to
rewarding both general categories of resilience.

Economic resilience can also be defined from both
the customer-side and supplier-side (Rose, 2009, 2017).
Customer-side resilience primarily refers to demand-side
resilience tactics, by which the businesses and households
cope with the disruption (quantity and timing) of the delivery
of intermediate production inputs or final goods and services,
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respectively, using resilience tactics such as conservation,
input substitution, import substitution, use of inventories, and
production recapture. In other words, it pertains to ways to use
remaining resources available as effectively as possible (static
resilience). In contrast, supplier-side resilience is concerned
with delivering outputs to customers and could include the
establishment of system redundancy in the production process
(a form of static resilience); it also involves the repair or
reconstruction of critical inputs (that is, dynamic resilience).
Repair of the capital stock, or supplier-side efforts, are the
domain of the sectors that provide production inputs (includ-
ing services) to other (customer) sectors and are for the most
part a separate matter from customer-side resilience."

An Operational Economic Resilience Metric

The next step is to translate these definitions into
something we can measure. For static resilience, this can be
done in terms of the amount of BI losses prevented by the
implementation of a given resilience tactic or set of tactics
comprising a resilience strategy. For dynamic resilience, the
metric would be the reduction in recovery time in addition to
the reduction in BI losses, although the former influences the
latter. In both cases, one needs to establish a reference point
or baseline to perform the measurement. For static resilience,
this would be the maximum potential BI losses in the absence
of the resilience tactic, whereas for dynamic resilience it
would be the duration and time-path of economic activity in
the absence of resilience in relation to investment in repair and
reconstruction.

Several studies have measured resilience using this and
related metrics in addition to the studies reviewed above.
Rose and others (2009) found that potential BI losses were
reduced by 72 percent by the rapid relocation of businesses
following the September 11, 2001, terrorist attacks on the
World Trade Center. Rose and Wei (2013) found that a
reduction in potential BI losses from a 3-month closure of a
major U.S. seaport could be as great as 66 percent from the
implementation of several types of static resilience, most
notably ship rerouting, use of inventories, and production
rescheduling. Xie and others (2018) estimated that dynamic
resilience in the form of increase in and acceleration of the
timing of investment funds in the aftermath of the M 7.9 2008
Sichuan (Wenchuan), China, earthquake reduced BI losses by
30 percent and recovery time by 1 year.

Other studies have found extensive potential of economic
resilience. Kajitani and Tatano (2009) found extensive
resilience possibilities among Japanese manufacturing firms
in response to utility-service disruptions caused by disasters.
Specialized studies have developed methodologies for
examining the potential of specific resilience strategies, such
as use of inventories (Barker and Santos, 2009).

""There are tradeoffs in the level of implementation of customer-side and
supplier-side resilience in that an increase in resilience expenditures by one
side reduces the need for expenditures by the other.

Inputs into the Economic Impact Model

There are three types of inputs into the HayWired
scenario economic impact model. First, the percentage of
property damages (capital stock losses) incurred in each
sector are calculated by county. The direct economic impacts
of these capital losses for each sector are expressed as a
percentage of their baseline gross output. Second, digital
and utility service disruptions are another source of business
interruption and the percentage of baseline services provided
are estimated by county. Third, resilience adjustments to these
service disruptions are identified on both the supplier-side
and customer-side. In addition to these resilience strategies
on the input-side of the CGE analysis, we also explain how
production recapture and relocation of production activities are
applied to the CGE modeling output to ameliorate the impacts
of property damage and digital- and utility-service disruptions.

Property Damage

The percentage of property damage (capital stock losses)
incurred in each industry sector is calculated from building
and content damages caused by the HayWired mainshock
and aftershocks estimated using Hazus!"' (Seligson and
others, 2018). Indirect, or ancillary, property damages from
fire following earthquake are also estimated (see Scawthorn,
2018) and integrated with the Hazus damage assessment
(see Johnson and others, this volume). Cumulative property
damages are inputs to the CGE model for the evaluation of the
total economic impacts of the HayWired scenario as follows:

1. Building and content exposure value (dollar) loss
from HayWired mainshock shaking, liquefaction,
and landslide hazards.

2. The above with additional building and content
losses from fire following the mainshock.

3. The above with additional building and content
losses from HayWired aftershocks.

Mainshock Earthquake Hazards

For building and content damages caused by the main-
shock hazards, the following steps were followed to compute
the percentage property damages for occupancy classes in
each county:

1. Compute the percentage of building damage for
each occupancy class in each county by dividing the

""One caveat is that the custom Hazus mapping schemes of construction
used in the HayWired scenario were developed in 2006 to reflect the distribu-
tion across various vintages, and the building codes under which they were
designed (vintage 2000). Although new buildings were constructed since then
in the bay region, regional building stock is still dominated by older buildings,
and “new” buildings represent only a small fraction of the current inven-
tory. Since “new” buildings that comply with more current building codes
are expected to perform better than “old” buildings, the property damage
estimates generated by Hazus can be considered conservative.
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Hazus “BldgLoss” of that occupancy class in the
county by the corresponding Hazus “BldgVal”; and
similarly, compute the percentage of content damage
for each occupancy class in each county by dividing
Hazus “ContentLoss” by Hazus “ContentsVal.”

2. Determine the percentage of building damage and
percentage of content damage for each CGE sector
in each county based on the bridging table between
the Hazus occupancy classes and the CGE sectors
(see appendix 1, table 1.1).

3. In the case of one CGE sector corresponding to more
than one Hazus occupancy class, we calculate the
percentage of building damage (or percentage of
content damage) for the CGE sector as a weighted
average of the percentage of damage of all the rel-
evant occupancy classes. The average is weighted by
building value of the Hazus sectors.

The percentages of building damage and content damage
are shown in appendix 3, tables 3.1 and 3.2, respectively. The
county that suffers the greatest property damages, in percentage
terms, is Alameda (ranging from 14.4 percent building and
content damages of primary metal manufacturing to 44 percent
for the mining sector and for the food, drug, and chemicals
manufacturing sector), followed by Contra Costa (ranging from
7.2 percent for the imputed rental value for owner-occupied
dwellings sector to 18.3 percent for the education services
sector), Santa Clara (ranging from 3.7 percent for the imputed
rental value for owner-occupied dwellings sector to 7.6 per-
cent for the light industry), and San Mateo (ranging from
3.4 percent for the imputed rental value for owner-occupied
dwellings sector to 6.5 percent for the mining sector and for the
food, drug, and chemicals manufacturing sector).

Mainshock Earthquake and Fire Following
Earthquake Hazards

Additional property damages are caused by fire follow-
ing the HayWired mainshock. The additional percentage of
buildings that are completely damaged from fire are computed,
eliminating the potential double counting for the buildings that
have already been completely damaged by shaking. (The inte-
gration of fire damage with direct earthquake hazard damages
is described in section A of Johnson and others [this volume]).
Appendix 1, table 1.1, is also used to map the percentage of
this property damage by occupancy class to the corresponding
CGE sectors. Appendix 3, table 3.3, shows the percentages
of additional property damage (including both buildings and
contents) caused by fire following the HayWired mainshock
by county and by CGE sector. Appendix 3, table 3.4, shows
the percentage of property damage caused by mainshock and
fire combined. The three most damaged counties in terms of
property damage are again Alameda (from 17 percent to 47
percent), Contra Costa (from 10.2 percent to 26.4 percent),
and Santa Clara (from 5.1 percent to 9.7 percent).

Mainshock Earthquake Hazards, Fire Following
Earthquake Hazards, and Aftershock Shaking
Hazards

The property damage from aftershocks is also estimated.
Appendix 3, table 3.5, shows the additional percentage of building
and contents damages caused by aftershocks. It is assumed
that the building and content losses for the mainshock and the
aftershocks are additive. In other words, the total percentage of
building and contents damage shown in appendix 3, table 3.6,
represents a simple sum of the mainshock (including fire) losses
and aftershock losses. Some of the damages could be double
counted because Hazus assumes that the buildings are as they
were before the mainshock in the simulations for each aftershock.
Therefore, some of the buildings that have already been
extensively or completely damaged by the mainshock may be
“damaged” again by the aftershocks in the simulations. This
leads to an overestimate of the building damages. Conversely,
Hazus does not allow for structures that are slightly or
moderately weakened by the mainshock to be more fragile
to subsequent shaking, and this leads to an underestimation
of damage to these buildings by aftershocks. The potential
double counting (overestimation) of damages to buildings
that are extensively or completely damaged by the mainshock
and the underestimation of damages to weakened (slightly or
moderately damaged) buildings by the mainshock offset each
other to some extent when we compute the combined impacts
of the mainshock and aftershocks. The total property damages
for the three most impacted counties are 24.3 percent to 51.3
percent for Alameda, 10.5 percent to 26.9 percent for Contra
Costa, and 8.8 percent to 16.6 percent for Santa Clara.

Gross Output Losses

To compare the baseline economy with direct economic
impacts of property damages, the sector percentages of these
capital losses are applied to baseline sector capital inputs in
the model to obtain the direct impacts in terms of sector gross
output. These are divided by baseline sector gross output to
produce the percentages of gross output losses in figure 1. The
figure summarizes the aggregate direct effects of the mainshock
and aftershock shaking and fire at the level of sectors within
each county. (The total economic impact result for this case is
shown in table 18, line 4.) The figure indicates that, although
direct adverse effects on the internet publishing and broadcast-
ing sector are modest (losses on the order of 2—3 percent of
baseline output), related and supporting sectors whose outputs
are used intensively as inputs to that industry (for example, tele-
communications, electric power, data processing, hosting and
related services, computer storage device manufacturing, elec-
tronic computer manufacturing, and other information services)
are on average among those that are most directly affected, with
average losses of 5 to 10 percent of baseline output. However,
these gross output reductions induce changes in the CGE
model simulation which account for the price and substitution
responses in markets throughout California’s economy.
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Figure 1.

Damages, in percent

Aggregated mainshock, fire, and aftershock damages directly sustained by sectors in affected counties in the

San Francisco Bay region, California, expressed as a percentage of a sector’s gross output. CGE, computable general

equilibrium.

Digital and Utility-Service Disruptions

Like all large urban earthquakes, the HayWired main-
shock and aftershocks would damage the utility systems that
supply water, electricity, and other essential services. To check
equipment, repair damage, and reroute or restore service can
take days to months. As recounted in Porter (2018) and Jones
and others (this volume, appendix 3), all the water- and elec-
tricity-service damage envisioned in the HayWired scenario is
eventually repaired and all the service is eventually restored.
In San Francisco Bay region locations farthest from the main-
shock epicenter these services are restored fastest or never
disrupted at all. Closer to the mainshock, it would take days
or weeks to restore electricity service and as long as 7 months
to restore water service. Until service is restored, economic

production in workplaces suffers as described in this chapter.
Households also suffer from the significant inconvenience
costs caused by the service disruptions detailed in appendix 7.
CGE models, like nearly all macroeconomic models, focus on
goods and services, and their value, transacted through market
or delivered by governments. Therefore, household costs need
to be evaluated outside the models by “nonmarket valuation”
methods as presented in this section and appendix 4.

We summarize the base cases for the utility-service dis-
ruptions for water and electric power supply in the HayWired
scenario. In the next section we will recognize resilience
tactics that reduce the direct and total economic impacts of
service disruptions. Inconvenience costs of water and power
outages to households (that are not part of the larger economic
impact analysis) are treated separately.
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Water-Service Disruptions

Water service is evaluated in terms of a preplan scenario
(as-is conditions) by Porter (2018) and is expected to be restored
within 30 days in most counties. However, it is estimated that
100 percent restoration of water service in San Mateo County
will take 90 days, and the full restoration in Alameda and
Contra Costa Counties will take as long as 7 months. In table 9,
utility-service disruption model inputs in percentage terms are
shown by county and by 6-month period in the second through
fourth columns. The percentage of water-service disruption
is calculated for the first 6-month (or 182-day) horizon of the
analysis using the CGE model. For example, if 50 percent of
water service is disrupted for 7 days, the percentage of water-
service disruption in the 182-day period is 50 percent x 7/182 =
1.92 percent. The same approach is used in the calculation of
other utility-service disruptions.

However, for many households, loss of water service is
an inconvenience that comes with a cost. In the HayWired
scenario, almost 3 million people lose water service to their
homes for more than 3 days. The average household in the
study area loses water service for 16 days, and in Alameda
and Contra Costa Counties, the average is 54 days. Between
the mainshock and all the aftershocks of M 5.0 or greater,
households lose just over 57 million service-days of water, that
is each day of lost water supply to a household equates with
one service day. Households without water service must rely

Table 9. Percentage of customers experiencing utility-
service disruptions in the first 6 months following the HayWired
mainshock, by county in the San Francisco Bay region, California.

Water Electric power Data and voice
County disruption disruption disruption
Percentage of customers
Alameda 32.34 3.93 5.05
Contra Costa 32.34 2.52 3.60
Marin 0.54 0.74 1.39
Merced 0.20 0.29 0.60
Monterey 0.00 0.18 0.52
Napa 0.00 0.29 0.60
Sacramento 0.00 0.07 0.46
San Benito 0.05 1.02 1.16
San Francisco 3.68 1.31 1.86
San Joaquin 0.00 0.58 0.76
San Mateo 11.05 1.82 2.33
Santa Clara 2.80 2.69 3.67
Santa Cruz 0.00 0.41 0.67
Solano 0.11 0.60 1.27
Sonoma 0.00 0.09 0.99
Stanislaus 0.00 0.00 0.00
Yolo 0.00 0.00 0.00

on bottled water and portable toilets. To bathe, residents must
travel to someplace outside the home that has a functioning
water supply and shower facilities, all of which have incon-
venience costs. The cost for bottled water, rental of portable
toilets (assuming enough stock exists nationwide to supply the
need), and the inconvenience cost of traveling for showers is
estimated to cost $90 per household per day. The total inconve-
nience cost of disrupted water service to residences is conser-
vatively estimated to be $5.2 billion (appendix 4). Using other
sources examined in appendix 4, the figure could be as high as
$33 billion.

Power-Service Disruptions

Power-service disruptions were estimated using Hazus
(see appendix 3 in Jones and others, this volume). They are
estimated to last a shorter duration than water-service disrup-
tions in all counties. By Day 7, all counties are expected to
have more than 90 percent of power service back. The only
exception is Alameda County, which would have 83 percent
power service restored. By Day 30, the only counties that still
experience power-service disruptions are Alameda, Contra
Costa, San Mateo, and Santa Clara, but the disruptions are all
less than 4 percent of electric power services. Compared to
water supply restoration, some counties initially have lower
power than water services owing to the widespread nature of
the electric power outage.

For households, while electricity is out, freezers thaw and
refrigerators warm, food spoils, and people must rely on their
emergency supplies. Approximately 1.4 million households
lose power long enough that, once the electricity is restored,
they must replace the spoiled food at a cost of approximately
$325 per average household, for a total cost of $450 million
(appendix 4). Other inconveniences, such as eating cold meals
from emergency supplies and inability to charge devices, are
real but not quantified here in dollar terms. Using a FEMA
standard value, one can estimate the value lost as $3.9 billion.

Data- and Voice-Service Disruptions

In Wein, Witkowski, and others (this volume), data and
voice service restoration curves are first derived for a base
case that assumes full dependence on electric power such
that service restoration lags behind power restoration. The
base case also assumes a surge in demand, from customers
communicating about the earthquake, that overloads
networks. The surge decreases with time after the crisis
subsides as the need to communicate with family, friends, and
first responders and seek information lessens. The percentages
of customer demand for data and voice services in the base
case are in appendix 6, table 6.1.

Resilience Adjustments

As explained above, the CGE model implements economic
resilience primarily at the meso (sector or market) and macro
(entire regional economy) scale. At the micro scale, businesses
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can take other actions to reduce business interruption. Many of
these resilience tactics are beyond normal business and market
behavior. Although resilience can be enhanced before the
disaster strikes by investments that increase its capacity (for
example, increasing stockpiles of critical inputs, purchasing
backup generators), the various tactics are implemented only
after the earthquake has occurred.

We model most of these effects by adjusting the inputs
to the CGE model (discussed in detail in the subsection on
Summary of Property Damage and Utility-Service Disruptions
by Sectors) or by adjusting the GRP losses—the output of
the CGE modeling (discussed in subsection on Resilience
Adjustments). In particular, the resilience tactics are as follows:

1. Supplier-side resilience tactics that restore services
faster:

A. Input substitution, such as fixed back-up power (bat-
teries and generators) and fuel management plans in
case of an electric power outage.

B. Inventories of portable equipment to temporarily
replace power sources and add capacity.

These reductions in disruption are modeled by adjusting the
restoration curves upward accordingly and then input into the
CGE model.

2. Customer-side resilience tactics work around the
supplier disruption to maintain production of goods
and services. In general, these include the following:

A. Conservation is to produce goods or services using
fewer critical inputs and to conserve critical inputs
that could become scarce owing to indirect effects.

B. Input substitution replaces an unavailable good or
service by a different available good or service.

C. Production isolation refers to the portions of a
production process that are insulated from lifeline
services, and hence are not affected by service
disruptions (for example, much of agricultural
production does not require electricity).

The reductions in disruptions are modeled as equivalent
utility input (the base case utility-service disruption percent-
ages adjusted downwards for each individual resilience tactic)
to represent the production of goods and services that are
attained by other means. The equivalent utility inputs are
adjusted for each sector and used in the CGE model. However,
we cannot account for the additional “upstream” effects to
suppliers of the additional equivalent input.

3. Customer-side resilience tactics that use capacity of
capital beyond normal use. Two examples are as
follows:

A. Production recapture (rescheduling) is the ability
of businesses to recoup lost production by working
overtime or extra shifts once their operational
capability is restored and their critical inputs and
employees are available. This is a viable option
for short-run disruptions, where customers are less
likely to cancel orders from their standard suppliers.

B. Relocation of businesses, including teleworking
from other locations (for example, shared
workplaces or homes).

These reductions in disruption are applied to the outputs of
the CGE model to reduce total BI losses for sectors. How-
ever, the upstream effects from additional production are not
accounted for.!?

Resilience Adjustments on Input Side of CGE
Modeling

Water-Service Disruptions with Resilience

Two customer-side resilience tactics applied to water
supply restoration are

e Water conservation of 2 percent can be reasonably
achieved by means such as water recycling.

e Production isolation from water inputs are derived
from utility “Importance” factors by sector (Applied
Technology Council, 1991) in appendix 5, table
5.1. The portion of production processes that can
be isolated from water services is one minus the
percentages shown in column 2.

Note that input substitution refers to the use of other products,
such as bottled and trucked water, other beverages, and
possibly even chemicals, in place of disrupted water input.
Some of these substitutions are inherent in the economy and
modeled through the ordinary elasticities of substitution
between water and other inputs in the CES production
functions in the CGE model. We lack information, however,
on adaptive input substitution that could emerge under
stressful conditions.

Note that Porter (2018) provided three cases: (1) base
case (“no fuel management plan or mitigation” in Porter,
2018), (2) supplier-side fuel management plan to keep perma-
nent generators running during power outages (“postplan” in
Porter, 2018), and (3) both mitigation (brittle pipe replacement)
and resilience (power source management plan for pumping)
(“ideal world” in Porter, 2018). The effects of customer-side
resilience (conservation, production isolation, or both) on
the base case water-service disruption are shown in table 10.
Table 11 shows water-service disruption percentages for the
postplan and ideal-world scenarios.

Power-Service Disruptions with Resilience

Customer-side resilience tactics for power-service
disruptions include 2-percent conservation and production
isolation (similarly, derived from appendix 5, table 5.1).
Again, input substitution is assumed to be already accounted
for in the CGE model. Table 12 shows power-service
disruptions by county for conservation and production
isolation both separately and combined.

12We note that Porter (2018) also offers a water-disruption analysis for the
mitigation action of replacing old brittle pipes that will reduce damages, and
therefore disruption.
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Table 10. Percentage of customers experiencing water- Table 11—Continued.

service disruptions in the first 6 months following the HayWired

mainshock, by county, after adjustment for resilience tactics for Water disruption Water disruption

preplan scenario in the San Francisco Bay region, California. County with resilience for  with resilience for
postplan scenario  ideal world scenario

[Combined resilience is conservation and production isolation]
Percentage of customers

Water Water Water San Benito 0.02 0.02
Tt production withcombined " T 031 031
County conservation pisoolation resilience San Joaquin 0.00 0.00
Percentage of customers San Mateo 3.16 3.16
Alameda 31.69 12.65 12.40 Santa Clara 1.46 0.89
Contra Costa 31.69 13.11 12.85 Santa Cruz 0.00 0.00
Marin 0.53 0.16 0.15 Solano 0.01 0.01
Merced 0.19 0.09 0.09 Sonoma 0.00 0.00
Monterey 0.00 0.00 0.00 Stanislaus 0.00 0.00
Napa 0.00 0.00 0.00 Yolo 0.00 0.00
Sacramento 0.00 0.00 0.00
San Benito 0.05 0.02 0.02
San Francisco 3.61 1.04 1.02 Table 12. Percentage of customers experiencing power-
San Joaquin 0.00 0.00 0.00 service disruptions in the first 6 months following the HayWired

mainshock, by county, after adjustment for resilience tactics in the

San Mateo 10.83 3.86 3.78 . . . .
San Francisco Bay region, California.
Santa Clara 2.75 1.49 1.46
Santa Cruz 0.00 0.00 0.00 [Combined resilience is conservation and production isolation]
Solano 0.11 0.05 0.05
Power disruption Power Power
Sonoma 0.00 0.00 0.00 with P disruption with  disruption
Stanislaus 0.00 0.00 0.00 County conservation p_roduc_tlon with tfqmbmed
Yolo 0.00 0.00 0.00 isolation resilience
Percentage of customers
Table 11. Percentage of customers experiencing water-service Alameda 3.85 3.31 3.24
disruption in the first 6 months following the HayWired mainshock, Contra Costa 2.47 2.29 2.24
by county, after adjustment for resilience tactics for postplan and Marin 0.73 0.62 0.61
ideal-world scenarios in the San Francisco Bay region, California. Merced 0.28 022 021
[Postplan is conservation and production isolation; ideal world is conservation Monterey 0.17 0.13 0.13
and production isolation] Napa 0.28 0.23 0.23
- . . A S t 0.07 0.06 0.06
Water disruption Water disruption acrame‘n ©
with resilience for  with resilience for San Benito 1.00 0.84 0.82
County postplan scenario  ideal world scenario San Francisco 1.29 1.10 1.07
Percentage of customers San Joaquin 0.57 0.46 0.45
Alameda 10.59 5.11 San Mateo 1.79 1.54 1.51
Contra Costa 10.98 5.30 Santa Clara 2.63 2.45 2.41
Marin 0.05 0.05 Santa Cruz 0.40 0.33 0.33
Merced 0.06 0.06 Solano 0.59 0.51 0.50
Monterey 0.00 0.00 Sonoma 0.09 0.07 0.07
Napa 0.00 0.00 Stanislaus 3.85 3.31 3.24

Sacramento 0.00 0.00 Yolo 2.47 2.29 2.24
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Data- and Voice-Service Disruptions with Resilience

Resilience tactics for data and voice services are
examined in Wein, Witkowski, and others (this volume). They
include supplier- and customer-side tactics as well as customer
behavior management.

Supplier-Side Resilience Tactics

Supplier-side resilience tactics for data and voice services
include:

o Input substitution for power—using permanent backup
batteries and generators—by the telecommunication
providers to maintain the function of the residual
data and voice infrastructure capacity that would
otherwise depend on electric power. The assumption
is that half the cellular sites are fitted with batteries
that will drain on the first day and half the sites have
a generator with fuel for three days.

o Inventories of portable gensets (for example, a diesel
generator, which is a combination of diesel engine
and electric generator) for cell sites lacking a
functioning generator and mobile cell sites on wheels

or light trucks (COWSs or COLTs) to temporarily
restore service capacity. Depending on the level of
impact, the first trucks deliver and install portable
equipment within a week after the earthquake.

The percentages of customer demand for data and voice ser-
vices met for each of these resilience tactics with the base case
are in appendix 6, tables 6.2 and 6.3. The service disruption
estimates for customers during the first 6 months for these and
subsequent resilience tactics are shown in table 13.

Customer Behavior Management

Wein, Witkowski, and others (this volume) suggest that
data and voice bandwidth can be conserved through manag-
ing customer behavior on the supplier and (or) customer sides.
Efficient use of bandwidth includes using text rather than
voice and radio rather than news streaming to reduce the surge
in demand for communication services immediately after
the earthquake. Assuming the surge in customer demand is
reduced by 10 percent, appendix 6, table 6.4, shows the per-
centages of demand for data and voice service met by county.
The potential to benefit from customer behavior manage-
ment decreases with reductions in demand as the crisis surge
subsides.

Table 13. Percentage of customers experiencing data- and voice-service disruptions in the first 6 months following the HayWired
mainshock for base case and after adjustment for resilience tactics, by county, in the San Francisco Bay region, California.

[Combined resilience is supplier permanent backup power and portable equipment, supplier and customer behavior management, and customer input substitution

and production isolation]

Data and voice Data and voice Data and
. . . . Data and voice  disruption with  Data and voice voice Data and voice
Data and voice  disruption with . . . . . . . . . . .
. L . disruption with supplier/ disruption with  disruption disruption
disruption in the supplier R . . . .
County b supplier portable customer customer input with customer with combined
ase case permanent . . - - o
equipment behavior substitution production resilience
backup power . .
management isolation
Percentage of customers
Alameda 5.05 4.42 2.96 4.66 2.79 2.11 0.78
Contra Costa 3.60 3.06 1.68 2.79 1.91 1.12 0.29
Marin 1.39 1.27 1.25 1.17 0.91 0.77 0.37
Merced 0.60 0.52 0.56 0.59 0.46 0.20 0.14
Monterey 0.52 0.48 0.50 0.51 0.44 0.22 0.17
Napa 0.60 0.52 0.56 0.59 0.46 0.22 0.15
Sacramento 0.46 0.45 0.46 0.45 0.42 0.21 0.19
San Benito 1.16 1.26 0.82 1.16 0.69 0.37 0.18
San Francisco 1.86 1.62 1.48 1.67 1.25 1.03 0.47
San Joaquin 0.76 0.58 0.67 0.75 0.53 0.31 0.17
San Mateo 2.33 1.93 1.57 2.15 1.36 1.14 0.44
Santa Clara 3.67 3.08 1.73 2.88 1.99 1.36 0.36
Santa Cruz 0.67 0.55 0.61 0.67 0.47 0.29 0.18
Solano 1.27 1.15 1.16 1.04 0.79 0.42 0.19
Sonoma 0.99 0.97 0.98 0.73 0.58 0.42 0.20
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Customer-Side Resilience

Customer-side resilience tactics to cope with the data and
voice service disruptions include additional considerations that
we describe in more detail below.

Input Substitution

Various input substitution options given in Rose and
Miller (2017), including using paper records and people
processes (personal conversations and couriers) rather than
telecommunications, are estimated to prevent 20 percent to
35 percent of the loss of productivity from direct data- and
voice-service disruptions. To be conservative, we increase the
base case percentage of demand for data and voice services
met (table 13, column 2) by 20 percent to represent an equiva-
lent availability of data and voice service to customers who
substitute inputs for the loss of data and voice services (see
appendix 6, table 6.5).

Production Isolation

Production isolation refer to the portion of business
operations that can continue without data and voice services.
The “importance factors” of telephone services (Applied Tech-
nology Council, 1991) are shown in appendix 5, table 5.1, col-
umn 4. In appendix 6, table 6.6, we made further adjustments
to the Applied Technology Council “importance factors” based
on the dependence of individual sectors’ operations on internet
services. Appendix 6, table 6.7, shows the equivalent data and
voice service availability after considering production isola-
tion in the absence of data and voice service.

Combined Supplier-Side and Customer-Side
Resilience

After simulating the effects of each of the supplier-
side and customer-side resilience tactics to data- and voice-
service disruption separately, we combine the effects of all
of them together. The tactics are applied in a logical order
of permanent backup power and use of portable equipment
first; then customer behavior management followed by other
customer-side resilience tactics (including input substitution
and production isolation) (see estimates in appendix 6, table
6.8, which are in turn used as input to the CGE modeling).

Resilience Adjustments on the Output Side of
CGE Modeling

To reflect unusual uses of capital after an earthquake,
adjustments for production recapture and telework are applied
to the CGE modeling results to reduce GRP losses by sector. '

3The evaluation of the effects of the various resilience tactics assumes that
the businesses aim to return to “business as usual” conditions. In practice,
businesses will reposition or redefine themselves and find new efficiency, as
was reported after the Christchurch earthquakes (Chang and others, 2014;
Stevenson and others, 2014; Brown and others, 2015).

Production Recapture

Production recapture entails employees working
overtime and extra shifts after equipment and facilities have
been repaired or replaced and employees and critical inputs
become available. “Recapture factors” that lead to potential
percent reductions in GRP losses for sectors have been used
in economic analyses for 20 years (see, for example, FEMA,
2012; Rose and Lim, 2002). We adjust the factor values
downward by 50 percent owing to obstacles to efficient
implementation such as lack of excess capacity and customers
cancelling their orders.'* The adjusted production recapture
factors in appendix 5, table 5.2, are applied directly to reduce
GRP losses by sector.

The capability of the businesses to recapture lost produc-
tions diminishes over time, because more customers would
cancel their orders and seek alternative suppliers as the length
of disruption extends. Building recovery time increases with
Hazus property damage states of slight, moderate, extensive,
and complete damage. Therefore, using Hazus data, we com-
puted the weighted average production recapture factor for
each Hazus occupancy class in each county and applied it to
the base case GRP losses."

Relocation (Inter-County Shift in Economic
Activity)

The multiregional CGE model automatically includes
a form of business relocation through inherent substitution
(shifts) of production across counties. This need not represent
the actual physical move of a damaged operation to another
location, but simply production entities in other counties pick-
ing up the slack if they have the capacity to do so. A related
additional consideration, not taken into account by the CGE
model (and discussed further below), is the potential for tele-
work, relocation of good- and service-producing activities to
other sites. The major source to estimate the telework potential
is the Bureau of Labor Statistics (BLS) (2017) data on the per-
centage of workers working at least one day at home for dif-
ferent types of occupations. In appendix 6, we further adjusted
the BLS data, with considerations of workers’ readiness to go
back to work after a major disaster, data- and voice-service
restoration, and cloud-backup data availability.

“Note that most of these factors become more important as the disruption
duration increases, but they are still pertinent in a short-run case.

"Note that for production recapture of BI losses stemming from property
damages, we only have data on the distribution of property damages over
damage states for the mainshock. For each occupancy class in each county,
we assume that the weighted average recapture factor calculated based on the
mainshock distribution of building damage states can be applied to after-
shocks as well. The underlying assumption is that the distribution of building
damage by severity state for each occupancy class for aftershocks is similar to
the distribution for the mainshock. This would be a conservative assumption
in terms of the potential of production recapture. This is because the after-
shocks are less impactful than the mainshock except in a few localized areas.
Since we assume that the damage distribution of the aftershocks is towards the
more impactful category (as in the mainshock), on average the corresponding
repair and reconstruction time of the buildings would be longer, so that the
weighted average production recapture factor we calculate would be small.
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Total Economic Imp acts and price adjustments; it does not include the impacts of
any other inherent or adaptive resilience tactics addressed
Total economic impacts are estimated using the CGE subsequently.'®
model with inputs for the base case, with inputs for the various By far the greatest BI losses (measured in GRP losses) are
resilience cases, and by adjusting the outputs for production caused by the initial mainshock, propagated via the destruction
recapture and telework. of structures (and, to a lesser extent, their contents) owing to
shaking and ground failure. This impact pathway accounts for
Base Case Without Resilience Tactics more than three quarters of the statewide economic loss in the
6-month postearthquake period, which totals $44.2 billion,
Table 14 summarizes the total economic impacts of or 4.2 percent of the State’s projected baseline GSP over
the HayWired scenario, elaborating on the effects on the the period. In table 14 and other tables and figures to follow

bay region and broader California economies in terms of
GRP losses resulting from business interruption caused by - X

. . o . results presented below are primarily based on CGE modeling results.
the Ha}_/WIred scenario property.damage _and utlhty-s‘e.rvwe . However, adjustment needs to be made for the impacts of water and electricity
disruptions. The base case only includes inherent resilience in service disruptions. The readers are referred to appendix 7 for detailed
the CGE model relating to factor and locational substitution discussions on the adjustments we made.

!®Note that the base case results presented in table 14 and the resilience

Table 14. Base-case gross regional product (GRP) change in the first 6 months following the HayWired mainshock in San Francisco
Bay region counties and the rest of California.

[Percent change with respect to 6-month benchmark GRP shown in parentheses]

Alameda Contra Costa San Francisco San Mateo Santa Clara Rest of bay Rest of Califormia

Loss category region California total
GRP change in billions of 2012 dollars (percent change)

Mainshock —-10.6 -3.4 2.1 2.1 7.4 =17 —4.7 -31.9
(=19.7) (=10.7) (-3.3) (—4.8) (=6.4) (-1.3) (=0.7) (-3.0)

Shaking: buildings —6.5 =22 -1.4 =13 —4.1 -0.9 =29 0%
(=12.0) (=6.9) (=2.3) (=3.0) (=3.5) (=0.7) (=0.5) (-1.8)

Shaking: contents 2.4 —0.8 -0.5 —0.6 —2.0 -0.4 -1.2 =719
(-4.3) (=2.7) (-=0.9) (-1.3) (—1.7) (-0.3) (-0.2) (-0.7)

Fire -1.4 -0.32 0.1 -0.2 -1.2 -0.3 -0.5 —4.1
(=2.5) (-1.0) (=0.2) (=0.5) (—=1.1) (=0.3) (=0.1) (-0.4)

Aftershocks -1.1 —-0.16 -0.3 -1.5 -5.5 -0.4 -1.5 -10.5
(=2.1) (=0.5) (=0.6) (-3.3) (—4.7) (=0.3) (-0.2) (-1.0)

Shaking: buildings -0.7 0.1 -0.2 -0.9 -3.6 -0.2 -1.0 -6.8
(-1.3) (-0.3) (-0.4) (-2.1) (-3.1) (-0.2) (-0.2) (—0.6)

Shaking: contents -0.4 —0.06 0.1 -0.5 -1.9 —0.1 -0.5 -3.7
(=0.8) (-0.2) (-0.2) (-1.2) (-1.6) (=0.1) (=0.1) (-0.3)

Utility-service disruption -0.7 —-0.05 —0.06 —-0.07 -0.2 —-0.09 -0.2 -1.4
(-1.4) (=0.2) (=0.1) (=0.2) (=0.1) (-0.06) (=0.04) (-0.1)

Power —-0.02 —-0.01 —-0.01 —-0.01 —-0.04 —-0.01 —-0.03 0.1
(=0.04) (-0.03) (-0.02) (-0.02) (-0.03) (-0.01) (-0.01) (-0.01)

Water! —-0.7 —-0.02 —-0.002 —-0.03 —-0.02 —-0.05 0.1 -0.9
(-1.2) (=0.07) (=0.005) (=0.08) (=0.02) (=0.04) (=0.02) (=0.09)

Data and voice® —0.06 —0.02 -0.05 —0.03 —-0.09 —0.03 —0.08 -0.4
(=0.1) (=0.06) (-0.08) (=0.07) (-0.08) (-0.02) (-0.01) (-0.03)

Total (mainshock, after-  —12.7 -3.6 -2.5 -3.6 -13.1 -2.1 -6.5 —44.2

shocks, and utility-

service disruption) (=23.5) (-11.4) (—4.0) (-8.4) (-11.2) (-1.3) (-1.0) (-4.2)

'Results shown for the “preplan” scenario.

Disruption of the inputs of digital and other information services to intermediate and final consumers in the various counties (internet publishing, telecommu-
nications, data processing, and other information services).
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the percentage of GRP losses are calculated with respect
to the benchmark 6-month (as opposed to annual) value
of the affected regions. Additional GRP losses caused by
postmainshock fires are estimated to be $4.1 billion, or about
9 percent of GSP losses. Secondary business interruption,
owing to disruption of utility services, leads to GSP losses
of $1.4 billion, which is much lower than the BI losses from
property damage. This is mainly because utility-service
disruptions are largely confined to the three heavily impacted
counties (Alameda, Santa Clara, and Contra Costa), and almost
all of the counties restore more than 90 percent of power
service within 7 days, with data and voice services following.
Water service takes the longest time to restore compared
to power and data and voice services. Within 30 days, water
service is fully restored in most counties. The two most
affected counties, Alameda and Contra Costa, have 80 percent
of their water service restored within 180 days. Economic
losses from water-service disruptions for the HayWired
earthquake scenario are much smaller than those found in the
previous ShakeOut earthquake scenario. Four factors account
for this divergence. First and foremost, the CGE model used
in our analysis includes several possibilities to substitute
other inputs for piped utility water services in production
and consumption, less water-intensive products for those
that use relatively more water, and commodity supplies in
unaffected counties for production in damaged areas, as
the latter become relatively scarce. By contrast, economic
analysis of the ShakeOut scenario employed an input-output
model whose fixed-coefficient representation of production
and consumption activities precludes substitution behavior
within activities; the only substitution that occurs is through
differential changes in the levels of sectoral production. The
additional margins of substitution in our analysis thus confer
substantial cost-savings. Second, our analysis considers a
broader array of resilience measures (including both additional
inherent resilience tactics that are not already embedded in
the CGE model and adaptive resilience tactics), all of which
substantially lessen the magnitude of shock to water supplies
that producers and consumers might actually experience.
Similarly, a third factor is that the HayWired scenario water
services are restored relatively faster than ShakeOut scenario
water disruptions owing to the character of bay region
infrastructure and the earthquake damage it sustains. Finally,
in the ShakeOut analysis, water accounted for a larger part
of the cost of production in industries in Southern California,
with concomitantly larger increases in sectoral production
costs associated with disruptions of water service."”

7Examination of the detailed input-output structure of the economies of
Los Angeles County and Alameda County (which suffers the most damage in
this study) reveals that, out of the 440 sectors in our 2012 IMPLAN database,
water intensity (water and sewer utilities’ share of total production cost)
was higher for 269 industry groups in Los Angeles, compared to only 144
industries in Alameda. Additionally, the difference in the magnitude of eco-
nomic output of the two sets of water-intensive sectors suggests that a given
percentage disruption in water supply will likely incur absolute losses that are
far larger in Los Angeles County, as the total gross output of sectors that were
relatively more water-intensive in Los Angeles amounted to $553 billion, as
compared with only $36 billion for those in Alameda.

Overall losses are concentrated in the five bay region
counties that are most directly affected by the earthquake
property damage, which together account for 80 percent of
the overall reduction in GSP in the first 6 months (see the
last row of table 14). Alameda and Santa Clara Counties
are most severely impacted by destruction of buildings and
their contents as a consequence of both the mainshock and
aftershocks, and suffer reductions in economic output of
$12.7 billion and $13.1 billion, or more than 23 percent and
11 percent of county-level baseline GRP, respectively. GRP of
areas not directly damaged by the earthquake decreases by 1
percent ($6.5 billion). The percent decrease for the rest of the
bay region is closer to the rest of California than the five most
affected counties.

Figure 2 summarizes the effects of the earthquake at
the sectoral level in the bay region and across the State.

The “heatmaps” identify the sectors within each county

that experience the ten largest reductions in gross output,

and rank their losses shown in terms of percentages in

figure 24, and absolute dollars in figure 2B. The losses
themselves are detailed in figure 2C. The figure highlights
two clusters of activities that are most affected. The first
encompasses manufacturing (food/drugs/chemicals, light

and heavy industry, petroleum refining, computer/high

tech manufacturing), trade (wholesale and retail trade,
warehousing), and construction. Across the counties,
manufacturing and construction generally show larger absolute
and percentage effects, although percentage effects are most
notable for device manufacturing, whereas trade sectors
feature for absolute impacts. The second encompasses “brick
and mortar” services (education, hospitals and nursing homes,
arts/entertainment/recreation), information and hi-tech services
(publishing/motion pictures/broadcasting, internet publishing,
other business and scientific/technical services, computer
systems design), as well as finance and real estate (finance/
insurance/real estate, dwellings). These sectors feature across
counties for absolute effects except for the percentage of
effects on information and education. The latter do not show
up in the ten largest reductions in Alameda and Santa Clara
Counties where effects to the manufacturing sectors dominate.

Regarding the magnitude of sectoral effects, Santa Clara
and Alameda Counties are hardest hit, experiencing similar
aggregated net losses of gross output (on the order of $20 bil-
lion), whereas the effect on Contra Costa County’s gross
output is less than half as large and San Francisco’s is less than
a quarter as large. The aggregated reductions in gross output
in figure 2C are considerably larger than the GRP losses in
table 14, in both percentage and absolute terms. This result is
unsurprising, however, given that the reductions in output of
upstream sectors are a direct consequence of reduced demand
owing to curtailment of production by downstream sectors.
For this reason, summing gross output losses across the sec-
tors in each region dramatically overstates the true economic
effect. In earthquake-affected counties, building-, content-,
and fire-related destruction of capital stocks triggers direct
curtailment of the production and domestic supply of goods,
with concomitant increases in their prices. Because the outputs
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of producing sectors are used as intermediate inputs to produc-
tion by other sectors, a crucial secondary effect of the initial
damage is to reduce the quantity of intermediate inputs to
producing sectors. The result is further reductions in sectoral
output beyond those attributable solely to shrinkage in the
economy’s endowment of capital.

This multiplier effect is moderated by the inherent
resilience of the economic system, in the form of substitu-
tion along two margins. The first is the producers’ ability to
substitute mobile factors (in our simulations, labor) for dam-
aged capital and curtailed intermediate commodity inputs.
The second margin is producer and consumer substitution of
commodities imported from other counties, States, or world
regions for domestically produced goods. But movement
along the second margin is balanced by the income effects
of earthquake damage on final consumers—by shrinking
the endowment of, and the value of returns to, capital, the
disaster reduces households’ real income at the same time
as their purchasing power is eroded by spiking goods prices,
dampening their ability to increase imports. When the CGE
model is simulated with all components of damage, the latter
dampening effect outweighs the former propagating effect,
resulting in a decrease in aggregate consumption and imports
of commodities statewide (see fig. 4).

Within California, the concomitant reduction in the
demand for commodity exports from unaffected counties
induces a decrease in goods prices, domestic supply, and
the returns to non-reproducible factors of production (labor
and capital). It is for this reason that sectoral output and
GRP decrease in both less affected bay region counties and
unaffected counties in the remainder of the State. Even though
the latter effect is very slight in intensity (percentage) terms,
it is spread over a large swath of economic activity, and thus
generates a more substantial aggregate impact.

Differences between parts 4 and B of figure 2 suggests
that although internet publishing experiences some of the
most acute gross output losses in percentage terms, that
industry’s comparatively small size relative to other industries
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means that its losses in absolute terms are dwarfed by those
of less severely impacted, but economically much larger,
sectors. Even so, out of all industries, the absolute losses
sustained by the telecommunications and internet publishing
sectors are ranked 14th and 15th in San Francisco County
and 11th and 12th in Santa Clara County, respectively, and
the telecommunications sector suffers the 5th largest output
decrease of any sector in Contra Costa County.

Figure 3 suggests that capital stock damage owing to
the mainshock and aftershocks is strongly predictive of the
decrease in gross output experienced by telecommunications,
data processing, other information services, and, for large
losses, internet publishing.'® The last of these sectors high-
lights the role of trade in the propagation of business
interruption across the regional economy in counties such
as Marin, Solano and Santa Cruz, that are geographically
contiguous to the main disaster zone and export more than
80 percent of their internet publishing output. Internet
publishing in these counties suffers slight damage (<5 percent
of capital input), but experiences decreases in gross output
that are two to three times as large. Because our CGE model’s
Armington (1969) structure does not explicitly model
county-to-county bilateral trade in commodities and services,
these decreases cannot be directly traced to the decrease in
aggregate absorption by the bay region counties directly
affected by the earthquake.' Notwithstanding this, figure 4
demonstrates that our simulations nonetheless capture the
reduction in aggregate consumption of domestic and imported
goods (fig. 44) and aggregate intra-state exports (fig. 4B),
which are the key drivers for this phenomenon.

"8General equilibrium effects are the primary reason that some sectors’
outputs do not decrease in lock-step with the direct damage to their capital
stocks. For example, internet publishing not only suffers direct damage
(on the x-axis) but also faces smaller supplies of data processing and
telecommunications inputs, whose prices increase significantly.

' In the model, commodity exports from individual counties augment a
statewide pool, from which individual counties’ imports are then drawn. See
appendix 3 for algebraic details.
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Figure 3. Damage and output impacts on information and communications technology service sectors.
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A. Consumption of domestic and imported goods
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Figure 4 (pages 22-23). Statewide effects on goods and services trade and consumption, by commodity.

In part A, error-bars show range across model regions of percentage changes in Armington aggregate use.
Information and communications technology (ICT) and other information sectors in orange, ICT-supporting
hi-tech service and durable goods sectors in green, all other sectors in blue. NAICS, North American Industry
Classification System (U.S. Census Bureau, 2017).
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Figure 4 (pages 22-23).—Continued
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Total Economic |mpacts with Resilience Tactics that production recapture has a much higher loss-reduction
potential than telework.
In this section, we discuss the total economic effects of
various resilience tactics for different loss categories (property  Table 16. Gross State product (GSP) loss-reduction potential of
damages, water- and power-service disruptions). Next, the individual resilience tactics for property damage for California.
aggregate effects after combining all the resilience adjust-

. [Combined resilience is telework and production recapture. The combined
ments are discussed.

reduction of GSP losses is not equal to sum of both entries owing to overlaps
in individual loss reductions]

Economic Impacts from Property Damage with

Resilience Tactics Resilience tactic Potential reduction of base-cas? GSP losses
caused by property damage, in percent
Bl losses from property damage are reduced by Mainshock (without fire) and aftershocks

telework and production recapture (discussed in subsection

.. . Telework 6.4
on Resilience Adjustments). Table 15 shows GRP losses '
caused by property damage for the base case and adjusting Production recapture 38.0
for telework, production recapture, and combined resilience Combined resilience 44.7
tactics. Property damages without and with fire are considered. Mainshock (with fire) and aftershocks
Table 16 shows the potential for these resilience tactics to

. Telework 6.3

reduce BI losses stemming from property damage. Loss- '
reduction potential is calculated by dividing the avoided Production recapture 36.9
losses by the total losses for the base case. The results indicate ~ Combined resilience 40.9

Table 15. Gross regional product (GRP) change caused by property damage in the first 6 months following the HayWired mainshock
for the base case and adjusting for various resilience tactics in San Francisco Bay region counties and rest of California.

[Percent change with respect to 6-month benchmark GRP shown in parentheses. Combined resilience is telework and production recapture]

. San San Santa Rest of Rest of California
Loss-reduction Alameda  ContraCosta e Mateo Clara bay region California total
tactic GRP change in billions of 2012 dollars (percent change)
Mainshock (without fire) and aftershocks
Base case —10.0 -3.2 -2.3 —3.4 —11.6 -1.7 —5.5 —37.6
(~18.5) (-5.7) (=3.7) (-7.6) (-10.0) (-1.0) (-0.9) (-3.5)
Telework -9.4 -2.9 -2.0 -3.1 -11.0 -1.6 =52 -35.2
(~17.4) (-5.4) (-3.3) (-6.9) (-9.5) (-1.0) (-0.8) (-3.3)
Production —6.5 =2.0 -1.4 —2.0 —6.7 =IL.1 =30 -23.3
recapture (-12.1) (-3.7) (-2.2) (-4.6) (-5.7) (-0.7) (-0.6) (-2.2)
Combined —6.2 -1.9 -1.2 -1.8 —6.3 -1.0 2.4 -20.8
resilience (_y 4) (-3.5) (-2.0) (-4.2) (-5.4) (~0.6) (-0.4) (-2.0)
Mainshock (with fire) and aftershocks

Base case -11.8 -3.5 2.4 —3.6 -12.9 =21l —6.2 —42.5
(-21.8) (~6.4) (-3.9) (-8.1) (-11.1) (-1.3) (-1.0) (-4.0)

Telework -11.1 -3.3 2.1 -3.3 -12.2 -1.9 -5.9 -39.8
(—20.5) (~6.0) (-3.5) (~7.4) (-10.5) (-1.2) (-0.9) 3.7

Production -7.8 2.3 -1.5 2.2 =7.6 -1.3 —4.1 -26.8
recapture (-14.5) (-4.2) (-2.4) (-5.0) (-6.5) (-0.8) (-0.7) (-2.5)
Combined -7.4 2.1 -1.3 -2.0 =72 -1.2 -3.9 -25.1

resilience (3 ¢) (-3.9) (2.1 (-4.5) (-6.2) (-0.8) (~0.6) (-2.4)
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Economic Impacts of Water-Service Disruptions
with Resilience

Table 17 shows GRP losses by region caused by water-
service disruptions for both the base case and adjusting for
various resilience tactics. The first three rows show the base
case (no resilience tactics) for the three water-service-disrup-
tion scenarios: preplan (as-is conditions), postplan (fuel man-
agement plan), and ideal world (fuel management plan and
pre-event mitigation). The next four rows show the results for
the conservation, production isolation, production recapture,
and combined resilience tactics (combining all three resilience
tactics) for the preplan scenario, respectively. The last two
rows show the results for the combined resilience tactics for
the postplan and ideal-world scenarios.

Table 18 shows a summary of the loss-reduction potentials
of each individual water resilience tactic for the preplan water-
service-disruption scenario. The most effective resilience tactic
is production isolation. The combined effect of all resilience
tactics considered reduces the water-service disruption GSP

Table 17.
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losses for California by 91 percent, 86 percent, and 78 percent
for the preplan (base case), postplan, and ideal-world water-
service-disruption scenarios, respectively.

Table 18. Gross State product (GSP) loss-reduction potential of
individual resilience tactics for water-service disruption for the
preplan water disruption scenario for California.

[Combined resilience is conservation, production isolation, and production
recapture. The combined reduction of GSP losses is not equal to sum of all
entries owing to overlaps in individual loss reductions]

Potential reduction of base-
case GSP losses caused by
water disruption, in percent

Resilience tactic

Conservation 7.4
Production isolation 86.1
Production recapture 344
Combined resilience 91.0

Gross regional product (GRP) change caused by water-service disruption in the 6 months following the HayWired mainshock

for the base case and adjusting for various resilience tactics in San Francisco Bay region counties and rest of California.

[Percent change with respect to 6-month benchmark GRP in parentheses. Combined resilience is production isolation and production recapture]

Contra San Santa Rest of bay Rest of California
Loss-reduction tactic Alameda Costa Francisco San Mateo Clara region California total
GRP change in billions of 2012 dollars (percent change)

Base case—preplan —0.654 —0.022 —0.002 —0.030 —0.023 —0.052 —0.127 —-0.911
(=1.211)  (=0.071) (=0.005) (=0.075)  (=0.023) (=0.037) (=0.022) (-0.090)

Base case—postplan —0.309 —-0.017 0.000 —0.022 —-0.023 -0.037 —0.075 —-0.508
(-0.566)  (—0.052) (0.000) (-0.052)  (—0.019) (-0.022) (-0.015) (—0.045)

Base case—ideal-world scenario —0.053 —0.007 0.000 —0.015 —0.009 —0.015 —0.030 —0.149
(-0.097)  (-0.019) (0.000) (-0.037)  (=0.009) (=0.007) (=0.007) (—0.015)

Preplan and conservation —0.592 —0.020 —0.002 —0.030 —-0.023 —0.052 —-0.119 —0.844
(-1.087)  (—0.067) (=0.005) (-0.075)  (—0.019) (-0.030) (-0.015) (-0.082)

Preplan and production isolation —0.053 —0.005 0.000 —0.007 —0.009 —0.015 —0.022 —0.127
(=0.088)  (—0.019) (0.000) (=0.022)  (—0.009) (=0.007) (=0.007) (-0.015)

Preplan and production recapture —0.433 -0.013 —0.002 —0.022 —-0.019 —0.037 —0.082 -0.597
(-0.795)  (—0.046) (—0.004) (-0.045)  (—0.014) (-0.022) (-0.015) (—0.060)

Combined resilience—preplan —0.035 —0.003 0.000 —0.007 —0.005 —0.007 —0.015 —0.082
(-0.062) (—0.012) (0.000) (=0.015)  (=0.005) (=0.007) (0.000) (=0.007)

Combined resilience—postplan —0.027 —0.002 —0.001 0.000 —0.005 —-0.015 -0.015 -0.067
(=0.053)  (—0.007) (=0.001) (0.000)  (—0.005) (=0.007) (0.000) (=0.007)

Combined resilience—ideal-world ~ —0.009 —0.002 0.000 0.000 —0.005 0.000 —0.007 —0.030
(-0.018)  (=0.005) (0.000) (-0.007)  (—0.005) (0.000) (0.000) (0.000)
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Economic Impacts of Power Disruptions with
Resilience

Table 19 shows GRP losses by region caused by power-
service disruptions for both the base case and adjusting for
various resilience tactics. The resilience tactics analyzed
include conservation, production isolation, and production
recapture. The combined effects (after eliminating double
counting) of these three resilience tactics are shown in the
last row of table 19. The GSP losses in California stemming
from power-service disruptions can be reduced from $100 to
$50 million after adjusting for these three resilience tactics.
Table 20 shows a summary of the loss-reduction potentials of
each individual resilience tactic. Production recapture is the
most effective resilience tactic for power-service disruption,
and alone could reduce GSP losses in California by nearly 40
percent.

Economic Impacts of Data- and Voice-Service
Disruption with Resilience

Table 21 shows GRP losses caused by data- and voice-
service disruption for both the base case and adjusting for
various resilience tactics. Table 22 shows a summary of the
loss-reduction potentials of each individual ICT service-related
resilience tactic. The loss-reduction potentials are calculated
by dividing the avoided losses from each individual resilience
tactic by the total losses calculated in the base case (without
resilience tactics) for data- and voice-service disruption (see
Rose, 2017).

Table 20. Gross State product (GSP) loss-reduction potential
of individual resilience tactics for power-service disruption for
California.

[Combined resilience is conservation, production isolation, and production

recapture. The combined reduction of GSP losses is not equal to sum of all
entries owing to overlaps in individual loss reductions.]

Potential reduction of base-case GSP losses

Resilience tactic caused by power disruption, in percent

Conservation 23
Production isolation 12.9
Production recapture 40.2
Combined resilience 49.2

Total Economic Impacts with Resilience

Table 23 shows the total economic impacts of the
HayWired earthquake scenario after we consider all the
resilience tactics we discussed above for the various conduits
of shock to the economy. The base-case total GRP change are
first shown, followed by the GRP change for various conduits
of shock to the economy, property damage, and various types
of utility service disruptions, adjusting for the combined
resilience tactic cases discussed in the previous sections.

The total economic impacts with resilience are shown in the
last row of table 23. Combining all the resilience tactics we
considered in this study, GSP losses in California decrease
from $44.2 billion to $25.3 billion, a reduction of about 43
percent of the total losses.

Table 19. Gross regional product (GRP) change caused by power-service disruption in the 6 months following the HayWired
mainshock for the base case and adjusting for various resilience tactics in San Francisco Bay region counties and rest of California.

[Percent change with respect to 6-month benchmark GRP in parentheses. Combined resilience is conservation, production isolation, and production recapture]

Loss-reduction tactic Alameda %‘:::t': SanFrancisco San Mateo Santa Clara Re:goi:):)lay C:I?fs;rzfia Ca::::;ln fa
GRP change in billions of 2012 dollars percent change)

Base case —0.023 —0.009 —0.014 —0.009 —0.037 —0.011 —-0.029 —0.132
(=0.042) (=0.026) (=0.023) (=0.021) (=0.033) (=0.007) (=0.005) (-0.012)

Conservation —0.023 —0.008 -0.013 —0.009 -0.037 —0.011 —0.029 -0.129
(-0.041) (-0.026) (-0.021) (-0.021) (-0.031) (-0.007) (-0.005) (-0.012)

Production isolation —-0.019 —0.008 —-0.011 —0.008 —0.034 —-0.009 —-0.026 —-0.115
(=0.035) (=0.024) (-0.019) (-0.018) (=0.030) (=0.005) (=0.004) (=0.011)

Production recapture -0.014 —0.005 —0.009 —0.005 —0.022 —0.007 -0.018 -0.079
(-0.025) (-0.016) (-0.014) (-0.013) (-0.019) (=0.004) (=0.003) (=0.008)

Combined resilience —0.011 —0.004 —0.007 —0.005 —0.019 —0.005 —0.016 —0.067
(=0.020) (=0.014) (=0.011) (=0.011) (-0.016) (=0.003) (=0.003) (=0.007)
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Table 21.

Gross regional product (GRP) change caused by data- and voice-service disruption in the 6 months following the HayWired

mainshock for the base case and adjusting for various resilience tactics in San Francisco Bay region counties and rest of California.

[Percent change with respect to 6-month benchmark GRP in parentheses. Combined resilience is supplier backup power and portable equipment, user behavior
management, and customer input substitution, production isolation, telework, and production recapture]

Contra San Santa Rest of bay Rest of California
Loss-reduction tactic Alameda Costa Francisco San Mateo Clara region California total
GRP change in billions of 2012 dollars (percent change)

Base case —0.064 —0.020 —0.047 —0.030 —0.090 —0.028 —0.075 —0.354
(-0.119)  (-0.063)  (-0.076)  (-0.067)  (-0.078)  (~0.017) (-0.012) (—0.033)

Supplier backup power —0.056 -0.017 —0.041 —0.025 —-0.076 -0.025 —0.064 -0.302
(-0.103)  (-0.053)  (-0.066)  (-0.056)  (-0.065)  (~0.015) (-0.010) (—0.028)

Portable equipment —0.037 —0.009 —0.034 —0.019 —0.044 —0.021 —0.044 —0.208
(-0.069)  (-0.030)  (-0.056)  (-0.042)  (-0.037)  (-0.013) (~0.007) (—0.020)

User behavior management —0.059 —0.015 —0.041 —0.026 —-0.071 —0.025 —0.064 —0.302
(-0.108)  (-0.049)  (-0.067)  (—0.060)  (-0.061)  (-0.015) (-0.010) (—0.028)

Customer input substitution —0.035 —0.010 —0.030 —0.017 —0.049 —0.018 —0.043 —0.202
(-0.065)  (-0.033)  (-0.048)  (-0.039)  (-0.042)  (-0.011) (~0.007) (-0.019)

Production isolation —0.026 —0.006 —0.024 —0.013 —0.033 -0.012 —0.031 —0.145
(-0.048)  (-0.020)  (-0.039)  (-0.030)  (-0.029)  (~0.007) (~0.005) (—0.014)

Telework —0.063 —0.019 —0.045 —0.028 —0.089 —0.027 —0.073 —0.345
(-0.117)  (-0.061)  (=0.073)  (-0.064)  (-0.076)  (-0.017) (-0.012) (—0.032)

Production recapture —0.038 -0.012 —0.027 -0.017 —0.052 -0.017 —0.046 —0.209
(-0.070)  (-0.038)  (-0.044)  (-0.038)  (-0.045)  (-0.011) (~0.007) (—0.020)

Combined resilience —0.005 —0.001 —0.006 —0.003 —0.005 —-0.010 —0.007 —0.037
(-0.010)  (-0.003)  (-0.009)  (-0.006)  (-0.005)  (~0.006) (~0.001) (—0.003)

Table 22. Gross State product (GSP) loss-reduction potential
of individual resilience tactics for voice and data service-related
disruptions for California.

[Combined resilience is supplier backup power and portable equipment, user
behavior management, customer input substitution, production isolation,
telework, and production recapture. The combined reduction of GSP losses is
not equal to sum of all entries owing to overlaps in individual loss reductions]

Potential reduction of base-
case GSP losses caused by data
and voice disruption, in percent

Resilience tactic

Supplier permanent backup power 14.7
Supplier portable equipment 41.3
User behavior management 14.8
Customer input substitution 43.0
Production isolation 59.0
Telework 2.7
Production recapture 40.9
Combined resilience 89.6

To place our economic impact estimates in perspective,
we compare them with recessions that have affected the United
States and the State of California since the end of World War II.
The formal definition of a recession is a decrease in GDP in
two successive calendar quarters. Until the “Great Recession”
of 200809, these recessions generally resulted in a decrease
in U.S. GDP of about 2 percent in at least one of the calendar
quarters. On the other hand, the Great Recession resulted in a
drop in GDP of about 8.4 percent, in the fourth quarter of 2008
and 4.4 percent in the first quarter of 2009. The annual rates of
decrease were 0.1 percent in 2008 and 2.5 percent in 2009 for
the Nation. The San Francisco-Oakland-Hayward Metropoli-
tan Statistical Area suffered GRP decreases of 4.9 percent in
2008 and 2.8 percent in 2009. Our estimates of total economic
impacts after factoring in resilience (see table 23) indicate the
largest GRP decrease of 13.8 percent in Alameda County, a
decrease of 2 to 6 percent in the other five most affected bay
region counties, a decrease of 0.8 percent in the rest of the bay
region, and a decrease of 0.6 percent in the rest of California in 6
months. The predicted economic effects of the HayWired scenario
earthquake would result in a type of recession but would not have
a multiyear effect like the Great Depression of the 1930s.
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Table 23. Total gross regional product (GRP) change in the 6 months following the HayWired mainshock for the base case and adjusting
for various resilience tactics in San Francisco Bay region counties and rest of California.

[Percent change with respect to 6-month benchmark GRP in parentheses. BI, business interruption]

- _ Alameda Contra Costa Sa!I San Santa Rest o_f Rt_est of_ California
Loss-reduction tactic Francisco Mateo Clara bay region  California total
GRP change in billions of 2012 dollars (percent change)
Base case (no resilience) =112.7 -3.6 =25 -3.6 =131 =21l -6.5 —44.2
(-235)  (-11.4) (~4.0) (-84) (-112) (-1.3) (-1.0) (-4.2)
BI from property damage —7.4 2.1 -1.3 -2 =7.2 -1.2 -3.9 -25.1
(with resilience) (-13.6) (-3.9) (-2.1) (-4.5)  (-6.2) (-0.8) (-0.6) (-2.4)
Water-service disruption —0.035 —0.003 0.000 —0.007 —0.005 —0.007 —0.015 —0.082
(with resilience) (-0.062)  (~0.012) (0.000)  (=0.015)  (=0.005)  (~0.007) (0.000)  (~0.007)
Power-service disruption —0.011 —0.004 —0.007 —0.005 —-0.019 —0.005 -0.016 —-0.067
(with resilience) (-0.020)  (~0.014) (-0.011)  (=0.011) (-0.016)  (=0.003)  (~0.003)  (—0.007)
Data- and voice-service disruption —0.005 —0.001 —0.006 —0.003 —0.005 —0.010 —0.007 —0.037
(with resilience) (-0.010)  (~0.003) (-0.009)  (=0.006)  (=0.005)  (0.006)  (=0.001)  (—0.003)
Total effects (with resilience) =745 —2.11 -1.31 -2.02 -7.23 -1.23 -3.94 -25.29
(-13.8) (-3.4) (-2.1) (—4.6)  (-6.2) (-0.8) (-0.6) (-2.4)

Dynamic Economic Recovery

In this section, we seek to understand how the
differences in capital stock destruction across California drive
reconstruction and thereby affect growth. The CGE model is
limited in its suitability to analyze the effect of the earthquake
on the dynamic path of California’s economies, principally
because its static formulation is set up to capture short-run
economic effects, as opposed to forward-looking investment
decisions that drive recovery. To address this shortcoming we
construct a multiregional intertemporal partial equilibrium
simulation that does not delve into the sectoral and regional
details that underlie many of the results in the section on
Direct Economic Impacts in order to place into sharp relief
the impacts on, and consequences of, accumulation of capital.
We adopt a simplified modeling approach to circumvent the
substantial analytical and computational challenges required
for the specification and solution of a multisector, multiregion,
intertemporal model in which interregional productivity
differences can be arbitraged by trade flows. The outcome is a
multiregional model of the California economy that simulates
aggregate investment, capital accumulation, production,
consumption, and commodity trade in eight regional
economies within the State over the 17-year (2018-2035)
horizon on a semi-annual time-step. (A detailed description of
the model is given in appendix 8.)

The main results, shown in figure 5, indicate that, with
intertemporally optimizing economic agents, perfect markets,
and an absence of frictions, California’s economy will sub-
stantially recover over a period as short as a decade. Figure 54
shows that damage from shaking and fire reduce the size of the
initial aggregate capital stock by nearly 30 percent in Alameda
County, 14 percent in Santa Clara and Contra Costa Counties,

and 10 percent in San Mateo County, whereas the remaining
bay region counties sustain damage to their capital stocks of
less than 5 percent. Interestingly, in the 6-month period imme-
diately following this economic shock, capital stocks in the
largely unaffected remainder of the bay region and the State
also decrease relative to the baseline (business as usual). The
reason is reallocation of investment toward the most severely
damaged counties, shown in figure 5B. Statewide, the earth-
quake reduces initial capital by 4 percent. This in turn induces
an increase in investment that initially covers the capital loss
and then reverts slowly to the long-run baseline level over the
course of the simulation horizon. This behavior arises from
the fact that the quantity of investment is smaller than the
capital stock, so that damage to the latter can only be offset by
a sustained increase in the rate of accumulation of the former.
Relative to baseline levels of investment, increases of 160
percent in Alameda County and 80 percent in Santa Clara and
Contra Costa Counties drive rapid accumulation of capital,
with stocks approaching 95 percent of their baseline levels
less than 5 years after the earthquake, and 99 percent a decade
postearthquake in these three counties. In the less-affected and
unscathed areas of the State, investment and capital stocks—
which are larger in magnitude—recover more slowly, attaining
98 percent and 99 percent of their baseline levels after 5 years
and a decade, respectively.

In response to the departure of regional capital stocks
from their baseline trajectories, gross output, value added,
intermediate commodity uses, and final consumption all
exhibit qualitatively similar dynamics (fig. SC—F). The
regions’ initial declines and subsequent patterns of recovery
mirror those of their respective capital stocks in figure 54.
This congruence is unsurprising given the small values of the
elasticities of substitution, which limits the ability of regional
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Figure 5. Plots showing percentage change from business as usual by semi-annual time steps following the HayWired mainshock for
several economic factors, illustrating the dynamics of postearthquake recovery. BAU, business as usual.
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producers to compensate for the impact of capital damage
on production by increasing the quantity of intermediate
commodity inputs. The consequent near-complementarity
between capital and intermediate goods means that inputs
of the latter decrease, albeit by a smaller amount than the
shock to capital. The upshot is that the economy experiences
a slightly larger reduction in value added than gross output,
and both quantities decrease by a much smaller amount

than capital. California’s aggregate gross output and value
added experience decrease by about 2 percent initially, after
which they slowly increase to their long-run levels over

the simulation horizon. The decrease in consumption is

even smaller, as households attempt to preserve their level
of utility, consistent with the model’s objective function to
maximize social welfare.”” The magnitude of value-added
losses is one-half to two-thirds as large as those computed
by the CGE model. This result can be traced to the growth
model’s homogeneous representation of regional production,
which implicitly assumes perfect substitutability among the
outputs of, and the intermediate inputs to, different sectors,
whereas the CGE model assumes far less elastic substitution
among intermediate inputs to each sector, and among the
contributions of the various sectors to regional consumption,
investment, and exports.

Especially in the most affected counties, the need to
allocate larger quantities of final goods to increased investment
causes precipitous decreases in exports, coupled with increases
in imports (fig. 5G and H). The result is a reorganization of
commodity trade and a shift in counties’ trade balances. Along
the baseline dynamic trajectory, San Francisco County is a net
exporter, Alameda County and the rest of the bay region are
net importers, Contra Costa and San Mateo Counties and the
rest of California are initially net importers that subsequently
transition to net exporters, and Santa Clara County is initially
a net exporter that becomes a net importer. Overall, the shock
induces severely impacted counties to increase imports,
accentuating baseline patterns of trade—in the counterfactual
solution to the model, Alameda, Contra Costa, Santa Clara, and
San Mateo Counties all remain net importers throughout the
simulation horizon, and increase their consumption of goods
and services exported by San Francisco County, other bay
region counties, and the remainder of the State.

The results have several important implications for the
interregional nature of recovery from a major shock such as
the HayWired earthquake scenario. They indicate that, as in
the case of the direct and indirect consequences themselves,
the pattern of recovery reveals further departures from simple
direct assessments of investment in repair and reconstruc-
tion, after considering various types of dynamic interregional

PCounties in figure 5 experience sizeable negative shocks to both their cap-
ital stocks and domestic output. The representative agent within each county
reallocates the disposition of this smaller quantity of output preferentially to
investment, as a way of quickly rebuilding lost capital, while simultaneously
cutting back on other components of domestic expenditure (as consumption,
exports, and intermediate commodity uses) and increasing imports. Rather
than being allocated to producers, the larger quantity of imports is consumed.
This, combined with reduced exports of domestic product, serves to sustain
the level of consumption.

general equilibrium effects. Those counties implementing the
higher levels of repair and reconstruction investment benefit
the most, but these effects spill over onto neighboring counties
as well. The spillover effect is greater than in ordinary circum-
stances because the less-affected counties have greater produc-
tive capacity relative to directly affected counties than in the
base case, and they are relied upon as the sources of supplies of
direct and indirect inputs into recovery. Thus, the lightly dam-
aged counties gain from picking up the slack of lost capacity
in the core of the damaged region and also provide valuable
inputs to all affected counties during the recovery process.

Study Limitations

There are limitations to both the CGE analysis of eco-
nomic consequences during the first 6 months and the simple
dynamic recovery model over 17 years.

CGE Model Limitations

In the CGE model analysis we have excluded sources
of disruption such as transportation. We do not consider the
effects from damages to roads, bridges, or railroads, although
we expect that the delays to goods and people movement
during repairs and reconstruction will be costly. The Regional
Economic Models, Inc. (REMI) model analysis conducted by
Kroll and others (this volume) estimates that close to half of
the region’s output losses come from transportation network
and commuting disruptions, rather than directly
from building damage.

Several key assumptions about resilience tactics are
based on the best data we could obtain at the time of this work.
For example, the percentage production isolation factors in
the voice- and data-service resilience analysis are calculated
by scaling down the telephone production isolation factors in
order to factor in the large use of internet (not just telephone)
by sector. The telework potentials by sector and by county are
calculated based on the BLS (2017) data on telework potential
by job type, and factoring the considerations of readiness of
employees to go back to work after the major disaster, internet
access, and the availability of backup data. Future studies can
benefit from better sectoral and region-specific data on these
resilience tactic assumptions.

Another limitation of the CGE model analysis of eco-
nomic impact and resilience is the assumption that businesses
aim to return to business-as-usual conditions. In practice, busi-
nesses will reposition or redefine themselves and find new effi-
ciencies, as was reported after the Christchurch earthquakes
(Chang and others, 2014; Stevenson and others, 2014; Brown
and others, 2015). The recovery of an economy affected by a
major disaster is inherently a transitory disequilibrium phe-
nomenon that is influenced by a multitude of non-economic
forces. However, the non-economic factors often tend to be
subject to large uncertainties, making them very challenging
to characterize and to model in a tractable way. Our analyti-
cal approach sidesteps some of these difficulties by taking as
given many of the details of the recovery trajectory, in order
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to focus squarely on the equilibrium to which the economy
converges during the (Keynesian) “short-period.” over which
prices are determined and bring supply and demand into
balance. The benefit of such analytical clarity can only be
obtained at the expense of realism and detail, not the least of
which are potential differences in the behavioral responses

of economic factors to the main earthquake as opposed to
decreasingly punctuated and less intense aftershocks. The
6-month horizon selected for our analysis thus represents

a compromise between capturing the effects of most after-
shocks and having the increasingly long intervening periods of
normal economic functioning dampen their apparent effects.
More detailed elaboration of the effects of these and other fine
temporal-scale forces can be accomplished using modeling
approaches other than CGE, but these are beyond the scope of
our study.

We have also not explored dynamic economic resilience
that would accelerate the pace of recovery (to jumpstart and
[or] reduce the duration of recovery) in relation to a standard
recovery path. Accelerating the recovery path is based on
numerous decisions by government officials, businesses, and
households for which we did not have data, and hence were
not able to provide any reasonable estimates. For an analysis
of longer term impacts of the HayWired scenario the gold
standard is an intertemporal CGE model that simulates the
dynamic impacts of the foregoing decisions on postdisaster
regional economic growth. Given the dearth of relevant
input data, our contingency was a highly stylized partial
equilibrium intertemporal simulation discussed in the section
on Dynamic Economic Recovery and appendix 8. The reader
is also referred to the regional economic modeling in the
accompanying report by Kroll and others (this volume).?! For
CGE modeling of dynamic resilience, the reader is referred to
papers such as Xie and others (2018).

We offer the following additional caveats about population
effects. First, we emphasize that it would be wrong to think
of substitution of labor for destroyed capital as resulting from
an increase in the labor supply. On the contrary, depending
on the scenario being simulated, labor endowments in all
counties, and statewide, decrease by 2—7 percent in 6 months.*
Crucially, however, in the most severely affected counties
earthquake damage reduces the amount of capital by a larger
amount. The result is a relative increase in labor intensity that
reflects substitution, whereby the resulting smaller pool of
labor moves among producing sectors, and is used in place of
lost capital to different degrees, until the equilibrium condition
of the marginal productivity of labor being equalized across

2IKroll and others (this volume) indicate that the majority of economic

losses (including output losses caused by building damages, transportation
network and commuting flow disruptions, and amenity loss of the region) of
the HayWired scenario will take place in the first year after the mainshock.
If the stimulus effects of government response and recovery investment are
taken into consideration, the net output effects in the bay region are projected
to turn positive starting from year 2 (assuming 3/4 of the government aid is
exogenous Federal spending, and thus is additive to the regional economy).

2We emphasize that the CGE model neither represents nor measures labor
in terms of employment (that is, jobs or workers), but rather the aggregate
quantity of hours supplied by all households.

production activities is satisfied. Such reallocation of labor to
its highest marginal-value use is a key mechanism of inherent
resilience (Rose and Liao, 2005; Rose, 2017).

Given this, the main limitation of our analysis is
insufficient detail in modeling the earthquake’s effects on the
supply side of the labor market. Destruction of capital in the
private dwellings, real estate, and accommodation sectors is
likely to render a nontrivial fraction of the bay region housing
stock uninhabitable, and in turn trigger large-scale short-term
displacement of local populations. A key question that we
leave unanswered is the degree to which initial population
displacement persists over the long term, which is a particular
concern given the preexisting shortage of housing in the region.
To address this issue it is necessary to undertake additional
dedicated modeling of the microeconomic forces that deter-
mine, initially, the likely geographic dispersal of evacuees
based on intercounty differences in postdisaster housing market
conditions, and, subsequently, population return based on the
pace of State and Federal provision of temporary housing, and
local governments’ proclivity to intervene in housing markets
to enable alternative shelter arrangements.

The experience of New Orleans, Louisiana’s, labor supply
in the aftermath of Hurricane Katrina points to the importance
of such modeling. Figure 64 illustrates that the key unknown
is whether evacuees return. Although half of the housing units
in Orleans Parish were destroyed, displaced populations were
able to secure temporary or permanent shelter in neighboring,
less-affected counties and States relatively quickly. A Gompertz
recovery curve fit to FEMA data (Department of Homeland
Security Office of Inspector General, 2008) suggests that the
number of households in hotels and motels decreased to half
its peak after 4.5 months, and after 6 months would have fallen
to the initial level of prestorm evacuation.” But many of the
workers in these households did not return, causing the New
Orleans metro area to lose 23 percent of its labor supply—a
shock from which New Orleans has not yet fully recovered
after more than a decade.

Even so, several features of the HayWired scenario raise
the possibility that the pattern of recovery might be very
different in the bay region. The first is simply the character of
the hazard: in the HayWired scenario, affected areas do not
experience the prolonged inundation that was responsible for
further capital stock destruction as well as delaying the return
of displaced households by more than 1.5 months. Second,
the magnitude of capital stock losses is less severe; figure
6B shows that building damage owing to the mainshock,
fires following the mainshock, and aftershocks amounts to
20 percent of the capital stock in the accommodation sector,
17 percent of the capital stock in the private dwellings sector
in Alameda, and less than 11 percent in the accommodation
sector and 6 percent in the private dwellings sector for the
next three most impacted counties. The result is that there

Lo . ~b(1—1p)
»The function is Displacement Population (f) = 4o=b(—%),—~ce o

(I4cd- e_b(tft‘)))), in which 7 is time, #,=8/25/2005 is the date of Katrina
landfall, a = 120,000, » = 0.175 and ¢ = 2.3 are parameters selected to match
estimates of displaced individuals taken from Department of Homeland Secu-
rity Office of Inspector General (2008).
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will likely be a much higher percentage of structures that

are sufficiently undamaged compared to the case in New
Orleans in the aftermath of Hurricane Katrina, and that they
can provide temporary housing, further hastening individuals’
ability to return and resume work over a 6-month horizon.*
Third, the restoration of telecommunications within a few
weeks, and the concomitant facilitation of telework, suggests
the need to carefully distinguish between population return
and recovery of the labor supply, especially in information
sectors. Finally, the dynamics of population return may be
much more consequential for “brick and mortar” industries
that rely on low-wage occupations and require workers to be
physically present to supply labor (for example, service sectors
such as wholesale, retail, accommodation, repair, health, and
education). However, under prevailing baseline economic
conditions there is concern that workers in these occupations
are being priced out of bay region housing markets and reside
increasingly far away from the region’s major employment
centers. The crucial question is whether existing drivers of
households’ geographic dispersal already push such workers
out of the zone of maximum earthquake damage. If this is
indeed the case, the magnitude of worker displacement is likely
to be much smaller, and the reduction in labor supply will
primarily be a function of the extent of commuting disruption
and the pace of restoration of transport links.

Johnson and others (this volume) examine population
displacement. For the purposes of this report, and in the face of
the substantial uncertainties we opt to generate loss estimates
using the standard Keynsian labor market closure rule of a
fixed wage and flexible labor supply. Elaboration of additional
supply-side dynamics and their potential implications for labor-
market equilibrium over the recovery period is beyond the
scope of this report and is left to future research.

Simple Dynamic Recovery Model Limitations

Our stylized analysis of dynamic recovery is subject to
several caveats. The dynamic model is notable for its lack
of frictions, particularly capital adjustment costs that have
the potential to introduce divergence between the resources
allocated to investment and the consequent formation of new
capital. In severely affected counties, such as Alameda, the
massive rebuilding efforts across a broad range of sectors
would require substantial coordination and involve temporary
inefficiencies in investment. The extent to which this might
increase the contemporaneous costs of investment is an
open question and beyond the scope of this study. Future
analysis of this issue would have to determine the extent to
which investment in repair and reconstruction would displace

2*However, at the same time, we do note two factors that may delay the
process of population return in the HayWired scenario: (1) some of the areas
that are severely damaged by fire are likely to be more difficult than flood
inundated areas to get repaired and reconstructed; (2) there is a virtually zero
vacancy rate for housing in the bay region. The already very high costs of
housing will become even higher with the shortage of housing supply after the
disaster, which may prohibit the immediate return of the evacuated population.

investment in ordinary plant and equipment, and it would also
determine how much of an injection there would be externally
from government assistance, philanthropy, and insurance
payments (see Xie and others, 2018). This would also require
consideration of factors such as “demand surge.” which refers
to the likely increase in the cost of construction activity and
materials in the aftermath of a disaster (see Olsen and Porter,
2011; Kroll and others, this volume).*

As with the CGE impact analysis, a key influence on the
dynamics of recovery that remains unmodeled is population
displacement and return, and their impacts on regional produc-
tion, consumption, and capital accumulation in the 1-3 year
postdisaster period. Workers emigrating from the most affected
counties would further reduce production, consumption, and
utility there, but would increase all three variables in the rest
of the bay region and other parts of California that would
likely receive migrants. Fundamental empirical analysis of
spatial and temporal patterns of population displacement and
return was outside the scope of the project—we eschew such
analysis as being too speculative at this time, and instead leave
the definition of the consequent shocks to labor supply and the
simulation of their impacts as topics for future research.

More realistic modeling of the recovery of California’s
regional economies would require differentiating production
into multiple sectors, trade into multiple commodities, and
investment into a vector of sector-specific investment goods
that would be allocated to bring the marginal products of
capital across different production activities into equilibrium.
In addition to this there would likely be layered non-market
policies that direct investment to specific sectors (for example,
attempts by State and local governments to restore infrastruc-
ture or other public components of the capital stock), which
would have additional effects on the relative rates of sectoral
capital accumulation, and, ultimately, structural change. Such
a model is at the forefront of economic modeling research and
is unfortunately outside the scope of our analysis.

We offer some suggestions for future research that
emanate from the discussion above. First is a county by
county elaboration of the effects on long-run trajectories of
economic growth. This would be most effective if it included

The dynamic translation of capital investment in one sector at time 7 into
units of new capital stock in another sector in the subsequent time period
t+1 involves conceptual and empirical modeling difficulties. The Bureau of
Economic Analysis (BEA) records data on capital flow according to industry
demand (irregularly and at the national level, which, thus, may not reflect the
particular structure of California’s economy). Most consequentially, a key
unknown is whether, in the aftermath of a disaster, the coefficients of such a
matrix of sectoral shares of the mix of investment goods will remain constant,
especially on the brief 6-month timestep necessary to capture the short-run
consequences of an earthquake. In the initial chaotic postdisaster period, it
is plausible that localized shortages, and (or) firm resilience tactics, such as
bartering intermediate inputs or cooperating to share salvaged plants, equip-
ment, or structures, might lead to localized deviations from the investment
shares that would otherwise prevail under normal conditions. However, in the
absence of well-founded representations of the microeconomic details of these
processes, predicting the deviations in capital flow that might arise would be
highly speculative.
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the dynamics of county- and sector-level capital-labor substi-
tution that accompany population return, reconstruction, and
economic recovery over the long run of one or more decades
postdisaster. However, the ability to address this question

is complicated by the need to develop a model of short-run
evacuation and long-run population repatriation (or decline),
ideally endogenously linked to the employment demand shock
triggered by firms’ loss of productive capacity owing to capital
stock destruction. Another area of future research would be to
validate the IMPLAN capital stock data that we have used. For
example, Cutler and others (2017) have used county assessor
data that describes the use of each parcel of land, including
data on the size of the parcel, value of the land, and value

of the structure on the land (building value or other capital
stock), and also distinguishes these data by sector.

Conclusion

In this study, we estimated total regional economic
effects (in terms of gross regional product [GRP] losses
caused by business interruption) of the HayWired scenario
earthquake on the San Francisco Bay region economy. The
study follows from the analysis of the physical damages
of the earthquake, including property damage caused by
mainshock shaking, liquefaction and landslides, fire following
earthquake, and aftershocks. Business interruption losses flow
from the direct property damage to producing sectors, and are
also caused by disruption of water, power, and data and voice
services. A multiregional computable general equilibrium
model was used to analyze the total regional economic effects
of the HayWired earthquake scenario. The basic simulations
indicate how the economy is affected, including how it
adjusts to damages and disruptions transmitted through
price changes, which spur the reallocation of resource use,
primarily through substitutions of inputs and geographical
redistributions. The capability to undertake such substitutions
is an important measure of the inherent resilience of the
macroeconomy. The study also evaluates the potential
effectiveness of various additional inherent and adaptive
microeconomic resilience tactics that can greatly reduce the
business interruption losses from the disaster.

The dominant cause of economic losses in the bay region
and California is found to be business interruption (BI) from
property damage. Without additional resilience tactics, total
potential BI losses for California, measured in gross State
product (GSP) reduction in the 6-month period after the
HayWired mainshock, are estimated to be $44.2 billion (or
4.2 percent of the State’s projected baseline GSP during the
period). About $42.5 billion in GSP reduction is BI losses
caused by property damage (among which $32 billion is
caused by the mainshock [including fire] and $10.5 billion
is caused by aftershocks). Overall, losses are concentrated
in the five bay region counties that are most directly affected
by earthquake property damage in absolute terms (Alameda,
Contra Costa, Santa Clara, San Mateo, and San Francisco),
which together account for 80 percent of the overall reduction

in GSP. Alameda and Santa Clara Counties are the most
affected counties, which suffer reductions in economic output
of about $12.7 and $13.1 billion, or more than 23 percent and
11 percent, respectively, of the counties’ baseline GRPs. Contra
Costa County also suffers an 11 percent reduction in economic
output, followed by an 8 percent reduction in San Mateo
County and a 4 percent reduction in San Francisco County.

In terms of the sectoral distribution of the total effects,
sectors with the largest reductions in gross output statewide
include finance, insurance, real estate (FIRE) and owner-
occupied dwellings, manufacturing (petroleum refining, light
and heavy industry, food, drug, and chemical manufacturing),
ambulatory healthcare and hospitals, and professional,
scientific, and technical services. The greatest reductions in
output are in high-tech device manufacturing and internet
publishing and broadcasting. These sectors suffer relatively
more intensive property damage (building and content losses)
than other sectors, and thus experience greater reductions in
the endowments of sector-specific capital.

Information and communications technology (ICT)
sectors that are central to the digital economy include internet
publishing and broadcasting; telecommunications; data
processing, hosting, and related services; and other information
services. Both telecommunications and internet publishing
and broadcasting are their own top suppliers and customers.
Telecommunications and data processing, hosting, and related
services purchase from professional services and FIRE sectors.
Industry, manufacturing, and mining sectors are top purchasers
of the internet publishing and broadcasting sectors. GRP
losses in the ICT sectors show a strong correspondence with
capital stock (property) losses, although internet publishing
and broadcasting show a consistent pattern of percentage of
GRP losses exceeding capital losses in counties less directly
impacted by the earthquake (San Mateo and San Francisco)
and the rest of California. Internet publishing not only suffers
direct economic damage but also suffers from smaller supplies
of data-processing and telecommunications inputs, whose
prices increase significantly.

Our results illustrate how interregional trade in goods and
services performs the dual role of a mechanism for broader
transmission of the economic consequences and a margin
of economic adjustment to the disaster-related business
interruption. Firms in directly affected counties can substitute
intermediate inputs imported from undamaged counties
for curtailed supplies of such inputs that might have been
produced locally. This helps moderate the reduction in the
former producers’ outputs—production still decreases, but by
a smaller fraction than would be predicted by the shock to the
economy from capital stock destruction and curtailment of
utility-service supplies. However, at the same time, counties
that are geographically contiguous with the main disaster
zone and export a large fraction of their output to firms and
households that sustain direct damage incur losses that are
far greater than their direct damage would predict. The latter
arises because over the short period of our analysis, the
disaster has the effect of causing a reduction in the demand
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for their output. In this way, import and export markets
throughout the bay region are responsible for the earthquake’s
direct effects rippling through the broader California economy.

Economic resilience tactics can potentially greatly reduce
the total economic effect on the California economy. The GSP
losses could be reduced from $43.5 billion to $25.2 billion (a
reduction of 42 percent) if various microeconomic resilience
tactics are taken into account. Based on assumptions about the
effectiveness of resilience tactics over time, the tactic that has
the greatest potential effect on reducing BI losses from property
damages is production recapture in which businesses make up
for their lost production through employees working overtime
or extra shifts after their necessary facilities and equipment
have been repaired or replaced and critical inputs become
accessible. Production recapture is an effective resilience
tactic in the short run (for example, within 3 months)—it is
unlikely that most customers will cancel their orders within this
timeframe. However, the effectiveness of production recapture
decreases over time as customers grow impatient when their
orders are not filled and, therefore, seek other suppliers. In this
study, we found that, even in the counties that are most directly
affected by the earthquake, a large percentage of damaged
buildings in commercial and industrial sectors take less than
3 months to repair or recover. Therefore, production recapture
has great potential in reducing BI losses stemming from
property damage.

The most effective resilience tactic for utility-service
disruptions differs across service types. For water-service
disruption, production isolation (referring to those parts of
a production process that can continue without using water
inputs) emerged as the most effective tactic. For power-service
disruption, production recapture has the greatest effect on
reducing the BI losses. For data- and voice-service disruptions,
production isolation is the single most effective tactic,
followed by input substitution and production recapture, in
accordance with our assumptions. The supplier implemented
equipment strategies of back-up power (permanent batteries
and generators) and portable equipment (for example,
generator on a truck, cell on wheels), implemented in recent
disasters, collectively reduce the percentage of BI losses from
data and voice service disruption by 90 percent.

In summary, GRP losses are concentrated in the five bay
region counties that are most directly affected by earthquake
property damage in absolute terms (Alameda, Contra Costa,
Santa Clara, San Mateo, and San Francisco), which together
account for 80 percent of the overall reduction in GSP. Sectors
with the greatest reductions in gross output statewide include
real estate (finance, insurance, real estate, and owner-occupied
dwellings), manufacturing (petroleum refining, light and
heavy industry, food, drug, and chemical manufacturing),
ambulatory healthcare and hospitals, and professional,
scientific, and technical services. Microeconomic resilience
tactics could potentially greatly reduce the total economic
effect on the California economy. The GSP losses could be
reduced from $44.2 billion to $25.3 billion (a reduction of
43 percent) if various resilience tactics are implemented. The

tactic that has the greatest potential effect on reducing BI
losses from property damages and power-service disruption
is rescheduling production to catch up; the most effective
resilience tactic for water-service disruption and data- and
voice-service disruptions is production that can continue
without these inputs.

A special focus in this HayWired scenario analysis was
a study of the core of the digital economy made up of the
telecommunications, data hosting and processing, internet
publishing and broadcasting, and other services sectors.
These sectors are subjected to infrastructure damage, power
outages, and business interruption, which are aggravated
by their dependence on each other. Their importance in
recovery is illustrated by assumptions about telework in
sectors that reduce economic impacts (most recently seen
during the 2020 COVID-19 pandemic); telework reduces
estimated GSP losses from property damage by a few billion
dollars (6 percent of baseline GSP). Every resilience tactic,
or business continuity practice, implemented by businesses,
sector alliances, and governments—including utility and
digital economy sectors—preserves economic activity for
their organizations, as well as that of others, through sectoral
and geographic economic linkages, after this potentially
devastating scenario earthquake strikes.
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Appendix 1. Sectoring Scheme

This appendix summarizes how we determine the sector-
ing scheme used in the economic impact modeling of the
USGS HayWired Scenario. We follow the seven steps below
when we consider the sectoring scheme to be used:

1. Start with the 3-digit NAICS sectoring scheme, which
divides the whole regional economy into 86 sectors.

2. Disaggregate the utility sector into water and sewage 6
system, natural gas distribution, and electricity genera-
tion and distribution.

3. Based on the 440-sector IMPLAN (short for impact
analysis for planning) data, identify the top five sectors 7.
in terms of gross output in the 9-county study region,
and include them as separate sectors. We also exam-
ined the top five sectors in terms of gross output for the
three most heavily affected counties (Alameda, Santa
Clara, and Contra Costa). The data indicate that the top
five sectors in terms of gross output are identical in the
9-county region and in the three most affected counties.

4. Retain two major telecommunication and internet-
related sectors at the most disaggregated level in

(3) IMPLAN 352, data processing, hosting, and related
services (NAICS 518).

Examine the IMPLAN input-output matrix and import
matrix, identify major customer sectors of the telecom-
munication and internet-related sectors, and retain key
sectors at the most disaggregated level in IMPLAN.

Examine the top upstream supplying sectors to electric-
ity generation, computer manufacturing, and telecom-
munication and internet services, and retain key sectors
at the most disaggregated level in IMPLAN.

Aggregate other sectors to arrive at a reasonable total
number of sectors to be used in the CGE model. The
aggregation of the sectors should also align with Hazus
occupancy classes. A major aggregation pertains to

the manufacturing sectors. Except for the key sectors
we keep disaggregated as noted above, we combine
the other manufacturing sectors in line with the Hazus
occupancy classes for industrial sectors (IND 1 for
heavy industries, IND 2 for light industries, IND 3 for
food, drugs, chemicals, and so on)

IMPLAN. These include (1) IMPLAN 350, internet The final sectoring scheme and its correspondence to
publishing and broadcasting (NAICS 519130); (2) IMPLAN sectors, NAICS codes, and Hazus occupancy classes
IMPLAN 351, telecommunications (NAICS 517); and  are shown in table 1.1.

Table 1.1. Sectoring scheme for computable general equilibrium (CGE) modeling.

[IMPLAN, impact analysis for planning; NAICS, North American Industry Classification System. No., CGE sector number]

Hazus occupancy

No. Sector description IMPLAN sector NAICS code’ class
1 Agriculture, forestry, fishing, and hunting ~ 1-19 11 AGR1
2 Oil and gas extraction 20 211 IND4
3 Coal mining 21 2121 IND4
4 Other mining 22-30 212-213 except for 2121 IND4
5 Electric power generation, transmission, 31,428, 431 2211 COM4
and distribution
6 Natural gas distribution 32 2212 COM4
7  Water, sewage, and other systems 33 2213 COM4
8 Construction 34-40 23 IND6
9  Heavy industry 75-81, 95-112, 153-169, 313,321, 322,327, 332,333,336 INDI
181-233, 276294
10 Light industry 82-94, 113-114, 142-152, 314, 315, 316, 323, 326, part of IND2

236-240,244-275,295-318 334 (except for 334111, 334112,

11  Petroleum refineries 115

334411, 334412, 334413), 335,
337,339,511, 516

32411 IND3
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Hazus occupancy

No. Sector description IMPLAN sector NAICS code’ class
12 Food, drug, and chemicals 41-74, 116-141 311, 312, 324 except for 32411, IND3
325

13 Primary metal manufacturing 170-180 331 IND4

14 Electronic computer manufacturing 234 334111 INDS

15 Computer storage device manufacturing 235 334112 IND5

16  Semiconductor and related device 243 334413 INDS
manufacturing

17  Other high technology related 241,242 334411, 334412 INDS
manufacturing

18  Wholesale trade, warehousing, and storage 319, 340 42 COM2

19 Retail trade 320-331 44-45 COM1

20  Air transportation 332 481 COM4

21  Rail transportation 333 482 COM4

22 Water transportation 334 483 COM4

23 Truck transportation 335 484 com2

24 Transit and ground passengers 336 485 COM4

25 Pipeline transportation 337 486 COM4

26  Sightseeing transportation 338 487 and 488 Ccom4

27  Couriers and messengers 339 492 COM4

28  Publishing, motion picture, and 341-349 511,512,515 IND2, COM4
broadcasting

29 Internet publishing and broadcasting 350 51913 COM4

30 Telecommunications 351 517 COM8

31 Data processing, hosting, and related 352 518 COM4
services

32 Other information services 353 51911-2 COM4

33 Finance, insurance, real estate, and leasing  354-360, 362-366 52,53 COM4, COMS5

34 Imputed rental value for owner-occupied 361 n.a. RESI-RES3
dwellings

35 Computer systems design and related 371-373 5415 COM4
services

36  Other professional, scientific, and technical 367-370, 374-380 54 except for 5415 COM4
services

37  Other business services 381-390 55, 56 COM4

38 Educational services 391-393 6111, 6112-3, 6114-7 EDU1, EDU2

39  Ambulatory health care and hospitals 394-397 621, 622 COM6, COM7

40  Nursing home/social assistance 398-401 623, 624 RES6, COM3

41  Arts, entertainment, and recreation 402-410, 413 711-713, 722 COMS

42 Accommodations 411-412 721 RES4

43  Repair and maintenance 414418 811 COM3

44 Personal services/private households 419-422, 426 812, 814 COM3

45 Religious, grantmaking, and similar 423-425 813 REL1
organizations

46  Government and non-NAICS 427, 429-430, 432-440 n.a. GOV1, GOV2

!See the website of North American Industry Classification System (NAICS) (https://www.census.gov/cgi-bin/sssd/naics/naicsrch?chart=2017) for example
establishments for the various NAICS sectors.
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Appendix 2. Technical Description of the CGE Model

Introduction

This appendix summarizes the design, construction, and
application of a static computable general-equilibrium (CGE)
simulation model of the California economy. The application
is over a time horizon of a single 6-month period from the
onset of an earthquake.

The CGE model is a stylized computational representation
of the circular flow of the economy. It solves for the set of
commodity and factor prices and activity levels of firms’
outputs and households’ incomes that equalize supply and
demand across all markets in the economy (Sue Wing, 2009,
2011; Sue Wing and Balistreri, 2018). Our model divides
California’s economy into 18 regions, the 17-county earthquake
impacted region (Alameda, Contra Costa, Marin, Merced,
Monterey, Napa, Sacramento, San Benito, San Francisco, San
Joaquin, San Mateo, Santa Clara, Santa Cruz, Solano, Sonoma,
Stanislaus, and Yolo) and an aggregate of the rest of the State,
and 46 industry sectors (appendix 1, table 1.1), each of which
is modeled as a representative firm characterized by a constant
elasticity of substitution (CES) technology to produce a single
good or service. Households are modeled by a representative
agent with CES preferences and a constant marginal
propensity to save and invest out of income. The government is
also represented in a simplified fashion. Its role in the circular
flow of the economy is passive: collecting taxes from industries
and passing some of the resulting revenue to the households as
a lump-sum transfer, in addition to purchasing commodities to
create a composite government good which is consumed by the
households. Three factors of production are represented within
the model: labor, intersectorally mobile capital, and sector-
specific capital, all of which are owned by the representative

agent and rented out to the firms in exchange for factor income.
California is modeled as an open economy which engages in
trade with the rest of the United States and the rest of the world
using the Armington (1969) specification (imports from other
States and the rest of the world are imperfect substitutes for
goods produced in the State).

The model computes the prices and quantities of goods
and factors that equalize supply and demand in all markets in
the economy, subject to constraints on the external balance
of payments. The impacts of an earthquake are modeled
as exogenous shocks to the productivity of industries,
reductions in house-hold consumption and investment, and
contemporaneous destruction of capital stock, with concomitant
reductions in the economy’s endowments of capital input.

Production

The supply side of the model employs a hierarchical nested
CES production structure. In each region  and sector j (see
table 2.1), the quantity and price of output are given by oy,
and PY, . At the top level of the hierarchy, output is produced
by comblnmg a bundle of capital, labor, and lifeline inputs
(QKLV, ,, with price PKLV, ) with a bundle of intermediate
inputs (QZ with price PZ ). This production relationship is
represented in dual form by the unit cost function:

(1a)

Here, o, denotes the top-level the elasticity of substitution
between intermediate inputs and the value-added-lifelines
composite, and ,, , and a_are the CES distribution
parameters, or technical coefficients.

0 1-0 o 1-o0y 1/(1-0y)
PY, <[, PKLV "+, PZ} 7]/,

Table 2.1. Values of the elasticities of substitution and transformation in the computable general equilibrium (CGE) model.
Elasticities Symbol Values
Elasticities of substitution
Between a value-added lifelines composite and intermediate input composite in production o, 0.1
Between a value-added composite and lifeline input composite in production Oy 0.1
Between capital and labor in production oy 0.25
Among lifeline intermediate inputs to production o, 0.1
Among intermediate inputs to production g, 0.1
Among counties’ outputs of a particular good in aggregate commodity supply Oy 14.0
Between domestic (California) and imported (rest of world) varieties of each good in county Armington composite O 2.0
Among inputs to household consumption o, 0.25
Among inputs to investment , 0.25
Among inputs to government o, 0.25
Elasticities of transformation

Between California aggregate supply and rest of world exports in California-wide sectoral supply composite Ny 2.0

10.1 in utility lifeline sectors (electric power, water and wastewater, telecommunications).
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At the second level of the hierarchy, the bundle OKLV is
produced from a value-added composite of labor and capital
(QKL with price PKL, ) and a bundle of intermediate lifeline
commodlty inputs (QV with price P v, .) according to the
unit cost function:

PKLV <[a/"klr PKLl O'KH +a0'KIVPV1 OkLy ]1/(1 Okry) (lb)

v, J.r

in which 6, is the elasticity of substitution between lifelines
and value-added, o, , and a,, are technical coefficients.

At the third level, the value-added composite is
produced from sector-specific capital (QK, , with price PK; )
and intersectorally mobile labor (L, w1th average wage PL)

according to the unit cost function:

PKL <[ O'KL PKl OKL _;r_a,o'KL PLl OKL ]1/(1 UKL) (IC)

where o, , o, and a, denote the capital-labor elasticity of
substitution and associated technical coefficients. The com-
posite of lifeline inputs is modeled by a CES aggregation of
intermediate inputs of a subset of the i distinct commodities
(of which sector j consumes a vector of quantities, q, ., with
“Armington” user prices P4, ) according to the unit cost function
o PAI oy ]1/(1 ay) (1d)

ieLifelines i, j,r

PV, <[

with elasticity of substitution, &, and associated technical
coefficients o . The bundle of 1ntenned1ate inputs (QZ) at
the second ievel of the production hierarchy is modeled in a
similar way:

Al o, ]1/(1 GZ)
i’

PZ, <[Z, (le)

teLlfelme: i’ j r
with elasticity of substitution, o, and associated technical
coefficients, a,.

Trade and Commodity Supply

Trade is modeled according to an Armington (1969)
formulation, in which the output of a sector in a particular
region is allocated between consumption of locally produced
goods and exports. In turn, exports are divided between goods
destined for other regions within the United States and goods
that satisfy foreign demand. Symmetrically, on the demand
side, each consumed commodity is a composite of domestic
and imported varieties, where the latter is an amalgam of
imports from other U.S. regions and from abroad.

The calibration dataset does not record bilateral trade
among counties or county aggregates. We use QXUS, to
denote units of the /™ commodity exported by region r to U.S.
consumers in other locales, and model these quantities as feed-
ing into an aggregate national pool at a commodity-specific
nationwide price (PUS)). Similarly, we use OXF, to denote
units of commodity 7 exported to consumers abroad. These
quantities are treated as feeding an international pool at a
single price (the generalized price of foreign exchange, PFX).
Using PYT,, = (1+r ,)PY, to represent the gross-of-tax price
of commodlty i in region r (where T _ denotes the production

tax rate), the transformation of regional output into exports
(quantity QX ) is specified in terms of the dual by the follow-
ing constant elasticity of transformation (CET) equation:

1+7

 PEX (2a)

PYT > [ﬂ)’I{CA IPUS”'D( + X ]1/(”’7,\'.1)’

XFI

where (suppressing the commodity subscript for the sake of
brevity) #_is the commodity-specific elasticity of transforma-
tion between domestic and international export destinations,
and f8, ., and 8, . are commodity-specific technical coefficients.
Symmetrically, region  imports QMUS, units of i from other
U.S. regions and QMF, units from abroad. Its aggregate
imports of each commodlty (quantity QM with price PM, y)
are modeled as a CES composite of these quantities, given in
terms of the dual by

PM,, <[, PUS; ™" + i PEX " /070 (2b)

in which (suppressing the commodity subscript) o, is the
elasticity of substitution among import origins, and f, ¢
and f, . are commodity-specific technical coefficients. In
turn, within each region, sectors’ intermediate demands and
households’ final demands for a particular commodity are
satisfied by the Armington total supply of that good (04, ,
with price P4, ). Armington total supply is modeled as a CES
composite of domestic and imported varieties of the good,
given in dual form by
P4, <(1=®,, ) [0 PY 7+ g PM T T ()
where (suppressing the commodity subscript) o, is the
commodity-specific elasticity of substitution, £, and §, are
commodity-specific technical coefficients, and the parameter
@, . captures the disaster’s adverse shock to the aggregate
supply of each commodity.

A simple trade closure is adopted for the model. Each
county is treated as a small open economy which cannot
affect the price of foreign exchange. Following open-economy
modeling convention, foreign exchange is treated as the unit
of account; accordingly, the price of foreign exchange (PFX)
is designated as the numeraire price by fixing its value at unity.
The model only resolves regions within the state of California,
and not elsewhere in the United States, so in general trade
flows of a particular good recorded by the benchmark input-
output accounts will not balance. California’s net export
position vis-a-vis the rest of the United States is calculated
by applying Shephard’s lemma (for example, Varian, 1992),
yielding the supply-demand balance condition:

%,0XUS,, > X OMUS, , + OBUS, =
oPYT

Y OX >3 OPM,, OM. +QBUS
. .2 > .o+ .
"opUS, T " "opUS, T ’

(2d)

where QBUS, is introduced as an exogenous balancing quan-
tity of net exports of good i. The corresponding expression for
trade supply-demand balance with foreign countries is
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X,0XF,, 2%, OMF,, + OBF, =
OPYL, 0X, >% oPM,, OM, , + OBF,
) . o> 2 o+ '
"OPFX ~ " T oPFX T ’

with exogenous balancing quantity QBF .

(2e)

Final Demands and Commodity Market
Closures

In each county there are /4 household archetypes, each
of which is modeled as a representative agent who with CES
preferences overconsumption of commodities (g, ., . at price
PA, ). The associated dual expenditure functions are given by

1- 1/(1-

PUh,r S [Ei]/:g,h,rPAi,ro’C] ( G-C)’ (33)
where PUh’r is the households’ unit expenditure index, and,
suppressing subscripts for brevity, o, denotes households’
consumption elasticity of substitution, and y, . are technical
coefficients. There are also g levels of government, each of
which consumes commodity inputs (g, Gor AL price PA, ) for
the purpose of producing a government good (quantity QGgyr,
at price PGg,r) with CES technology. The associated cost
functions are

; 1-og 71/(1-0)
PG, , <[Z77¢ ., P47,

i,G.g.r i,

(3b)

in which ¢, denotes the elasticity of substitution, and
(suppressing subscripts) y, ; are technical coefficients. As well,
each region produces an investment good (Q/ , at price Pl )
from a CES aggregation of commodities (g, ,, at price /4, ),
given in dual form by

PI, <[Zp7; PA7 T, (3c)
where o, denotes the elasticity of substitution, and (suppressing
subscripts) y,, are technical coefficients. It is assumed that
each representative agent exhibits a fixed marginal propensity
to save (MPS) and invests out of income. Supply-demand
balance for households’ savings (0S, ) requires

or, <x,0S,,, (3d)
while a fixed MPS implies a constant of proportionality,
4, ,» which allows savings to scale with changes in activity
(consumption) levels:
QSh,r = luh,rUh,r' (36)

Government consumption is financed out of tax revenue
and transfers. Government g is modeled as claiming a fraction
g"m of the total tax revenue raised within region r, as well as
receiving a net transfer, GXFER _(which for convenience is
denominated in units of the numeraire). The activity level of
public provision is then given by:

0G,, < (cgg’ijerJPYj’rQYj’r +PFX -GXFER, )/ PG, ,.(3f)

The supply-demand balance for domestic output is given by

QYi,r 2 QDi,r + QXi,r (3g)

where the unconditional demand for domestic uses is given by
Shephard’s lemma: oD, = oP4,,

—QA. ..
aPY’_’,‘ Q ,r
The supply-demand balance for imports is given by
Shephard’s lemma:

om > OPA,, o
vToPM,, T (3h)
Finally, the supply-demand balance for Armington
commodities is closed via the condition
QAi,r 2 qui,j,r + th[,C,h,r + qi,],r + qui,G,g,r (31)

in which the unconditional demands on the right-hand side are
given by

oPY, . oPU
9ijr= - Qer’ dic.h :—h’rUh > g, :ﬂ
oop4, T M opq,, T gpy.
oPG, .
and qi,G,g,r = 6PAg’ QGg,r'

Inter-Sectoral Factor Mobility and
Static Income Closures

Given the brief duration of the period over which the
equilibrium represented by the model is established, the
assumption of frictionless inter-sectoral reallocation of capital
commonly made by CGE models is unlikely to accurately
capture the behavior of factor markets. Although the authors
continue to treat labor as mobile across industries and
counties, capital is modeled as a sectorally and geographically
fixed factor at each timestep, with instantaneous supply-
demand balance determined by the county- and sector-specific
supply of capital input (81(,;,,~):

(1-®,  )e,, > OPKL,, OKL

K,jr K,jr = 6PK/.J J.re

Disaster-related capital-stock destruction on the left-hand side
of this expression is the primary driver of economic impact.
Traditional CGE models close the labor market either through
the “neoclassical” assumption of full employment (perfectly
inelastic supply) or “Keynesian” variable employment
(perfectly elastic supply at a fixed wage). Although neither
of these extremes adequately captures the effect of a large
transitory shock (which typically induces simultaneous
adjustments in both employment and wages), for the sake of
simplicity and computational tractability we employ the latter,
Keynesian closure. This is achieved by scaling counties labor
endowments relative to their benchmark levels (€, ), with the
supply-demand balance condition:

(42)

(4b)

Y, g 233 OPKL,, OKL
. & > . 2 o
L r“L,r i 0PL o
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in which the value of the scaling factor, ¥, is endogenously
chosen to hold the wage constant

PL=1. (40)

County-level household, investment, and government
activities are bound together by an income-expenditure
balance condition that constrains the value of expenditure and
saving to equal the value of factor returns plus net household
transfers (HXFER, , also denominated in units of the
numeraire). Thus, using ¢, i and { s 0 denote the shares of
labor and capital remuneration going to the various household
income groups within each county, income balance is given by

Conr S, PK, &, +C,,, Y, -PL-¢, + PFX-HXFER,,
>PU, U, +PLOS, +XPCASA, . (4d)

The final closure rule is the statewide balance of payments
constraint, which balances the net supply of foreign exchange
against the demands for transfer payments that make up the
idiosyncratic components of household and government
income:

¥, PUS, (QBUS, + 3, PUS, (QXUS,, — OMUS, )|+

X, PFX (OBF, +3, (OXF,, — OMF,, )|+ (4e)
0.

%%, GXFER,, + 3,5, HXFER,, =

California’s exports to, and counties’ imports from,
international (U.S.) markets are both valued at the numeraire
foreign exchange price (U.S. average commodity-specific
domestic prices), with quantities given by the application of
Shepard’s lemma to equations 2a and 2b:

OPYT,, oPM,,
OXUS, , = L OMUS;, = " and
" 8PUS, " oPUS,
oPYT,, oPM,
XF; r= ; > Qm r= -
’ OPFX ’ OPFX

Modeling the Impacts of an Earthquake

The static equilibrium model made up of equations 1
through 4 is subjected to the shock of economic damage
caused by the earthquake event. Damage to sectoral
capital stocks are modeled as secular reductions in sectors’
endowments of capital input, ® . € (0,1), whereas lifeline
outages are modeled as secular reductions in the productivity
of delivery of Armington lifeline commodities to their
intermediate and final uses, ® ;. € (0,1) for i € Lifelines.

In the economy’s baseline state, these shock parameters are
set to zero, whereas in the various loss scenarios they take on
values between zero and one, reflecting different components
of damage.

Model Calibration, Formulation,
Solution, and Application

The vectors of technical coefficients a, £, and y in
equations 1 through 4 are calibrated using an IMPLAN social
accounting matrix for the State of California for the year 2012
(IMPLAN, 2014) in conjunction with values of the elasticities
of substitution, transformation, and supply in appendix 3,
table 3.2. The model is formulated as a mixed complement-
arity problem using the MPSGE subsystem for GAMS
(Rutherford, 1999; Brooke and others, 1988) and is solved
using the PATH solver (Ferris and Munson, 2000).
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Appendix 3. Sector Property Damages
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