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Executive Summary

Following Hurricane ke, scientists, policy makers, and elexffaglals have been calling for a
comprehensive coastal storm surge protection system for the Galveston Bay region. To date,
several efforts have estimated benefit/cost ratios of multiple protection solutiowhich have

focused primarily on the direct ecomic impacts of a surgeelated event in Galveston Bay.
Althoughthese resultave been critical in demonstrating the effectiveness of a coastal spine

from the perspective of avoided damagedher secondary indirectbenefits tad yet to be

evaluated The following describes recent analytical efforts to better quantify these indirect benefits
through four distinct research areas including: 1) assessingadbromic implicationsf surgedriven
damage related to a coastal spir® determiniig potential changes in the costs of flood insurgreed
3) understanding socioeconomic behavior related to the establishment of a coastal spine. The following
provides a brief summary of findings of each of thégee areas of research unddrexasGLCcontract
No. 18159000-A719.

StateLevelEconomic Implications

Storm surge impacts that occur without coastal protection could have substantiatéomgimpacts on

the growth of the Texas economWhen evaluating impacts with a coastal spine over &l time
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protection is substantial. The GSP in 2066 will decrease by 8%, corresponding to $863 bilkocdaskl

spine substantially mitigates tee economic impacts, which are still estimated to decline but by only 2%.

Further, all macroeconomic indicatar&xcept for government expenditureswill also decline, with the

value of net exports (value of exports net value of imports) suffering the mmagoynd decline by an

estimated 13% corresponding to $160 bilion loss

Specific statdevel impacts on housing and petrochemical sectors include:

- Housing sector output declines by nearly 8% corresponding to $39.5 billion in the sector loss in
sales, ad related employment and prices also fall by 0.66% and 0.77%, respectively. These
estimates are mitigated in the presence of a coastal spine to a 2% decrease in housing sector
output and less than 1% decreases in employment and prices.

- Outputs in the petrteum and chemical manufacturing sectors decline by 19%, amounting to
$175.4 billions in lost revenues from both sectors. Decreases in these sectors are also mitigated
in the presence of a coastal spine to 3% and 5%, respectively.

- Employment and prices irhé petroleum sector are the most sensitive to a destructive surge
event: jobs in petroleum sector will be 17% lower corresponding to approximately 155,000 in lost
jobs and prices on petroleum products will increase by .I3%se estimates are reduced 186
reduction in employment and 1% increases in prices with a coastal barrier.

- Chemical manufacturing jobs will shrink by 9% (96,000 jobs will be lost) and prices on these goods
will increase by 1.6% without coastal protection. Employment figures are rediec@% and
prices increases decrease to 0.37% with coastal protection

- Electricity sector prices will be 6% higher by the end of the study period. These increases are
reduced to 1.57% with a coastal spine.



NationatLevel Economic Implications

The img@cts of a storrrsurge event without coastal protection also have adverse effects on the United
States economyThese impacts are, unsurprisingly, smaller in magnitude compared to state level
impact, yet have lasting impacts into the future.

Following anunprotected, 50@year surge event in Galveston Bay, the U.S. Gross Domestic
Product (GDP) is estimated to be 1.1% lower by the end of the forecast period; this corresponds
to an estimated $883 billion dollar economic decline.

The decline in U.S. GDP idueed to 0.28% following the same event with coastal protection in
place.

U.S. net exports are also estimated to decline by 4% (approximately $166 billion in loss), while
investment and household consumption will be 1.14% ($167 billion in loss) and 0\8884$532
billion lower), all relative to the same time period with no surge impacts.

The immediate and lonterm impacts on other states indicate that while some, primarily
neighboring states, experience positive GSP, income and welfare growdkat86 not including
Texas will have lower GSP in response to a surge event in Texas.

Coastal Flood Insurance Premiums

Over 31,000, or 10% of all National Flood Insurance Program policies in Harris and Galveston
Counties, would experience a reduction in 3@ar storm surge as a result of a coastal spine.

Areas that would have reduced storm surge with a coastal sping oemi $41 million dollars in
annual NFIP premiums and have total flood insurance coverage of over $8 billion dollars.

Under a 108year storm surge scenario, over 3,000 coastah®ér flood insurance policies
would be protected to less than 1 foot ofuindation.

An additional 14,149 higtisk flood insurance policies would be protected completely protected
from a 100year storm surge.

In the most conservative insurance scenario, nearly $5 million dollars in premiums could be
saved annually by residentdwie still maintaining the same flood insurance coverage with the
presence of a coastal spine

Additional scenarios suggest that total annual premiums in the coastal Ho@sbteston area
could be reduced by 228% while still maintaining the same floodurance coverage.



Public Perceptions of Coastal Protection in Texas

Widespread public suppogxistsfor structural and norstructural mitigation to address the risk
Texas coastal communities face from natural hazavtgtiple mitigation strategis were
evaluated, ranging from levees and elevation to land use regulations, and all of them were
supported by over 70% of the respondents in each county.

There is werwhelming public support for the coastal spine or lke ikihe greaterHouston
Galveton RegionApproximately 73% of the respondents surveyed said they support the
construction of the coastal spine.

The public prefes shared responsibility for financing the coastal spifige majority of
respondents; 55%- believed that both governmerdnd port industries should be responsible
for financing the coastal barrier system. Fiiirds of respondents also supported some type of
public tax, including sales and hotel tax, to raise revenue to construct the coastal spine.

Residents believe theoadal spine will reduce risk to homes and provide job security for some.
Over 50% of Chambers and Galveston County respondents said they feel their home would be at
less at risk if the coastal spine were constructed; 47% of Harris County respondents said the
same. Additionally, about 40% of Chambers and Galveston County respondents said their job
would be more secure; 33% of Harris County respondents said the same.

Environmental concerns related to the Ike Dike rem@ner 65% of Chambers County
respondentsexpressed concern about the consequences of the ke Dike on the environment.
About 58% of Galveston County and 50% of Harris County respondents are equally concerned.
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Chapter 1Evaluating the Effects of a Coastal Spine: Naticead|
Economic Ripple Effects of Storm Surge Events

Meri Davlasheridze and Qin Fan

Executive Summary

The 2017 North Atlantic hurricane season andehermity of the impact they brought to coastal
communities have once more heighted private and public concerns about the catastrophic future storms
and the waysda mitigate their impacts. Among many alternatives, surge suppression systems have
gained particular interest among policy makers, planners and researchers. The Galveston Bay region
(herein referred to as the bay) represents one of the most fl@dl surgeprone areas in the United

States (SURGEDAT 2017). Due to its vulnerability tiasréeen a particular interest in comprehensively
assessin@ coastal storm surge suppression system (aka coastal spine) proposed as a mitigation strategy
after 20082 Eurricane ke that broughhistoricsurge levels and impacted local economiethim

Southeast Texa3 he urgencyo address this issulgasbeenheighted aghere is a growing consensus

that surgeheightcould increase in response &m increase in hurricane intensities asellevel rise
(SLR)Some recent studiesiggest flood heights of storm surge associated with 1 in every 100 year to
become as frequent as one in every four years, and this all due to SLRgfeatK A I K SN & ¥ @i dzy OK
for future storm surges (Frumhoff et al. 2007).

Priorresearchconducted on this topibas focused on quantifying impacts of surge events on property
and industrial assets localppjtoba et al., 2018; Davlasheridze et al. 2018). Howdittde, hasbeen done

to view the problem from regionand nationalperspectivesNationally strategic assets located in the
bay such as petroleum refineries, petthemical manufacturing and the Port of Houston all bear merits
in presenting the problem in the conteof the nation.Understanding the spati@conomicspillovers of
surge impact®n the larger economgind longterm socioeconomic ramificatiorage important for
economic stability of other states as well as for the nation as a whole, and will fudhiibute to a

better understanihg of the scope of economic damagasdthe economic feasibility cd surge
suppression system.

This report presentthe results of anation-wide economicstudy of storm surge impacts on the three
counties along the GalvesidBay (Galveston, Harris and Chambers) and exploresiiieet impacts on
a specific sector(s) in the bay communities propagate througledomomy of TX as well economies of
other states and the natioas a wholen the long termwhile capturing generatquilibrium and
multiplier effects.

Economic Model

The economic impacts presented in this report are derived frd8 sector, multiyear statelevel
Computable General Equilibrium (CGE) MoBglincluding the national and global economies, and
linking hem tothe Texasconomy the model captures essential economic relationships that influence
the economic impacts of storm surge along the gulf coaSbatheastTexas

The 23 sectors included in the economic model encompass sectoraréhat great inportance to the
Texas state economy and human wellbeing. Specifically, the two-sarggtive sectors were selected (i)
residential housing (referred to as dwelling throughaautd (ii) petroleum refinery and chemical



manufacturing sectors. Beyond thesa&jor sensitive sectors, aggregation of similar sectors was guided
by model calibration and stability of the model results. Because this study examines the eeardsny
impacts of storm surge, the economic model captugeseral equilibriurhand multiplier effects of
individual sectoral responses to surge events.

Assessment Period

In this study, the impacts of surge events on the economy are considered-faain the future,

starting from theyear2016 and ending with the year 2068s an extensionye alsoincorporate surge
impacts undethe SLR using the SLR projections in 288ditional model simulations aralso

conducted for the ending year 2080. The choice of 50 year time span was guitied psmciples: (1)

human behavior, the underlying theoretical foundation of the CGE model, and the subsequent evolution
of regional economic systenase much more uncertain than is the evolution of surge events (forecast
errors in economic modeling increa rapidly with forecast length) and (2) 50 years is a typical time span
used to assess the feasibility of flood protection structures in the United Stgtéee USArmy Corps of
Engineers (USACH)e primaryfederal agency responsible fre large sca infrastructure projects

Scenarios
Selection of scenarios in this report were guided by (i) surge eM@hsolicy responseand (iii) the
duration of production cessation for major industrial plants in the area

Synthetic storms were used to gendeaexposure of assets relative to water inundation levels. Each
storm has different probability of occurrence in a given year and previaepossibility to assess the

bandwidth oflikelyA Y LJF O a (2 GKS &l (i Sssotated yilk stofhaof diffdrght t S O2 y 2

intensities The most intense and destructive stornttie 500-year storm, withan annuaprobability of
0.2%, followed byhe 10Gyear (1%) storm surgd Oyear(10%)andan Ike-like storm surge. The
selection of the latter was guided bydhhurricane Ikea category 2 hurricane thatruckSoutheast
coast ofTexas in 200&nd brought a historic amount of surge levels. i&mains the most recent
hurricane accompanied with major surge event for the bay communisisidurricane Harvey iAugust
2017 for the area waa precipitation event

1 Some economic sectossill be impacted by surge evenisdirectly because of direct impacts amore sensitive
economic sectors within the region (e.g., dwelling and petro products & chemical manufacturing sectors). Hence it
is expected the surge impacts on a specific sector(s) will also impact prices of capital, labor, materials, or other
production inputs facing producers in another economic sector. Similarly, surge impacts on one sector(s) may also
affect output prices received by producers in another sector. The price changes (both outputs and inputs) stimulate
substitution away from highepriced goods and toward lowepriced goods. These phenomena acting through
markets and prices are commonly referred to as general equilibrium effects.

2 Changes in input prices (i.e., prices of labor, capital, energy and materials) can lead to changes éh ipersuoe,

because in the CGE model individuals are assumed to be owners and suppliers of these inputs. Hence the direct
impacts on one sector can generate a chain reaction of additional rounds of indirect effects through the changes in
personal income, oén referred to as induced effects. The total impact accounts for all rounds of effects on all
economic sectors which represents some multiple of the direct impamsimonlyNE F SNNBER G2 | &
S¥T¥SOta¢o
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The surge inundationutputswere modified by factoring ia m Tc@astal spine system, as a surge
suppression mitigation strategy proposed for the region. Hence for each surge scenario, economic
impacts ae assessed with and withotte coastal spine.

Direct impacts to petroleum and chemical manufacturing seatemodeled through the lost output

value (lost sales/revenues) associated with the cessation of production operation. Without knowing
specific cases of shutdown, and relying on past reports and published data, it was assumed that plants
shut down for 18, 26 and 33 days either because surge events cause adaiha electric system or
equipment due to a power outage or plargenplyclose forprecautionary purposeg-or the sake of

brevity, in this reportresults associated with 33 day shutdown are reported. Other results were built in a
companion wekbased Atlas for visual presentatiomif://www.texascoastalatlas.com/coastalspine/

As an extension, storm surge scenarios that incorporate the SLR in 2080 were also developed without
and with the coastal spine system.

Economic Scenarios and Simulations

Economic impacts are calculated as the difference between the value of economic indicators (e.g. prices,
2dzi Lz Ay O2YS:I D5t ¢St FINBZ O2yadzylakidihewabties A y @3S
2F GKS&S AYRAOIG2NRE % 00 ¢ K2 KA dzii 6§ KSdzMEH @ NF A dBSE STT (K
NEFSNNBR (2 & GKS aolaStAaySé¢ @rftdzSa FyR.GKAA &
Economic indicators in the BAU scenario are derived by simulating the economic model forward in time

given projections of key exogenous economic variables (population, working age population, saving

rates, depreciation rates, government taxes, rates of productivity growth, and rates of improvement in

capital and labor qualityEconomic indicators withtorm surge are derived by simulating the model

forward in time with changes in selected parameters (e.g., fohigsing sectocapital endowment is

reduced by the amount of estimatgatoperty damages, for the petroleum and chemicahnufacturing

sectorstotal factor productivity growth rates are adjusted until output lossesved in the model

matches the estimatetbsesthat correspondo the different shutdown days in the petroleum and

chemical manufacturingectorg as a way to reflect the impact$ surge on underlying economic

conditions.

Two types of economic simulations are conduct®de type estimates the impacts of surge events on

individual sectors (i.ehousingand petroleum and chemical manufacturing separately). This exercise

allows ugo disentanglehe economic effects of surgeom each of thesectoss, such afousing on

others, such as petroleum and chemical manufacturing, so as to better understand theadlidect
sectoralleveleffects of surge evestIn the second type we estin@the economic impacts when storm

surge affects all surgeensitive sectors simultaneously to fully capture indirect and induced efbects
¢SEIFraQ 26y SO2y2yvyeée +a ¢Sttt | a S0O2y2hfoudhiadeayd 2 G K SNJ
labor flows acpss states

Damage tahe Housing Sector

Storm surge is projected to impatte housing {;e. dwelling) sector negatively by destroying residential
property located in inundated areas. The HAZUB model developed by the Federal Emergency
Management Agenc(FEMAas updated using parcétvel data available from the county tax
FaaSaaz2NaQ 2 exposuBeadirdcedantagesiostitittureSwhile factoring in structural
characteristics of the propertsuch agoundation type structureage, replaement cost, construction
material,andelevation. Using theupplieddamagedepth functions, the losses to individual properties
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were estimated without a coastal spine and one with the coastal spine system. Destruction of property
represents the decline afapital endowment to households in the CGE model es@oassumed town
factors of production.

Depending on the intensity of the storm, direct property damages in the three coungesestimated

in the range of $8.Billion (associated with 509ear storm), $4.6 billion (with 10§ear storm), half a

billion (10year storm), and 3 billion withké-like storm withoutthe coastalspine These figures
correspondoy SAf AIA0E S aKIFINBa (2 GKS SyuGANB yearl 6§SQa
damagesepresent only 0.5% of the total state GDP in 2016 prices, however correspond to 11% of the
aSOG2NRa G2aGF t 2 tmichadrl sphe/mitigeletie bilkbof restiéntiabldsses,

reducing estimated damagdsy four timesrelative tothe estimated damages withouhe surge
suppression system.

Petroleum and Chemical Manufacturing

Petrdeumand chemical manufacturing sectors are other sensitive sectors that are assumed to be
directly impacted by surge events in the regioas&d on published reports and data, it was assumed
that the destruction oindustrialproperty will have minimal impact on disruptisgctor production
operation. However, plants may experience substantial output (revisales los®sif they closedue

to electrical equipment and control room (including Systems and Operatiitghefar due to power
outagesWe assumd plants to be down for as little as 18 days and the maximum shutdown days
considered was 33 daySibsequent revenue lossegere calculatedor each of the shutdown
durations For the purpose of modeling economyde impacts of output losses associated with plan
shutdown, it was assumed shddgwns will affect efficiency and intensity of the inputs utilized in
production process. Thus, the imgavas model through reduction in total factor productivity (TFP)
associated with all input factors (i.e. capital, labor, energy, and material) in a corresponding sector (i.e.,
petroleumand chemical manufacturing sectors).

Total output losses associatedth different shutdown durations were estimated in the range of $4.3
$8 billion associated with the 58@ar storm surge event without a coastal spine and only %14513
million whena coastalspine was implace It should also be noted that industigsses were fully
mitigated with spine protection under 3@ear and lkdike storm evers. The resultant output loss of 33
day shutdown represents approximately 8% of the total output value of these sectoexas ir2016.

10
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Key Results when Storms Imp&avelling, Petroleum and Chemical
Manufacturing Sectors Simultaneously

500-Year Storm Surge

Findings without a Coastal Spine

Dwelling sector output iMexasin 2066 declines by nearly®8 Employment and prices in the
dwelling sector alséall by 0.66percent and 0.77 percent, respectively relative to the BAU.

Outputs in petroleum and chemical manufacturing sesttecline by 19% respectivelyTexasn

2066. The employment and prices in the petroleum sector are the most sensitive to a destructive
surge event. The number of jobs in petroleum sector will be 17% lower and prices will increase by
13 percent on petroleum products (e.g., gasoline, diesed] other) in 2066 ifTexas Chemical
manufacturing jobs will shrink by 9%, and the prices on tlgeseswill onlyincrease by 1.6% in

2066 relative to the BAU.

In terms of secondary impacts on other sectors, all aggregate sectors studied will be adversely
impacted by surge events and will experience output (revenue) ldbaewill persist in the long

term.

The most sensitive indirectly impacted sectors in tewhrevenue losses include natural resource
mining (e.g., gas, oil and coal) with 15% decline in output in 2066, electri286), heat & air
condition (9%), and water and sewage¥), among others. These are the sectors that either
directly use goodgroduced by petroleum and chemical manufacturing as inpattheir own
production processesr are seringresidential housing sectde.g., electricity)

Electricity sector pricesvill be @6higher in 2066, and the prices in other sensitive sectolsagib
increase, however marginally.

Findings with a Coastal Spine

Coastal spine mitigates bulk of detrimental impacts on Texas economy as well as on economies
of other states and the nation.

Dwelling sector output in 2066 will decline by only 2%. Empéntrand prices in the dwelling

sector will also decline but negligibly by 0.09% relative to the BAU.

Outputs in petroleum and chemical manufacturing sector decline by 3% and 5% respectively in
Texas in 2066. The number of jobs in petroleum sector willbéoiver and prices will increase

by 1% on petroleum products in 2066 in Texas. Chemical manufacturing jobs will only decline by
2%, and the prices on these products will increase by 0.37% in 2066 relative to the BAU.
Although lesser in magnitude, all otheectors will also experience decline in output value. The
most sensitive indirectly impacted sectors are still electricity, natural resource mining (e.g., gas,
oil and coal), heating and air conditioning, and water and sewage.

Electricity sector pricewill be 1.57% percent higher in 2066 and the prices in other sensitive

11



Overall Impacts

Theoverallprojectedeconomicimpact of storm surgavithout the spine systenon Texasisross State
Product (GSRjuring the assessment period is substantial. The GSP in 2066 will decrease by 8%
corresponding to $863 billion loss in GBP macroeconomic indicators except for government
expenditure irthe statewill declinein 2066, withthe value ofnet expors (exportsc imports) suffering
with the most profound declindy anestimated 13%. The social welfare will be 8% lowhile total
investment and consumption will decline by 1% and &:88pectivelylikely due tohigherpriceson
someof the important consumptiomgoods (electricity and gasoline). Total government expendituit
increase in response to surge events and will be 1% higher in 2066. Surgesiwifjadso haveadverse
socioeconomic implications natiemide in the long termhowever estimated declirseare smaller in
magnitude The US GDRs estimated tdbe 1.1% lower in 206@&orresponding to an estimatE$883
billion in decline. L& net exporswill decline by 4%, investment and household consumption will be
1.14% and 0.83% lower in 2066, and @liesocial welfare will decline by 0%2 all relative to the BAU.

The CGEodel results indicate that while some states (primarily neighbomvilyexperience positive
GSP, income and welfare growth due to potential substitution of inputs of production and labor
outmigration, 30 states, not includinftexastself, will havealower GSP in response to a surge event in
TexasIn terms of social welfareyith the excepton of ahandful of states, the majority will experience
welfare loss in 2066 if the coastal spine is not constructed in the bay

The oastal spine substantially mitigates impacts®$ E GS® Quhich is estimated to still decline in
2066but by only 2%. All macroeconomic indicators except for government expenglituifexashowa
decrease in 2066. The impact reflected on net export (exppingports) is reduced four times. Similar
mitigating effects are observed for social welfare, totevestment and consumption. Government
expenditures will increasebut only by 0.19%dmpacts on national accounts are mitigated substantially.
Although major macroeconomic indicators will still exhibit declines in 2066, the rates of dearease
relatively small For example, & GDPwill be 0.28% lower and social welfare will declineohiy 0.24%

if the 500year surge event disrupts housing and major petroleum and chemical manufacturing sectors
in the three counties along th&outheasterrGulf Coast d Texas

Ike-Like Storm Surge

Findings

- Impacts ofanlke-like stormare relatively smaller compared to the impacts generated by the 500
year storm surge event.

- The chemical manufacturing sector output will decline by 5.9% without protection and outputs
will only drop by 0.27% with coastal spine protection, relative to the BAU in 2066.

- Electricity sector output is the second most impacted, shrinking by 4.45% if no coastal protections
is provided.

- Prices also increase in storm sensitive sectors. For eeamlectricity product prices will be 2%
higher in 2066 without coastal protection, and petroleum product prices will increase by 1%.

- Coastal protection fully mitigates the impacts on petroleum and chemical manufacturing, and all
residual impacts (whiclare estimated to be minimal) on other sectors under the protection
scenario are due to the impacts on dwelling sector.

- Texas GSHill be 2.7% in 2066, welfare will drop 206, and net exportwill fall by 4% in
comparison to their projected levels in tlBAU, f no coastal protection is provided.

12



- Impacts as reflected on national accounts are relatively smaller under no protection. For example,
the U.S. GDP declines by 0.29% and net exports fall by 1.12%in 2066. However, coastal protection
almost fully mitigatesmpact on the U.S economy.This ispartially becausepetroleum and
chemical manufacturing sectors do not sustain damages wheoastal spine is facted into
dired¢ damage assessment.

500-Year Storm Surge that Incorporates &ewel Rise (SLR) in 2080

Findings

- With SLR Tex@86SP decreases by 4.5% without the spine in 2080.

- Thisimpact is mitigated t60.63% with protection

- The oastal spine substantially mitigates negative impact on consumption, per capita income,
and net exports as well.

- The national impact is generaliynall without protection Net exporswill experiencethe
largest decline-8%) in a single year, compared to the BAU scenario without SLR in the year
2080.
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Introduction

In recent years, there has been a particular interest in the comprehensive assessmadastal storm

surge suppression system, also referred to as a coastal spine, which has been proposed as a mitigation
a0NFGS3e F2NJ GKS DIt @Sadtzy .lFe& NBIA2Yyd ¢KS ARSI 2
brought historic surge levels dnmpacted local economies in Southeast Texas (TAMUG 2017), and has

again received the revived interest after hurricane Harvey in 2017 (Rebuild Texas 2017).

Prior studies and efforts have focused on delineating hazard exposure of structures and industries
(Atoba et al., 2018; Burleson et &Q15)as well as quantifying the benefits of a spine realized in terms
of avoided direct damages (Davlasheridze et al., 2018). However, other seaerdmpacts of
destructive surge events and the subsequent besddita surge mitigation system have not been well
demonstrated. Large surge events nmegger a variety of indirect effects including disruption of supply
linkages and commaodity shipments, temporary cessation of production operation, and cascading
adverseeffects across interdependent economic systems. Disruption of swrtiee important and
strategic assetcated in the bay areée.qg., oil refineriespetro-chemical manufacturing, etc.) could
reverberate throughout not only the local or regional econgimyt mayalsohave significant economic
and social implicationfor other states and thaation, and may also impact their economies in the long
term (Kousky 2014; Cavallo & Noy 2011; MacKenzie, Santos, & Barker 2012; Norio et al. 2011).

Understanding tk spatialeconomicspillovers of surge impacts the larger economgind longterm
socioeconomic ramificatiorere important forthe economic stability of other states as well as for the
nation as a whole, and will furtheontribute to abetter understandhg of the scope of economic
damagesandthe economic feasibility cd surge suppression system

This study builds on and further extends previous research on this subject by developing avid¢ion
economic model using the framework of the Computable General Equilibrium Model [G8E)GE
modelallows for modelinggconomic impact at the sector lely and exploeshow direct impacts on a
specific sector(s) propagate through the economy as a whole while capturing general equilibrium and
multiplier effects. TheCGE model has a rigorous theoretical foundation and has been wisktyby
scholars and picy makerdo model economic impacts associated with policy changes at the sector
level (Bohringer et al., 2003; Bergman, 1991; Shoven and Whalley, 3982Ving 20Q%s well as the
economywide implications of extreme even{Rose and Guha, 2004; R@s# Liao, 2005; Rose,
Oladosu, & Liao, 2007; SWé¢ing, Rose and Wein, 2015) and climate chaidser et al., 20091siang et

al., 2017. The details of the model are provided in the subsequent sections.

Secondorder (indirect and induced impacts) are madeld through direct impacts on the two primary
sectors that are the most suregensitive: (i) the dwelling sector and (ii) petroleum refinery and chemical
manufacturing sectors. Direct impacts through property losses are estimated by integratjpgs

fromthe Advanced CIRCulation Model (ADQIR@t generates water inundation associated with
different intensity storms witii KS CSRSNI}I f 9YSNASy Oe& daBMHtBRadsSy d ! ISy
(HazusMiH)model. The same ADCIRC inundation outputs are also agddritify petroleum refinery

and chemical manufacturing plant hazard exposures and integrated with Chemplant data to estimate
output losses associated with production cessation due to a storm surge. As such, the modeling
framework integrateshree models ADCIRCHAZUSMIH and Computable General Equilibrium (CGE)
models along with assumptions related to plastut down durations, to estimate statendustry- and
nation-wide macroeconomic impacts of surge events effecting the Galveston Bay region inThexas
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impact scenarios are built around the intensity of storms and also factor in the mitigating effects of a
coastal spine. Hence, the impact estimates with and without a coastal spine protection are generated.

Impacted Area

Thestudy area covers Galvest, Harris and Chambecsuntieslocatedin the southeasterrpart of
TexasGulf coast, surroundinGalveston and Trinity bayseeFigure ). Thethree counties, hereafter
referred to asreferred the Houston Galveston Area (HGA) region cBy&tg square nites andis one of
the most populous regions in the U.S. According to the 2010 census, its populatpnagieately 4.42
million. The Houston metropolitan area, which is part of Harris County is the third most populated
metro area in the U.S. and accdsifior approximately 93% of total population of the HGA. The most
recent report by the HoutsoiGalveston Area Council indicates that the population will surpass 6.3
million by 2040 (HGAC, 2017).

The GalvestoBayregion, often referred to apetrochemical capital of the 8, houses onehird of the
petroleum refineries in the L& and representshe second largest petrehemical complexes in the
world. In addition to these strategic assets, the Hi&A home othe Port of Houston, whichs largest
port in the US in terms of import and export tonnage (Port of Houston 20The region contributes
approximately a quarteof the Texas Gross State Product (GSP) avitbstimated GSP value of $341
billion, and employsover 6062 ¥ (i KS &l piopulatd(®IG 2L 2).

The HGA ialsoone of themostflood- and surgeprone areas in thé&).S(SURGEDAT 2017) ad
averagegxperiencesamajor hurricane once every 15 years (Parisi and Lund 2008)S I NB | Q&
geography and local climateoupled wih population and economic exposymake this region

particularly vulnerable to damaging storms. Whilerricane Harvey in 2017 was the most damaggin
hurricanefor the region the bulk of thesedamages werelue toheavy rainfaland abnormal

precipitation The most recent surge event was generated by the @®@ricane Ike, which spurred

the initial policy discussionraundthe coastal spine systefne. Ike Dikeas a mitigatioralternative to
address surgénduced impacts regionally (TAMUG 2017). énigisioned thatthe spinewill be a

complex system connecting seawalls and fortified dunes/levees along the coastline to retractable gates
located at the mouth of Galveston Bay and San Luis Pass (see Figure 1).
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Figure 1: ImpactetStudy Area

Notes: The figure shovilse HGA region covering Galveston, Harris and Chambers Coungysanddicateshe location of the
suggested coastal spine system, which will connect the existing Galveston seawall with the proposed extensions and a
retractable gde system, covering approximately a-Bifle long barrier along the Galveston b&gpurce: Davlasheridze et al.
(2018)

Methodology Overview

The steps in this assessment of storm surge impacts on the state and national economy include (1)
assessing surge pacts on housing and petroleum refinery and chemical manufacturing sectors with
different intensity storms, with and without coastal spine protection; (2) developing a-yeati, mult

sector economic model for impact analysis; and (3) modeling surgecispa the overall economy. The
following summarizes key elements of these procedures. More details pertinent to direct loss estimation
in particular are provided in Davlasheridze et al. (2018) and Atoba et al. (2018).

Synthetic Proxy Storms

Three proxy(500-year, 100year, 10year) and Ikdike storms were generatedsing theAdvanced
CIRCulatiorADCIROmodel. ADCIRC is a coupled wave and storm surge model that sinthates
movementof water andstorm surgeforced by the effects of a hurricane (wind aanospheric
pressuregradients, andurface wind waves) (Westerink et al. 1992, Hope et al., 283} IRC outputs
(e.g., peak surgheight) were used to assess and delineate hazard exposure of residential and petro
chemical plants for the HGA region.fBi€nces in return probabilities in these proxy storms allowed us
to examine exposure and impacts at different intensity levels. Of the three proxy storms, the&03
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the strongest with a return probability of one in every 500 years, or a storm w2 @hance of
occurrence in any given year. Characteristics of the proxy stormepoeted in Table 1.

Table 1: Storm Characteristics

StormType Landfall Central Pressure  Forward Speed Rmax
10-year Proxy San Luis Pass 975 mb 6 kts 17.7¢ 25.7 n mi
100year Proxy  San Luis Pass 930 mb 11 kts 25.8¢ 37.4 n mi
500year Proxy San Luis Pass 900 mb 11 kts 21.8¢ 31.6 n mi

Source: The Coastal Hazards Center of Excellence, Jackson State University; Authors

ModelingProperty Losses

TheADCIRC adel outpuss(e.g., peak surgheight maps) werénput into the HAZUSMIH model to
generate losses tbuilding stock by block group, which were then aggregated to generate residential
property losses for the three counties. HAZUB is an engineering modeleveloped by the Federal
Emergency Management Agency (FEMAJjrfodelingimpacts from flood, hurricanes or earthquake
hazards The model generatesstimates ofeconomic losssto general building stock, lifelines, utilities
debris and the associated sokimpacts, asvell as the resultant avoided loss from mitigation

(Scawthorn et al. 2006a; 2006b; Ding et28l08). TheHAZUSMH default building inventory is based on
Census block grodigvel data containing extensive sets of information such as populatio
demographics, structural characteristics of buildings (e.g. square footage), numbers and locations of
critical infrastructure (e.g. bridges, hospitals, utility lifelines, schools, etc.). The Comprehensive Data
Management System (CDMS) permits users atg and manage default datasets utilized in HAZUS
MH analyses with more detailed and accurate data specific to a location of intEoeghis study, the
HAZUSMVIH default building inventoryas updated using parc@velinformationfor the three countis
(Galveston, Harris and Chambess)ch as building improvement year, amounts spent on improvement,
building materials, struct@al cost and square footagdRelevantwater depth-damage curves from the

U.S. Army Corps of Engineers (USACE) Gah@istaat and the Federal Insurance Administration (FIA)
were then employedo estimate the direct loss toesidentialproperty. These detailed bloegroup level
property loss estimates were then aggregated to the HGA level, to derive the most accurate proxy for
the direct impact to residential housing sector. Impacts were estimated with and without a coastal spine
system by factoring in the spine system during ADCIRC model runs. For illustration, in Figure 2 we depict
the map of loss avoidance with coastal proteatin a 506year storm surge event.
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Figure 2: PropertyossAvoidanceAssociated with aCoastal Spine for a 500year urge Event.
Source: Davlasheridze et al. (2018)

Output Losses for Petroleum Refinery and Chemical Manufacturing Sectors

Toestimatedirect economic lossder eachpetroleum refinery and petrachemical plant sectors,
commonly classified by the North American Industry Classification System (NAICS}@asias,
assumptions highlighted below were mad®r largescale manufactung operationswhile property
losses may be negligibl¢here could besizeable losssassociated with plant shutdowrthie to
electrical equipment and control room (includiegstems andperating) failurg(Hydrocarbon
Publishing Company 2016) simplypower outagegU.S. Department of Ener@®09). According tdJ.S.
Department of Energy estimatgthese two causes have constituted ove86f electrial problems in
U.S. refineries during 20e8013, of which 1%were causedy inclement weather incidets (i.e.
hurricanes, winds, thunderstorms).

S5 dzNRA y3 & dzLJSNJ & (i 2 NBaywhay inNéwaJErsey riépbrtefl dchdamicclas$e s approxima$eR06
million, of which $56 million (7.9%) was the cost of damaged equipment (capital loss) and the rei®@&h@imgillion
was the output loss associated with 24 days sthotvn due to power outagéHydrocarbon Publishing Company
2016).
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Hence, rather than modeling industrial property losses, we calculated total value of production output
loss for each industrial plant and aggregated them at the sectoral level. In Appendix Table B1 we report
NAICS codes and names for all sectors aggregated inq@atcbchemicalmanufacturing sectors for CGE
modelingpurposes. In order to generate the value of production output losses as described in
Davlasheridze et al. (2018) we employed petrochemical refiaedymanufacturing planrievel data
from Chemplantsand the 2012 Census of Manufacturers. The Chemplants database reports NAICS
classifications of petroleum refinery and chemical plants and their physical street addresses and
employment, while the Censud Manufacturers gives information about the total number of
establishments%3 4number of employees¥%- 0 annual payrolls, total cost of materials, total value
of shipment and receipts for services, value added)( total capital expenditure and total output

/ 5 4for NAICS classified-@digit) industries at a zip code level.

The physical plant addresses from the Chemplant database were geocoded in ArcGIS to match them
with the NAICS relevant digits of the Cemstl Manufacturers at a zipode level. For every zipde and
relevant NAICS industries, two different types of average production output values were calculated: (a)

establishment averages (e.g., average establishment output, calculated—&sfﬁ), and (b) averages
h

per employee (e.g., average employee output, calculateel—as—'vf). It was assumed output values
h

were proportional to plant employment levels. Specifically for every diéaitif Chemplants provided
plantl employment estimates%- 0 j , the estimated output values were calculated by multiplying
the U.S. Census industry per employee averages with the number of plant employees

Agh —: %- 0  ;(b)incases where no plant elopment was available from
I KSYLX Fytaz YrAaaayd LXEIFyd tS@St AyRAOFG2NA 6SNB
averages,&&}f)—:

As an illustration, in Figures 3 and 4 we depict plant exposure for the&0proy storm without and
with coastal protection along with their respective inundation levels.

4 Available atvww.chemplants.com
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ShutDown Duration Scenarios

To create plausiblplant shutdown duration scenariosye used U.S. Department of Enefg@09)
reported plant levekhutdowns, restarting days and the number of days during which refineries were
operated at partial capacity in response to 2005 and 2008 hurricanes, respeéfielgedifferent
shutdown scenariosvere considered(1) 18 daysg corresponding to the average number of siddgwn
andrestarting days in 2005; (2) 26 daythe average nhumber of shetlown andrestarting days in the

sample; and (3) 33 dayghe average number of shudown andrestarting days in 200&a each of the

shutdown periods, relevant output value losses were calculated using the daily output value (based on

calculations described above) for all relevant firms multiplied by the total number of days plants were
assumed to be dowplIndividual plat leveloutput losses were then aggregateg@ to NAICS industry for

each county

Output losses for petroand chemicamanufacturing sectors along with residential losses (structure and
contents) to the dwelling sector in the CGE model associateddiffdrent storm surge and plant shut

down scenarios were converted to 2016 dollars using Urban Consumer Price Index (presented in Table

2).

Table 2 Residentialoss (structureand contents)and Industry Output LossesAssociated with
Different Scenarios(millions of2016dolllars).

Without With Without With Without With
protection protection Protection Protection Protection Protection
(18) (18) (26) (26) (33) (33)
Panel A: 50§ear
Chemical 1,469.72 65.55 2,122.92 94.68 2,694.48 120.18
Petro-products 2,839.14 50.61 4,100.98 73.1  5,205.08 92.79
Dwelling 8,495.92 2,469.16
Panel B: 10§ear
Chemical 173.88 4.23 251.16 6.1 318.79 7.75
Petro-products 920.8 50.61 1,330.04 73.1 1,688.13 92.79
Dwelling 4,608.76 1,404.05
Panel C: 1§ear
Chemical 5.92 0 8.55 0 10.85 0
Petro-products 24.49 0 35.37 0 44.9 0
Dwelling 558.88 110.49
Panel D: Ikdike storm
Chemical 7.12 0 128.09 0 185.01 0
Petro-products 16.41 0 295.48 0 426.80 0
Dwelling 3,148.99 143.91
Note:PSGUNBOKSYAOIFIf IyR OKSYAOIf YIydzZFlI Qldz2NAy3dI aS00G2N&

6 SNB

Numbers in parenthesis in column headings correspond to a plantskwut duration measured in days. Residential losses do
not vary by thenaumber of shudown days.

5In Appendix TablB2 we report the full list of Texas plants and corresponding shutdown/partial capacity days
experienced as a consequsmnof the 2005 and 2008 hurricanes.

61t was assumed that plants inundated at any positive flood depth would constitute to exposed plants to different

storm-surge scenarios.
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The economic impacts simulated in the CGE model are based on the losses presented in Table 2 above.
It is important to emphasize that losses to the dwelling sector dominate the total direct impacts
associated with all different sghetic storm surge events, making up more than half of damages. In the
scenario where plants only shut down for 18 days, the dwelling sector suffers more than 66% of all total
direct losses locally. Importantly, direct losses to industrial sectors dyenitigated with coastal spine

under 10year and lkdike storm, while the residential housing sector still sustains damages, albeit
substantially smaller relative to a scenario where no coastal protection is provided.

CGE Model

Model Overview

The CGE mal captures economic interactions of consumers, producers, government and the trade
sector. Consumers in this model are endowed with a supply of labor and capital. Firms employ labor and
capital as input factors of production and pay wages and profitsoffaents) respectively. These factors

are used in the production process to generate commodities that are consumed as factors of production
(i.e. intermediate input) by firms, or by households as final consumption goods. Government collects
taxes and usetax revenues to purchase goods and services. The model also covers both the domestic
(i.e. intranational) and international trade assuming domestic and importeatdgaare imperfect

substitutes.

The CGE model is based on the premise of the three governing principles of General Equilibrium theory,
namely (1) supply equals demand (i.e. all markets clear), (2) producers cannot earn excess profit (i.e.
zero profit condition) and (3) consumers exhaakincome (i.e. purchase commodities based on their
budget, which equals total income net saving®)e nodel specifiesm consumer utility function and
production function as well as elasticities of substitution among input factors and simulates economi
impacts using these three principles as guides

Consumers

Consumers (i.e. households) are endowed with a supply of labor and capital, which represent factors of
production for firms. Households receive income from firms who employ these productiorsiipit
wages are paid for labor and profits are paid for capital), and allocate this income for consumption of
goods and services and savings. Households maximize their utility that measures their level of
satisfaction through purchasing a bundle of goads services (e.g. food, housing, energy and others)
given their budget constraisf(i.e. income minus savingsh the CGE model consumer utility is modeled
using a nested constant elasticity of substitution (CES) utility funclloeCES function ales different
rates of substitutions (i.e. elasticities of substitutipacross different commaodities (i.e. a food
composite good, a housing composite good, an energy composite goodlanket nonfood, non

house and norenergy goods) within the sameilitty function. For example, the elasticity of substitution
between food and housing is different from the elasticity of substitution between food and energy
goods.

" The elasticity of substitution measures the degree of substitutability of different gdduslarger the magnitude
of the elasticity of substitution, the easier it is to substitute one good with another product.
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Producers

Producers, representing different industries, are assumed to be profit maximizers who transform factors
of production (i.e. labor, capital, energy and materials) into commodities using specified production
technologies. Similar to consumetie functionalform for production technology (a hested Cobb
Douglasconstant elasticity of substitution function is used in the CGE model) accounts for different
elasticities of substitution between factors of production within the same production function. For
example the elasticity of substitution between energy and materials can take on a different \aluoe t

that for capital and laborCommaodities produced by producers are purchased by househaldls
governmentsas final consumption goods or other firms as internage goods.

Government

Inthe CGE model, the government has two primary roles, it collects taxes and purchases commaodities
using tax revenues. Government chooses commodities produc@8 aggregated production sectors
specifiedin Table3 by maximizing utility function, and the spending is constrained by the amount of
public revenues. In the model, we use a Galuglas utility function, where the consumption shares
across commodities are derived from benchmark data.

Trade Sector

Trade is assumed taabpen both domestically as well as internationally, and the trade flows are
modeled using the Armington approach where imported goods are considered to be imperfect
substitutes for domestic good¥he model is described in detail in Appendlix

Definitionof Major Macroeconomic Indicators Generated by the CGE Model

Gross Domestic (State) Products (GDP/GSP) ($ billions)

TheGS measures the value of the goods and services produced annually in each state and in the United
States. It is an important econoniitdicator and measures how the economy is doing from one year to
another. More:https://www.bea.gov/sites/default/files/201804/GDRPEducationby-BEA.pdf

Per Capita Irmme ($)

The arerage income earned per person in a given year, imgpslages and salaries earned from
participating as laborers in production, earnings from owning a home or unincorporated business, from
the ownership of financial assets, and from goveemin(e.g, social security payments and other
government transfers) and business (interests and dividends) in the form of transfer receipts. It includes
income from domestic sources as well as from the rest of the world. Personal income, however does not
include capital gains from changes in stock prices.

Social Welfare ($ billions)

The SocialVelfare measure is grounded ¢ime theoretical notion of Hicksian Equivalent Variation (EV),

which capturesnA Y RA @A Rdzk £ Q&4 gAft Ay3aySaa G2 LIke (2 F@2AR 1L
shocks (e.g., surge event). Hicksian EV is measured by (extra/less) income required to reach the final

utility level (e.g., resultantiue to surge events) at the origah prices. In the moded utility index

representshe incomeweighted sum of individual EvVand is measured as an aggregate expenditure of

the representative agent on consumption.
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Relative Prices

Relative prices araggregatesectorcompositeprices relative to a price of a numeraire good, which is
assumed to be prices of all international goods. The numeraire is set at unity. The relative prices are also
relative to a base year, for which prices are again assumed to be Heitye the percent change in

relative price relative to BAU is the most intuitive measure to capture the price changes associated with
surge events.

Output by industry ($ billions)
Output by industry corresponds to thalue of productiorby industry in a calerat year. Alternatively,

it can be described as annual revenyegles) made by each indusplus net inventory change

Employment& millions)
Employmentepresents full and paftime annual average jobs for both employessd selfemployed
workers by ector. It does not indicate the number of hours worked per day.

Net export ($ billions)
Thenet export is the total value of exported goods net imported goods.

Total Consumption ($ billions)
tKS K2dzAaSK2tRaAaQ G2aGl f SELISyY Bkni dipBrat® opnsuditforggoddsS S E LIS
and government expenditure (money spent on taxes).

Total Government Consumption ($ billions)
The total government expenditure on domestic and imported commaodities.

Investment ($ billions)
The total annual amount of hoahkold investment measured in U.S. dollars.

The Model Calibration and Data Sources

A recursive dynamic intestate CGEnodel developed for this study is based on the modeling framework
presented in Rausch and Rutherford (2008) and Sue Wing (20@¥modeis calibrated to the IMPLAN
state-level social accounting matrices (SAMs). These SAMs are constructed using data primarily from
sources such as the Bureau of Economic Analysis (BEA), the Bureau of Labor Statistics (BLSkand the U
Censudfureau The database includes SAMs covering 536 industrial sectors for 50 states and
Washington D.C. for the year 2016. Different from an iapuiput (10) table that shows the relationship
between inputs and outputs among factors of production, consumptionegovent, investment,

export, and import, a SAM is an expanded version of an 10 table and #h®erstire monetary flow of

the economy. For example, a SAM contains detailed information about payments arising from different
sources such as ownership of @ assets, direct taxes on corporations and households, pensions, and
transfers. The basic structure of the SAM is based on the following transactions and transfers in the
economy: 1) production requires intermediate goods and factor of production suletbhass capital,

energy, and materials; 2) these factor endowments are contributed by institutions such as households,
firms, government, and foreign entities, which in turn receive factor payments (e.g., wage, rent, and
profits), calledvalueadded(VA) Therefore, a SAM shows the interrelationship between vadded

and final expenditure. A balanced SAM shows an exact correspondence between rows and columns,
which indicates the following relationship: 1) supply equals demand for all goods and factass; 2)
payments equal tax receipts; 3) zero profits in production; 4) the value of each household expenditure
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equals the value of factor income plus transfers; 5) the value of government tax revenue equals the
value of transfers.

Sector Aggregation

ThelMPLANS536 finerscalesectorswere aggregated to 23 industrial sectors (see T&blacluding the

key sectors of interest such as pd#om refineries (i.e. petro productsghemical manufacturing

(including petrochemicalsand dwellingresidential housingsectors. The IMPLAN source data presents
substantial challenges for calibrating the model due to large numbers of small coefficients in the source
data. These coefficients represent economic flows that are negligible share of overall economic activity
for some sectors, but cause significant computational burdens during matrix factorization. Thus, similar
sectors especially those with small accoumgere aggregated.

Table 3 ProductionSectors included in theViodel.

Aggregated Commoditiés 23 Industral Sectors

Food Fruits, vegetables, and nuts
Other animal production
Other agricultural products
Food related

Energy commodity Petro products
Electricity
Natural gas, oil, and coal

Housing Construction
Wood products
Furniture
Insurance
Dwelling

Others (norenergy, noAfood, and nonR Pulp and paper

housing) Water and sewage
Chemicals
Other mining
Food and tobacco
Rubber and plastics
Nonmetallic metals
Primary metals
Heat and ahconditioning
Othermanufacturing
Services

Source: Authors

8 These aggregated commodities arged inthe nested CES utility function
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Parameters, Exogenous Variables and Data Sources

Statelevel SAMs representing the flow of commodities and payments across all sectors of the state
economies correspond to a benchmark year 2A®m SAMs wderived labor and capital incomes, tax
revenue by type of tax, and expenditures on specific commodities by the household, government and
foreign sectorsTo construct compensation rates for labor and capital employed in each sector,
payments to capital athlabor were combined with employment and capital input dathe tax rates

were derived by dividing public revenues by the related denominata., value of industry output, and
capital and labor payments.

Key exogenous economic variabies the modelincludetotal population, depreciation rate, saving
rates, government taxes, rates of productivity growth, and rate of improvement in capital and labor
quality. Parameters define growth in multifactor, labor and energy productivity.

Population growth tragctorieswere taken from historical data. Savings rates are calibrated by
household and region using base year (2016) deta. assumed values of these parameters and
variables are presented in Table 4 and more details are provided in the subsectiod®v7 be

Table4. Parameters, Exogenous Variablaad Data Sourcei the CGE Model
VariableNames Parametes Data Sources
Statelevel SAMs for 2016 SAMs for 536 industries, 9  Minnesota IMPLAN group (MIG)
types of households by
income levels, governments,
and trade sectors.

Average depreciation rate for a 0.05 Bureau of Economic Analysis
type of asset (2016)

Multifactor productivity annual 0.025 U.S. Bureau of Labor Statistics
growth rate (2016)

Labor productivity growth rate  0.025 Abler et al. (2009)

Autonomous energy efficiency 0.02 Energy Information Administratiol
improvement (AEEI) annual (EIA)

growth rate (2016)

Population In milliors ofpersons U.S. CensuBureau

Economid¢mpacts of Storm Surge

SurgeSensitiveSectors

Sudden surge events will destroy physical capital (productive capital, buildings and other infrastructure).
The dvelling sector is the most sensitive to surge events as it encomptssessidential property

sector which is directly hit by damaging storms. While petrmmand chemical manufacturing sectors

may also experience egite property damages, the losses to major equipment or a system failure may
havea more pronounced impact on thsector because thse causes potentially lead to a plant closure

and loss of output, as suggested by published reports and assessments, and discussed above in
subsectior3.3.

9 Exogenous variables are variables that are not determined by the model.
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General Equilibrium Impacts

Some economic sectors are largely insulated from surge events in tdrinsir own production
processes andreyet affected indirectly by other, more sensitive economic sectors within the region
(e.g., dwelling and petro products@&emicalmanufacturingsectors) Hence it is expected the surge
impacts on a specific sectg) will also impagprices of capital, labor, materials, or other production
inputs facing producers ianother economic sectoimilarly surge impacts on one sector(s) may also
affectoutput prices received by producersanother sector. The price chges (both outputs and
inputs)stimulate substitution away from highgariced goods and toward lowgariced goods. These
phenomena acting through markets and prices are commonly referres general equilibrium effects.

Multiplier Impacts

Changes imput prices(i.e.,prices oflabor, capitalenergy and materiajscan lead to changes in
personal income, because in tiGHENnodel individuals arassumed to b@ewners and suppliers of these
inputs. Hence the direct impacts1 one sector can generate a chain reaction of additional rounds of
indirect effectsthrough the changes in personal inconodten referred to as induced effect3he total
impactaccouns forall rounds ofeffects on all economic sectonghich representsome multiple of the
direct impactqreferred to asémultiplier effectg .0

A % 4 A x

CAdINI KSNX2NBZ ¢SEIF&Q S02y2Ye, espetialywith &obnleg of SOG SR 6 A i
surrounding states and regions, and the rest of the world. The ripple effects on economies of other

states are captured through exports, imports, inflows and outflows of capital, andgration and out

migration of labor aass states. Changestime input and output prices of goods and services produced

in surgesensitive sectors in Texas, in particular in petro and chemical manufacturing sectors that

produce tradable goods, will also impact prices and inputs of differertbsein other states and will

result in changes in cost of production, productivity, input and output prices. For some states, in

particular for those relying on goods and services produced by these-sargdtive sectors, these

changes could be detriméal, while other states may benefitom surge events inékasbecause of the

substitution possibility among inputs and goods.

The impacts described above dhmsethat influence the economy through thearket mechanisms
(supply equals demand for all ttad goods and services)ence, the impacts generated by the CGE
represent themarket impacts of surge eventd/hile storm surgeandestroy valuable ecosystem
servicedhat are not traced in markets, reduceduality of life,hnuman health and more, thegre not
captured in this study. The mulgear, multisector economic modelksre best used for the purpose of
capturing economic impacts through marketdare not generally capable of nonmarket impacts
analysis.

Baseline Economic Conditions

The eonomic inpacts analysis presented in this report involves comparing economic conditions without
and with surge events. Tlezonomy without a storm surge incident is the reference economy and is
referred to as the Business As Usual (BAU) economy. Generating thee@&#¢dio requires

consideration of potential economic conditionstire future. We use 56year time span for simulation

given projections o$tate-level population andkey exogenouparameters such agnnual growthrates

of multi-factor productivityand aanual rate of improvement ikabor quality.
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Labor supply in the model is the product of working age population and labor quality. Population data
were obtained from the U.S. Census using 2016 data. In the baseline scenario, the steady population
growth rate was assumed over time based on average annual growth rate in thelTpasapture the
changes of the work force over time, in the model we adjustedabor quality parameter. The

underlying assumption is thalhe quality of the labor force changesie to education, experience and

age. Given the expectation of higher educational attainment in the future, we assumed that labor
guality grows at 2.5 percent per year initially, falling to a growth rate of 0.5 percent per year by the end
of the modeling peod.

Similarly, capital quality changes in the model. This change indicates the shift in the composition of
capital towards assets with shorter lif8imilar to labor qualitywe assumed that capital qualityill rise

by 2.5 percent per year initiallyalfing to a growth rate of 0.5 percent by the end of the modeling
period.

In addition to growth in capital stocks, population growth, and labor and capital quality improvements
over time, economic growth in the model is driven by improvements in totabfgproductivity (TFP)

An improvement in TFP implies that fewer inputs are required to produce a unit of o@ectoral TFP
improvements in the model were chosen to generate estimates of growth in output and employment
that replicate published statéevel projections by industry from sources such as the Bureau of Economic
Analysis (BEAJhe model also assumes improvements in autonomous energy efficie@gyes€entper

year over the modeling period, consistent with published forecasts. Paalm\e lists these parameters
along with data sourceginally, @ important parameter for the growth of economy is the household
savings rate, whicls calibrated by household and region using base year (2016) daia aaticonstant
over time.

Impact Scenaos

Economic indicators with storm surge events are derived by also simulating the model forward in time
with changes in selected parameters (e.g. sector productivity growth rates and endowment of capital
stock) to reflect the impacts of surge events ardarlying economic conditions.

The plant shutdown affects how efficiently and intensively the inputs are utilized in production. Thus,
we change the scaling parameter that affects total factor productivity (TFP) associated with all input
factors(i.e. capital, labor, energy, and materiad)a corresponding sector (i.e., petro and chemical
manufacturing sectorsYhe scaling parameter is adjusted to reflect the output losses as stoWable

2 above For example, the output loss the petro pralucts sectorfor the 33dayshutdown associated
with 500year surge evenwithout coastal protection igstimated at$5.2 billion.This output loss
corresponds to a decline in output value in the sector relative to the output value in the BAU scenario.
Herce,the scaling parameter associated with TFP for petro prodsextsoris adjusted until the output
loss matches thestimatedlosses as showin Table2. Similarly, we adjughe scaling parameter of TFP
associated with all input factors for chemical niarcturing sector to match thestimated direct output
loss in this sector.

Different from the impact of industrial output losses, losses to the dwelling sector directly affect a
K2dza8K2f RQa OFLIAGIE SyYR26YSyd Ay theivilé ofoitputiofie ¢ K S
dwelling sector in the CGE BAU scenario for each region is calculated using the dwelling losses reported
in Table 2 divided by the value of dwelling output in the BAU scenario. This parameter is then

28



incorporated into the CGE rdel as a coefficient of capital endowment for households by region. The
impacts of storm surge on property damages are modeled as exogenous negative shocks to household
capital endowments.

The CGE Model is simulated assuming both the dwelling and petdugis and chemical

manufacturing sectors are impacted simultaneously by surge events; we also consider scenarios when
the surge impacts individual sectors such as (i) dwelling and (ii) petro and chemical manufacturing
sectors. This exercise allows us teathtangle the economic effects of storm surge from each of the
sectors, so as to better understand the sectoral level effects of storm surge.

As an extension, the scenarios from storm surge incorporating the SLR in 2080 were also developed.
Subsequentlydirect impacts were assessed assuming projected growth in housing units and production
output growth for petroleum and chemical manufacturing plants. The CGE modeling framework
discussed above were adopted to explore regional and national impacts ofesggts coupled with

the SLR in the year 2080.

CGE Model Results

Storm3urgelmpact on Texas and.8 Econones

Storm surge generates substantial economic tolls for Texas Economy as seen throughout by declines in
major economic indicators such as GSP ,gagita income, welfare, value of output for main economic
sectors, value of net export and more. Notably, adverse impacts linger over thelongwith

significant socioeconomic ramification across other states and the nation as a whole.

For the sak®f brevity and ease of exposition, we present results associated with theg&&0storm

without and with the coastal spine protection, as well as briefly preview results generated under the lke
like storm.One typeof results estimates the impacts of sergvents on individual sectors assuming the
surge does not directly affect other sectors. This exercise allows us to abstract from the economic
effects of storm surge in any one sector, such as dwelling, petro products and chemical manufacturing
sectors, 8 as to better understand the direct effects of surge events on the sector. Isettend typeof
results we estimate the economic impacts when storm surge affects all-serggitive sectors
simultaneously to fully capture indirect and induced effectdtmmeconomy as a whole. The first sets of
result are presented for the State of Texas only, while the second type of estimates are presented for
the entire country.

Impacts on Dwelling Sector Only

The damage to dwelling sector as reported in Table 2tisiated at about $8.5 billion in 2016 prices,

which corresponds to only a small fraction (0.07%) of the state GSP in 2016 and approximately 11% of

the total output value of the sector. While the share of damages to GSP is small, it generates substantial
deOf AyS Ay GKS adFisSQa YIFI22N YIONRSO2y2YAO AYRAOI
by 7.10% in 2066 if no coastal spine protection is considered, which is mitiga@204&6 (albeit still

indicating a decline) when the coastal spinéidored in damage assessment. Net export (export

import) falls substantially, initially indicating a sudden decline by 54%. While the gap reduces over time,

in 2066 the net export still remains 10% lower than the projected net export in the BAU scSuauial.

welfare also declines in the state and is estimated at approximately 7% lower without protection as
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opposed to 2% with protection, both relative to the BAU in 2@éth the total consumption and
investment will drop notably by approximately 6.59®066. Per capita personal income and

government consumption are the only two indicators experiencing positive growth in the state, however
income growth is only temporal and lasts for the first decade, after which it starts to decline and
remains 2% lowein 2066 relative to the income level in the BAU without a coastal spine. This is
consistent with findings of Deryugina et al. (2018) suggesting that New Orleans residents earn more
than those living in similar unaffected cities a few years after Hurgi¢éatrina. Income declines only
modestly (by 0.66%) with a coastal spine. Government consumption is increasing across all years
presented, indicating expanding spending on different goods and servicespitnt.

Table 5: CGResultsfor Selected Decadd®r the Texas Economybwelling Sector ImpastAssociated
with 500-Year Storm Surge Event

2017 2026 2036 2046 2056 2066

Panel ANo Protection Relativeo BAU

Per Capita Income 0.80% 0.05% -0.74% -1.34% -1.75% -2.01%
GDP -4.35% -5.03% -5.75% -6.34% -6.78% -7.10%
Real Total Consumption -443% -5.06% -5.66% -6.07% -6.30% -6.45%
Total Investment -4.46% -5.14% -5.80% -6.24% -6.48% -6.64%
Government Consumption 0.00% 0.10% 0.23% 0.37% 0.51% 0.63%
Net Export -54.02% -17.96% -12.57% -10.98% -10.49% -10.24%
Welfare -4.36% -5.05% -5.74% -6.25% -6.59% -6.83%

Panel BProtection Relativeo BAU

Per Capita Income 0.19% -0.02% -0.24% -0.41% -0.52% -0.60%
GDP -1.23% -1.43% -1.64% -1.81% -1.94% -2.04%
Real TotaConsumption -1.25% -1.44% -1.61% -1.73% -1.80% -1.84%
Total Investment -1.26% -1.46% -1.65% -1.78% -1.85% -1.90%
Government Consumption 0.00% 0.03% 0.07% 0.11% 0.15% 0.18%
Net Export -15.33% -5.12% -3.60% -3.16% -3.03% -2.96%
Welfare -1.24% -1.44% -1.64% -1.79% -1.89% -1.96%

Notes: Economiwide impacts are presented associated with the-g8@r storm surge impact on dwelling sector with and
without coastal spine protectiorfsource: Authors
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In terms of sectoral impacts in the state, the adverse shock of surge events lingers in the long term and
as seen in Table 6 negatively impacts production output in all sectors. The largest decline (15.7%) is
experienced by the chemical sector, followedthg electricity, other mining, natural gas, oil and coal
mining, petro products, and the heat and air conditioning sectors. As output shrinks, the prices rise in
these surgesensitive sectors. While chemical sector experiences largest drop in outpuf tzdugrices

in the sector rise by only 1.23%; electricity prices are the most responsive to this shock and increase by
5.8%; the prices of petro products also rise by 3% in 2066. Prices increase, albeit modestly by less than
1%, for the sectors directlylated to dwelling sector including water and sewage, heat and air
conditioning and insurance goods and services sectors (see Table 6a). In terms of employment, our
simulation results indicate reduced employment numbers in the majority of the sectorexipatrience
decline in production output. The most sensitive sectors include chemical, petro products, electricity,
other mining, and heat and air conditioning. We should also note that while in terms of output all
sectors experience decline in 2066 asstatiavith the direct impact of surge on the dwelling sector,
employment increases in some of the sectors potentially due to the shift of labor force and the
substitution effects. For example, we observe employment growth in forestry, furniture, services,
insurances and other agricultural goods relative to the BAU, along with fruits, vegetables and nuts
sectors. The coastal spine alleviates the sectoral shock and while all primary sectors grow slower than
the projected trajectories in the BAU, the declineginput are less pronounced, as seen in Table 6b.

Table 6a: Sectoral Impact of 58@ar Sorm Qurgewithout Protection vs. BAU (year 2066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -5.26% 0.95% -0.14%
Other Animal Production -8.32% -0.99% -0.01%
Forestry -0.19% 4.03% -1.48%
OtherAgriailture -4.69% 1.60% -0.89%
OtherMining -10.12% -2.02% 0.52%
Electricity -11.96% -2.42% 5.79%
Natural Gas Qil, Coal -9.90% -0.70% -0.86%
Waterand Sewage -7.56% 0.35% 1.25%
Construction 5.77% -0.12% -1.21%
Food Tobacco -8.15% -0.74% 0.25%
WoodProducts -3.11% 2.04% -0.61%
PulpPaper -6.12% 0.61% -0.12%
Petrdeum Products -9.62% -3.31% 3.07%
Chemicals -15.72% -6.41% 1.23%
RubberPlastics -8.86% -1.74% 0.36%
NonmetallicMetals -7.29% -0.17% 0.29%
PrimaryMetals -3.94% 2.40% -0.28%
Heaiing, Air-condtioning -9.26% -2.02% 0.25%
OtherManufacturing -6.70% 0.15% -0.01%
Furniture -1.40% 4.47% -0.37%
Services -5.94% 0.28% -0.65%
Insurance -7.04% 0.14% 0.39%
Dwelling -6.99% -0.28% -0.26%

Notes: In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shoeloofaurg
dwelling sectorSource: Authors
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Table 6b: Sectoral Impact of 568@ar Sorm Surge with Protection vs. BAU (yeaR066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -1.49% 0.27% -0.04%
Other Animal Production -2.38% -0.27% 0.00%
Forestry -0.06% 1.10% -0.41%
OtherAgriailture -1.32% 0.45% -0.25%
OtherMining -2.93% -0.57% 0.14%
Electricity -3.49% -0.70% 1.58%
Natural Gas Qil, Coal -2.86% -0.19% -0.24%
Waterand Sewage -2.17% 0.09% 0.34%
Construction -1.65% -0.04% -0.35%
Food Tobacco -2.33% -0.20% 0.07%
WoodProducts -0.88% 0.57% -0.17%
PulpPaper -1.74% 0.18% -0.03%
Petrdeum Products -2.78% -0.92% 0.84%
Chemicals -4.63% -1.79% 0.35%
RubberPlastics -2.55% -0.48% 0.10%
NonmetallicMetals -2.09% -0.04% 0.08%
PrimaryMetals -1.11% 0.67% -0.08%
Heaiing, Air-condtioning -2.67% -0.55% 0.07%
OtherManufacturing -1.91% 0.05% 0.00%
Furniture -0.39% 1.23% -0.10%
Services -1.69% 0.08% -0.19%
Insurance -2.01% 0.04% 0.10%
Dwelling -2.00% -0.08% -0.08%

Notes: In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shoeloafa&urg
dwelling sectorSource: Authors

In Table 7 we report macroeconomic impacts associated with thékdé&estorm surge on Tas

economy. There are noticeable differences in terms of the magnitude of effects associated with the
500year and the Ikdike storms. It is notable that impacts from the no protection scenario ofikiee

storm resembles the impacts from the protectisoenario when Texas is struck by the §@ar storm

surge. Nonetheless, the Iti#e storm produces adverse impacts on overall state economy. Texas GSP
will be 2.6% lower without a coastal spine and only 0.12% lower relative to the BAU scenario when the
spine is accounted for in 2066. The immediate effect of the storm on net exports is again pronounced,
indicating 20% decline relative to the BAU projected level of this indicator. Over decades these declines
shrink and in the year 2066 net exports are est@b3.8% lower. The coastal spine largely mitigates the
impacts of lkdike storm and while almost all economic indicators fall in 2066 relative to the BAU, the
declines are negligible
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Table 7: CGResults forSelectedDecades for Texas Economiywelling Sector Impacts Associated
with lke-like Sorm Qurge Event.

2017 2026 2036 2046 2056 2066
Panel A: Nérotection Relative to BAU

Per Capita Income 0.25% -0.03% -0.31% -0.52% -0.67% -0.76%
GDP -1.58% -1.83% -2.10% -2.32% -2.48% -2.60%
Real Total Consumption -1.60% -1.84% -2.06% -2.21% -2.30% -2.35%
Total Investment -1.62% -1.87% -2.11% -2.28% -2.37% -2.43%
Government Consumption 0.00% 0.04% 0.09% 0.14% 0.19% 0.23%
Net Export -19.60% -6.54% -4.60% -4.04% -3.86% -3.77%
Welfare -1.58% -1.84% -2.09% -2.28% -2.41% -2.50%
Panel BProtection Relativeo BAU

Per Capita Income 0.01% 0.00% -0.01% -0.02% -0.03% -0.04%
GDP -0.07% -0.08% -0.10% -0.11% -0.11% -0.12%
Real Total Consumption -0.07% -0.08% -0.09% -0.10% -0.10% -0.11%
Total Investment 0.00% 0.00% 0.00% 0.01% 0.01% 0.01%
Government Consumption -0.89% -0.30% -0.21% -0.18% -0.18% -0.17%
Net Export -0.07% -0.08% -0.09% -0.10% -0.11% -0.11%
Welfare 0.01% 0.00% -0.01% -0.02% -0.03% -0.04%

Notes: Economiwide impacts are presented associated with thelike storm surge impact on dwelling sector with and
without coastal spine protectiosource: Authors

Sectoral impact associated with tike storm impact on housing are presented in €& and 8b

without and with protection. Order of sensitive sectors is consistent with the order of they&an

storm surge. The difference is in magnitude of impactslikestorm will result in a decline of chemical
sector output by 5.9% without prottion and only by 0.27% with coastal spine protection, relative to

the BAU. The electricity sector output is the second most impacted, shrinking by 4.45% if no coastal
protection is provided. Prices also increase in these storm sensitive sectors, bigghe nelatively

small compared to the price responses to the 5@@r storm. For example, electricity product prices will
be 2% higher in 2066 without coastal protection, and petroleum product prices will increase by only 1%.
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Table 8a: Sectoral Impact of Idike Sorm Surge without Protection vs. BAU (year 2066)

Sectors Output Employment Price
Fruits Vegetables Nuts -1.90% 0.35% -0.05%
Other Animal Production -3.04% -0.34% 0.00%
Forestry -0.07% 1.41% -0.53%
OtherAgriailture -1.69% 0.57% -0.32%
OtherMining -3.74% -0.72% 0.18%
Electricity -4.45% -0.89% 2.03%
Natural Gas Qil, Coal -3.65% -0.24% -0.31%
Waterand Sewage 2.77% 0.12% 0.43%
Construction -2.11% -0.05% -0.44%
Food Tobacco -2.98% -0.25% 0.09%
WoodProducts -1.12% 0.72% -0.22%
PulpPaper -2.23% 0.23% -0.04%
Petrdeum Products -3.55% -1.18% 1.08%
Chemicals -5.90% -2.30% 0.45%
RubberPlastics -3.26% -0.61% 0.13%
NonmetallicMetals -2.67% -0.06% 0.10%
PrimaryMetals -1.42% 0.86% -0.10%
Heaiing, Air-condtioning -3.40% -0.71% 0.09%
OtherManufacturing -2.44% 0.07% -0.01%
Furniture -0.50% 1.57% -0.13%
Services -2.17% 0.10% -0.24%
Insurance -2.57% 0.05% 0.13%
Dwelling -2.56% -0.10% -0.10%

Notes In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shock ofaurge on
dwelling sectorSource Authors
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Table 8b: Sectoral Impact of Id&ke Sorm Surge with Protection vs. BAUyear 2066)

Sector Output Employment Price
Fruits Vegetables Nuts -0.09% 0.02% 0.00%
Other Animal Production -0.14% -0.02% 0.00%
Forestry 0.00% 0.06% -0.02%
OtherAgriailture -0.08% 0.03% -0.01%
OtherMining -0.17% -0.03% 0.01%
Electricity -0.20% -0.04% 0.09%
Natural Gas Qil, Coal -0.17% -0.01% -0.01%
Waterand Sewage -0.13% 0.01% 0.02%
Construction -0.10% 0.00% -0.02%
Food Tobacco -0.14% -0.01% 0.00%
WoodProducts -0.05% 0.03% -0.01%
PulpPaper -0.10% 0.01% 0.00%
Petrdeum Products -0.16% -0.05% 0.05%
Chemicals -0.27% -0.10% 0.02%
RubberPlastics -0.15% -0.03% 0.01%
NonmetallicMetals -0.12% 0.00% 0.00%
PrimaryMetals -0.06% 0.04% 0.00%
Heaiing, Air-condtioning -0.15% -0.03% 0.00%
OtherManufacturing -0.11% 0.00% 0.00%
Furniture -0.02% 0.07% -0.01%
Services -0.10% 0.00% -0.01%
Insurance -0.12% 0.00% 0.01%
Dwelling -0.12% 0.00% 0.00%

Notes In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shock ofaurge on
dwelling sectorSource Authors

Economic Impacts to Petroleum Products and Chemical Manufacturing Sectors Only

We now turn to he estimated results when major industrial sectors (petro products and chemical
manufacturing) are impacted in the region by the 5@ar storm surge. In particular, we present results
from the scenario when a storm forces-8ay shutdown of plants, trareding these shut down days

into output losses (i.e., proxying for direct losses to the sector). We should note that under this scenario
total direct loss to these sectors is $7.9 billion, 7% lower than the damages sustained in the dwelling
sector. This damage figure corresponds to approximately 8% of the total output value of these sectors in
Texas in 2016. The impacts on petroleum and chemical manufacturing sectors are relatively smaller
within the state as shown by major economic indicators in Texasttft@macroeconomic impacts seen
through the destruction of the dwelling sector. One explanation is that in the CGE model, damage to the
dwelling sector is modeled as a decline in capital endowment to households. Reduced capital affects
production output forthose sectors that are capitaitensive (e.g. manufacturing sectors) in addition to
affecting sectors directly servicing the dwelling (e.g., electricity, heating and gas). This is one of the
primary reasons we observe the largest decline in productidpuiun chemical manufacturing and
petroleum products locally as a result of housing destruction, followed by the negative output growth in
electricity as well as heat and air conditioning. We should also note that capital destruction translates
into redued wage earnings for households who are endowed with factors of production (e.g., capital).
On the contrary, output losses to these major industrial sectors are modelled through the reduced total
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factor productivity parameter related to all factors of proztion (not only to capital), while assuming
the effective capital stock is undamaged

While indirect impacts are relatively smaller in the state, all major macroeconomic indicators still decline
relative to the BAU in Texas. Specifically, GSP wilkg&4llower in 2066 relative to projected GSP in

the BAU; personal income also declines by 1%. Social welfare is 0.88% lower and net exports fall by
approximately 3% (see panel A of Table 9). These are all without factoring in the mitigating effects of a
coastal spine. Impacts are largely mitigated under the protection scenario; declines in major economic
indicators are in the range of 0.@L03% (Panel B of Table 9).

Table 9: CGResults forSlectedDecades fothe Texas Economy (50gear).

2017 2066 2036 2046 2056 2066

Panel A: NérotectionRelative to BAU

Per Capita Income -0.95%  -0.95% -0.93% -0.92% -0.94% -1.01%
GDP -0.98%  -1.00% -1.01% -1.05% -1.11% -1.20%
Total Consumption -0.61%  -0.64% -0.64% -0.60% -0.57% -0.56%
GovernmentConsumption  0.32% 0.31% 0.31% 0.33% 0.38% 0.44%
Net Export -13.07%  -4.28% -3.06% -2.86% -2.93% -2.98%
Welfare -0.90%  -0.88% -0.85% -0.83% -0.83% -0.88%
PanelB: ProtectionRelative To0BAU

Per Capita Income -0.02% -0.02% -0.02% -0.02% -0.02% -0.03%
GDP -0.02%  -0.02% -0.03% -0.03% -0.03% -0.03%
Total Consumption -0.01% -0.01% -0.01% -0.01% -0.01% -0.01%
Total Investment -0.02%  -0.02% -0.02% -0.02% -0.02% -0.02%
Government Consumptior  0.01% 0.01% 0.01% 0.01% 0.01% 0.01%
Net Export -0.31% -0.11% -0.08% -0.08% -0.08% -0.08%
Welfare -0.02%  -0.02% -0.02% -0.02% -0.02% -0.02%

Notes:Economywide impacts are presented associated with the-§8@r storm surge impact on petro and chemical
manufacturing sectors (resulting in-8&y shutdown of production operation) with and without coastal spine protection
Source: Authors

While impacts refle@d on macroeconomic indicators are negligible, sesfecific impacts in the state

of Texas indicate that outputs decline and remain low relative to BAU in chemical and petro products
sector, along with natral gas, oil and coal mining. Employment alsaliohes in these sectors. Prices are
relatively more sensitive to storm surge impacts on these sectors as well (see Table 10a). Specifically, we
observe 10% increase in composite prices of the petro products and chemicals relative to those in the
BAU. Thisncrease is three times larger than the price increase in the sector when these sectors are
indirectly impacted from the shock on the dwelling sector. Prices in all other sdatbdiie potentially

to substitution effecs and shifs in consumption pattems postsurge event The impacts are largely
mitigated with the coastal spine (Table 10b).
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Table 10a: Sectoral Impact of 58@ar Sorm Surge without Protection vs. BAU (year 2066)

Sector Output Employment Price
Fruits Vegetables Nuts 0.57% 0.90% -0.03%
Other Animal Production 0.77% 1.08% -0.01%
Forestry 0.64% 0.93% -0.14%
OtherAgriailture 0.74% 1.09% -0.10%
OtherMining -0.15% 0.33% -0.17%
Electricity 0.49% 0.98% -0.13%
Natural Gas Qil, Coal -5.97% -0.92% -2.86%
Waterand Sewage -0.32% 0.08% -0.60%
Construction -0.82% -0.41% -0.61%
Food Tobacco 0.55% 1.09% -0.14%
WoodProducts 0.40% 0.75% -0.17%
PulpPaper 0.90% 1.35% -0.09%
Petrdeum Products -10.36% -13.92% 9.56%
Chemicals -3.46% -2.25% 0.37%
RubberPlastics 0.24% 0.85% -0.03%
NonmetallicMetals -0.06% 0.46% -0.38%
PrimaryMetals 1.06% 1.47% -0.11%
Heaiing, Air-condtioning 0.37% 1.10% -0.14%
OtherManufacturing 0.61% 1.27% -0.11%
Furniture 0.61% 1.24% -0.11%
Services -0.05% 0.31% -0.51%
Insurance 0.13% 0.37% -0.41%
Dwelling -0.79% -0.40% -0.52%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdakttteshock of surge on
petro and chemical manufacturing sectors, when plants shut down for 33 Saysce Authors
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Table 10b: Sectoral Impact of 58@ar Sorm urge with Protection vs. BAU (year 2066)

Sector Output Employment Price
Fruits Vegetables Nuts 0.02% 0.02% 0.00%
Other Animal Production 0.02% 0.03% 0.00%
Forestry 0.01% 0.02% -0.01%
OtherAgriailture 0.02% 0.03% 0.00%
OtherMining -0.01% 0.01% -0.01%
Electricity 0.01% 0.02% -0.01%
Natural Gas Qil, Coal -0.12% -0.01% -0.06%
Waterand Sewage -0.01% 0.00% -0.02%
Construction -0.02% -0.01% -0.02%
Food Tobacco 0.02% 0.03% 0.00%
WoodProducts 0.01% 0.02% 0.00%
PulpPaper 0.02% 0.03% 0.00%
Petrdeum Products -0.20% -0.26% 0.16%
Chemicals -0.16% -0.12% 0.02%
RubberPlastics 0.00% 0.02% 0.00%
NonmetallicMetals 0.00% 0.01% -0.01%
PrimaryMetals 0.03% 0.04% 0.00%
Heaiing, Air-condtioning 0.01% 0.03% 0.00%
OtherManufacturing 0.02% 0.03% 0.00%
Furniture 0.02% 0.03% 0.00%
Services 0.00% 0.01% -0.01%
Insurance 0.00% 0.01% -0.01%
Dwelling -0.02% -0.01% -0.02%

Notes:Table presentmdirectsectoralimpacts of thedirect shock of surge quetro and chemical manufacturing sectors, when
plants shut down for 33 daySourceAuthors

As shown in Table 11, the Texas econamtje impacts of lkdike storm on petro and chemical
manufacturing sectors are lepronounced. The state GSP will be 0.10% lower in the year 2066, per
capita income will decline by 0.08%, and the net export value will fall by 0.24%, all relative to the BAU in
2066. In terms of sectoral impacts, reductions in output and employmentubostantially reduced. For
example, in terms of the output value, the most sensitive sectors are petroléuBb@o), natural gas,

oil, and coal mining-Q.5%) and chemical manufacturing.23%). Prices are subsequently less

responsive to such insignificachanges in production output. The coastal spine fully mitigates the
impacts of surge events on petroleum and chemical manufacturing sectors, assuming the dwelling
sector is unaffected
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Table 11: CGEesults forSlectedDecades for TexaBconomy (Ikdike).

2017 2026 2036 2046 2056 2066
Per Capita Income -0.08% -0.08% -0.08% -0.08% -0.08%  -0.08%
GDP -0.08% -0.08% -0.08% -0.09% -0.09% -0.10%
Total Consumption -0.05% -0.05% -0.05% -0.05% -0.05% -0.05%
Total Investment -0.07% -0.07% -0.06%  -0.06%  -0.05%  -0.05%
Government Consumptior 0.03% 0.02%  0.02% 0.03% 0.03% 0.04%
Net Export -1.08% -0.35% -0.25% -0.23% -0.24% -0.24%
Welfare -0.07% -0.07% -0.07% -0.07% -0.07% -0.07%

Notes:Economywide impacts are presented associated with tkeslike storm surge impact on petro and chemical
manufacturing sectors (resulting in-8f&y shutdown of production operation) with and without coastal spine protection

Source: Authors

Table 12: Sectoral Ipact of Ikelike Sorm Surge without Protection vs. BAU (year 2066)

Sectors Output Employment Price
Fruits Vegetables Nuts 0.05% 0.07% 0.00%
Other Animal Production 0.06% 0.09% 0.00%
Forestry 0.06% 0.08% -0.01%
OtherAgriailture 0.06% 0.09% -0.01%
OtherMining -0.01% 0.03% -0.01%
Electricity 0.04% 0.08% -0.01%
Natural Gas Oil, Coal -0.50% -0.08% -0.23%
Waterand Sewage -0.02% 0.01% -0.05%
Construction -0.07% -0.03% -0.05%
Food Tobacco 0.05% 0.09% -0.01%
WoodProducts 0.03% 0.06% -0.01%
PulpPaper 0.08% 0.11% -0.01%
Petrdeum Products -0.85% -1.18% 0.74%
Chemicals -0.23% -0.14% 0.02%
RubberPlastics 0.03% 0.07% 0.00%
NonmetallicMetals 0.00% 0.04% -0.03%
PrimaryMetals 0.09% 0.12% -0.01%
Heaiing, Air-condtioning 0.03% 0.09% -0.01%
OtherManufacturing 0.05% 0.10% -0.01%
Furniture 0.05% 0.10% -0.01%
Services 0.00% 0.03% -0.04%
Insurance 0.01% 0.03% -0.03%
Dwelling -0.06% -0.03% -0.04%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdoktiteshock of surge on
petro and chemical manufacturing sectors, when plants shut down for 33 Slaysce Authors
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Economic Impacts when the 50Gar Stan Surge Simultaneously Impacts Petroleum
Products, Chemical Manufacturing, and Dwelling Sectors

The scenario where dwelling, petro products and chemical manufacturing sectors are all impacted by
the storm surge event is the most realistic scenario andsshie full magnitude of changes in the
Texas state economy as well as the economies of other states and the entire U.S

¢SEF&aQ D{t gAfft 06S ILIINREAYIGSte y2 t26SNIAY Hncc
considered, and the impacdt imitigated to a 2.06% decline with a coastal protection scenario.

Furthermore, there is a substantial social welfare loss associated with storm surge, which also lingers

over the longterm, indicating a decline of 7.6% without a coastal spine as oppasadiecline by

1.97% when the coastal spine is considered, relative to BAU in 2066. Among major macroeconomic
indicators, the largest decline is observed in net export value (expgrdrt). The decline in net export

value is due to a rise in prices of gisathat are heavily traded intranationally and internationally (e.g.,

petroleum, chemical products) and further underscores the dependence of the state on these major

tradable goods (Table 13)

Table 13: CGEesults forSlectedDecades foithe Texas Economy
Total

PerCapita GDP Total . Total Government Net Social
Income Consumption Investment . Export Welfare
Consumption

Panel A: NéotectionRelative to BAU
2017 -0.17% -5.27% -5.00% -5.25% 0.31% -66.22% -5.21%
2026 -0.91% -5.96% -5.64% -5.89% 0.40% -21.90% -5.87%
2036 -1.67% -6.68% -6.24% -6.48% 0.52% -15.35% -6.52%
2046 -2.25% -7.29% -6.61% -6.85% 0.68% -13.55% -6.99%
2056 -2.66% -1.77% -6.81% -7.03% 0.86% -13.11% -7.32%
2066 -2.97% -8.16% -6.93% -7.18% 1.05% -12.90% -7.58%
Panel BProtectionRelative to BAU
2017 0.17% -1.25% -1.25% -1.28% 0.01% -15.56% -1.25%
2026 -0.04% -1.45% -1.45% -1.48% 0.04% -5.20% -1.45%
2036 -0.26% -1.66% -1.65% -1.67% 0.07% -3.66% -1.65%
2046 -0.43% -1.83% -1.80% -1.79% 0.11% -3.22% -1.80%
2056 -0.54% -1.96% -1.90% -1.86% 0.15% -3.09% -1.90%
2066 -0.62% -2.06% -1.97% -1.91% 0.19% -3.02% -1.97%

Notes:Economywide impacts are presented associated with the-§8ar storm surge impact atwelling,petroand chemical
manufacturing sectors (resulting in-8&y shutdown of production operatioa)multaneouslyvith and without coastal spine
protection Source: Authors

In terms of sectoral impacts in Texas, we should note that all aggregate sectors expedercse

shock due to the 50§ear surge events as indicated by declines in output relative to the BAU scenario
(Table 14a). The petroleum products and chemical manufacturing sectors are the most sensitive to
storm surge events, which is not surprisingegi these sectors are the primary industries and net

exporters of the state economilatural resources mining and energy sectors (e.g., electricity and

heating) are another two sectors with the largest declines in output value. While the coastal spie doe
not fully mitigate negative impacts of storm surge events in thed@mm, the magnitude of effects on

other sectors are four times less than observed if no protection was placed, all relative to the BAU (Table
14b).
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Table 14a: Sectoral Impact of 58@ar Sorm Surge without Protection vs. BAU (year 2066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -4.76% 1.80% -0.16%
Other Animal Production -7.68% -0.01% -0.01%
Forestry 0.41% 4.94% -1.61%
OtherAgriailture -4.05% 2.63% -0.99%
OtherMining -10.26% -1.72% 0.36%
Electricity -11.52% -1.51% 5.69%
Natural Gas Qil, Coal -15.28% -1.57% -3.70%
Waterand Sewage -7.83% 0.43% 0.69%
Construction -6.50% -0.50% -1.77%
Food Tobacco -7.68% 0.26% 0.12%
WoodProducts -2.74% 2.76% 0.77%
PulpPaper -5.34% 1.89% -0.20%
Petrdeum Products -19.01% -16.76% 12.81%
Chemicals -18.69% -8.63% 1.59%
RubberPlastics -8.67% -0.97% 0.33%
NonmetallicMetals -7.34% 0.25% -0.06%
PrimaryMetals -2.97% 3.81% -0.39%
Heaiing, Air-condtioning -8.95% -1.00% 0.12%
OtherManufacturing -6.18% 1.34% -0.11%
Furniture -0.83% 5.70% -0.47%
Services -5.99% 0.57% -1.12%
Insurance -6.92% 0.49% 0.01%
Dwelling -7.69% -0.66% -0.74%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdakttteshock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down for 33StayseAuthors
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Table 14b: Sectoral Impact of 58@ar Sorm urge with Protection vs. BAU (year 2066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -1.47% 0.29% -0.04%
Other Animal Production -2.36% -0.24% 0.00%
Forestry -0.05% 1.12% -0.42%
OtherAgriailture -1.31% 0.47% -0.25%
OtherMining -2.94% -0.56% 0.14%
Electricity -3.48% -0.68% 1.57%
Natural Gas Qil, Coal -2.97% -0.20% -0.30%
Waterand Sewage -2.18% 0.09% 0.32%
Construction -1.67% -0.05% -0.36%
Food Tobacco -2.32% -0.17% 0.06%
WoodProducts -0.87% 0.58% -0.17%
PulpPaper -1.72% 0.21% -0.04%
Petrdeum Products -2.97% -1.18% 1.00%
Chemicals -4.79% -1.91% 0.37%
RubberPlastics -2.55% -0.46% 0.10%
NonmetallicMetals -2.09% -0.03% 0.07%
PrimaryMetals -1.08% 0.71% -0.08%
Heaiing, Air-condtioning -2.66% -0.53% 0.06%
OtherManufacturing -1.89% 0.09% -0.01%
Furniture -0.37% 1.26% -0.11%
Services -1.70% 0.09% -0.20%
Insurance -2.01% 0.05% 0.09%
Dwelling -2.02% -0.09% -0.09%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdakttteshock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down for 33StayseAuthors

The direct and rippling effg through interconnected sectors and inttanter-national trade result

in about 11%loss in U.S. GDP without a coastal spine; the magnitude of impact is mitigated with
protection and the GDP decreases by 0.28% in the spine protection scenario. Seitaéws also
lowered by 0.92% relative to the BAU and 0.24% without and with protection, respectively. While
Texas experiences a decline in net exports, for the entire nation there is an increase in net exports
relative to BAU during the first decade @B2026) following a surge event both with and without

a protection, which then start to decline in the following decades (Table 15).
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Table 15: CGEesults forSlectedDecades foithe U.S Economy

C;;ai:a GDP Total _ Total GO\;I;aOr;arlnent Net Social
Gonsumption Investment . Export  Welfare
Income Gonsumption
Panel A: NérotectionRelative to BAU
2017 0.00% -0.45% -0.42% -0.57% -0.02% 2.00% -0.41%
2026 -0.07% -0.54% -0.51% -0.70% -0.02% 7.60% -0.50%
2036 -0.16% -0.67% -0.63% -0.84% -0.01% -8.58% -0.62%
2046 -0.25% -0.81% -0.72% -0.97% 0.02% -4.38% -0.73%
2056 -0.33% -0.96% -0.78% -1.07% 0.05% -3.93% -0.83%
2066 -0.39% -1.10% -0.83% -1.14% 0.09% -3.96% -0.92%
Panel BProtection Relative to BAU
2017 0.02% -0.10% -0.10% -0.14% -0.01% 0.45% -0.10%
2026 0.00% -0.13% -0.12% -0.18% -0.01% 1.76% -0.12%
2036 -0.03% -0.17% -0.16% -0.22% 0.00% -2.03% -0.16%
2046 -0.05% -0.20% -0.19% -0.25% 0.00% -1.03% -0.19%
2056 -0.07% -0.24% -0.21% -0.28% 0.01% -0.91% -0.21%
20.66 -0.08% -0.28% -0.24% -0.30% 0.02% -0.90% -0.24%

Notes:Nationwide impacts are presented associated with the-§6@r storm surge impact atwelling,petroand chemical
manufacturing sectors (resulting in-8f&y shutdown of production operatios)multaneouslyvith and without coastal spine

protection Source: Authors
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To translate thes@ercentage changanto actual dollars, iTablel6 we report nationaland TX values
for macreeconomic indicatorgn the year 2066n level terms (e.g., GDP, consumption, per capita
income, and net exposrtconsumption, investment welfare (in 2016 prigassociated withthe three
scenarios (i.e. BU, without coastal protection, and with protectiqgrgnd corresponding losses relative
to the BAU.

Table 16: Impacts in Levels foeXasandthe U.S Economy in 2066.

No . NO. Protection Protectiong
Protection Protection BAU Protection- BAU No .
BAU Protection

Texas
Per capita Income 144,389.02  147,875.12 148,804.18 (4,415.16) (929.06) 3,486.10
GDP 9,718.16 10,362.40 10,581.19 (863.03) (218.79) 644.24
Total Consumption 7,265.28 7,661.52 7,806.32 (541.04) (144.80) 396.23
Total Investment 2,107.25 2,226.72 2,270.22 (162.97) (43.51) 119.47
Government Consumption 322.09 319.37 318.76 3.33 0.62 (2.71)
Net Exports 1,081.74 1,204.28 1,241.99 (160.25) (37.71) 122.54
Welfare 6,340.30 6,724.64 6,860.45 (520.14) (135.80) 384.34
USA
PerCapita Income 144,189.94  144,634.18 144,753.54 (563.60) (119.36) 444.24
GDP 79,445.00 80,106.18 80,328.39 (883.39) (222.21) 661.18
Total Consumption 63,760.62 64,147.72 64,292.17 (531.54) (144.44) 387.10
Total Investment 14,479.15 14,601.36 14,646.07 (166.92) (44.71) 122.21
Government Consumption  4,215.74 4,212.69 4,211.88 3.86 0.82 (3.05)
Net Bxports 4,021.58 4,149.61 4,187.55 (165.97) (37.94) 128.03
Welfare 57,696.80 58,091.15 58,230.11 (533.31) (138.95) 394.36

Notes:Macroeconomiémpactsin levelsare presented associated with the 59@ar storm surge impact awelling,petro and
chemical manufacturing sectors (resulting ind8/ shutdown of production operatioa)multaneouslyvith and without
coastal spine protectigrexcept for income, othercenomic indicators are gen in billions of US Dollars; negative values are
reported in parenthesiSourceAuthors

As for the immediate and the lortgrm impacts on other states, the model results indicate that while
some states (primarily neighboringgerience positive GSP, income and welfare growth due to
potential substitution of inputs of production and labor outmigration, 30 states, not includimgsr

itself, will havealower GSP in response to a surge eventexak Immediate responses as refted in

GSP without the spine system are seen in Figure 5 and are less pronounced than the responses in the
year 2066 (Figure 6). In terms of social welfare, except for handful of states, the majority of the states
will experience welfare loss in 2066 it coastal spine is not constructed (see Figure 7). The spine
substantially attenuates effects spatially and in the long tdfigures Cg C2 inAppendixC depict
state-level GSRnd welfare in 2066 with a coastal spja@dincome responses without anditlv coastal
spineare presented in Figures C3 & G#ctoral responses (output value and prices) can be viewed in
the companion Atlas.
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Figure 5: 506/r Sorm urge without a Mastal Sine, Impacts in 2017 (GSP)
Notes: Percent change in GSPstages relative to the BAU GSP levels in 2017 without a coastal spine are shown. Source:
Authors
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Figure 6: 506/ear Sorm urge without a Wastal Sine, Impacts in 2066 (GSP)
Notes: Percent change in GSP by stegtative to the BAU GSP level2066 without a coastal spinare shown Source:
Authors
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Figure 7: 506/r Sorm Surge without a Wastal Sine, Impacts in 2066 (Welfare)
Notes: Percent change $ocial welfareby statesrelative to the BAldocial welfardevels in 266 without a coastal spinare
shown Source: Authors
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Impacts of Ikdike storms as reflected on selected macroeconomic indicators for TX and US are presented
in Tables 17 and 18, respectively. Both tables report results without and with coastal protdaticas

GSP declines by 2.7% in 2066, welfare is 2.6% Jawgmet exporfalls by4%short of that in the BAU i

no coastal protection is provided@he nation is almost insulated from the rippling effects of ltkeslike

storm on the communities in Galves Bay in Texas. While in the no protection caselt® economy

shrinks, the declines are substantially margihatably, the coastgbrotection almost fully mitigates the
impactsonthe U.S economy.This igartially becauséhe petroleumandchemial mandacturing sectors

do not sustain damages when coastal spine is factoreddinect damage assessment. Responses in terms

of GSP, income and welfare across other states in 2066 relative to the BAU are depicted in Appendix C
Figures CH.

Tablel7: CGHResults for Selected Decades for thexas Economftke-like Storm)

2017 2066 2036 2046 2056 2066

Panel A: NérotectionRelative to BAU

Per Capita Income 0.17% -0.10% -0.38% -0.60% -0.74% -0.84%
GDP -1.65% -1.91% -2.18% -2.40% -2.57% -2.70%
Total Consumption -1.65% -1.89% -2.11% -2.26% -2.34% -2.40%
Total Investment -1.69% -1.93% 2.17% -2.33% -2.42% -2.48%
Government Consumptior 0.03% 0.06% 0.11% 0.16% 0.22% 0.27%
Net Export -20.65% -6.88% -4.84% -4.26% -4.09% -4.01%
Welfare -1.65% -1.91% -2.16% -2.35% -2.47% -2.57%
Panel B: ProtectioRelative to BAU

Per Capita Income 0.01% 0.00% -0.01% -0.02% -0.03% -0.04%
Gdp -0.07% -0.08% -0.10% -0.11% -0.11% -0.12%
Total Consumption -0.07% -0.08% -0.09% -0.10% -0.10% -0.11%
Total Investment -0.07% -0.08% -0.10% -0.10% -0.11% -0.11%
Government Consumptior 0.00% 0.00% 0.00% 0.01% 0.01% 0.01%
Net Export -0.89% -0.30% -0.21% -0.18% -0.18% -0.17%
Welfare -0.07% -0.08% -0.09% -0.10% -0.11% -0.11%

Notes:Economywide impacts are presented associated with bkeslike storm surge impact odwelling,petro and chemical
manufacturing sectors (resulting in-8f&y shutdown of production operatioa)multaneouslyvith and without coastal spine
protection Source: Authi.
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Table 18: CGResultsfor Selected Decade®r the U.S Economy(lke-like Storm)
2017 2066 2036 2046 2056 2066
Panel ANo Protection Relativeo BAU

Per Capita Income 0.02% -0.01% -0.04%  -0.07% -0.09% -0.11%
GDP -0.14% -0.17%  -0.22%  -0.27% -0.32% -0.36%
Total Consumption -0.14% -0.17% -0.21% -0.24% -0.27% -0.29%
Total Investment -0.18% -0.23% -0.28%  -0.33% -0.37% -0.39%
Government Consumption -0.01% -0.01% 0.00% 0.00% 0.01% 0.03%
Net Export 0.60% 2.34% -2.69% -1.37% -1.21% -1.21%
Welfare -0.13% -0.16% -0.20% -0.24% -0.28% -0.31%
Panel BProtectionRelativeto BAU

Per Capita Income 0.00%  0.00% 0.00% 0.00% 0.00%  0.00%
GDP -0.01% -0.01% -0.01% -0.01% -0.01% -0.02%
Total Consumption -0.01% -0.01% -0.01% -0.01% -0.01% -0.01%
Total Investment -0.01% -0.01% -0.01% -0.01% -0.01% -0.01%
Government Consumption -0.01% -0.01% -0.01%  -0.01% -0.02% -0.02%
Net Export 0.00%  0.00% 0.00% 0.00% 0.00%  0.00%
Welfare 0.03% 0.10% -0.12% -0.06% -0.05% -0.05%

Notes:Economywide impacts are presented associated with keslike storm surge impact odwelling,petro and chemical
manufacturing sectors (resulting in-8f&y shutdown of production operatios)multaneouslyvith and without coastal spine
protection Source: Authis.

The ctoral impacs of the lkelike stormin Texas presented in Table 19 show ttie# chemical sector
production value declines bytand the outputs of electricity, petroleum, thaal gas, oil and coal mining
sectors all fall by nearly?4 without a coastal spine. Prices on petroleum proguise by 1.82% without

a coastal protection and electricity sector prices go up by 2%. Impacts are largely mitigated with the
coastal spine protection.
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Table 19: Sectoral Impact of Ikike Sorm Surge Without and With Protection vs. BAU (year 2066)

No Protection Protection
Output Employment Price  Output Employment Price
Fruits Vegetables Nuts -1.86% 0.42% -0.05% -0.09% 0.02% 0.00%
Other Animal Production -2.98% -0.26% -0.01% -0.14% -0.02% 0.00%
Forestry -0.02% 1.49% -0.54% 0.00% 0.06% -0.02%
OtherAgriailture -1.63% 0.66% -0.33% -0.08% 0.03% -0.01%
OtherMining -3.75% -0.69% 0.17% -0.17% -0.03% 0.01%
Electricity -4.41% -0.82% 2.02% -0.20% -0.04% 0.09%
Natural Gas Oil, Coal -4.12% -0.33% -0.54% -0.17% -0.01% -0.01%
Waterand Sewage -2.80% 0.13% 0.39% -0.13% 0.01% 0.02%
Construction -2.17% -0.08% -0.49% -0.10% 0.00% -0.02%
Food Tobacco -2.94% -0.17% 0.08% -0.14% -0.01% 0.00%
WoodProducts -1.09% 0.79% -0.23% -0.05% 0.03% -0.01%
PulpPaper -2.15% 0.34% -0.05% -0.10% 0.01% 0.00%
Petrdeum Products -4.37% -2.35% 1.82% -0.16% -0.05% 0.05%
Chemicals -6.12% -2.44% 0.47% -0.27% -0.10% 0.02%
RubberPlastics -3.23% -0.54% 0.13% -0.15% -0.03% 0.01%
NonmetallicMetals -2.67% -0.02% 0.07% -0.12% 0.00% 0.00%
PrimaryMetals -1.33% 0.98% -0.11% -0.06% 0.04% 0.00%
Heaiing, Air-condtioning -3.37% -0.62% 0.08% -0.15% -0.03% 0.00%
OtherManufacturing -2.39% 0.17% -0.01% -0.11% 0.00% 0.00%
Furniture -0.45% 1.68% -0.14% -0.02% 0.07% -0.01%
Services -2.17% 0.13% -0.28% -0.10% 0.00% -0.01%
Insurance -2.56% 0.08% 0.10% -0.12% 0.00% 0.01%
Dwelling -2.62% -0.14% -0.14% -0.12% 0.00% 0.00%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdoktiteshock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down for 33SatayseAuthors

Extension

Economic Impacts h the Sea Level Rise (SLR)

Surge impacts are expected tny exacerbate with the SLAFrUmhoff et al, 2007). To capture the
magnifying effects of SLR oax&sand regional economiegs an extensiomve alsosimulatedthe CGE
model ircorporating the effects of SLR.

Specifically, surge inundation maps associated with the different proxy storms incorporating SLR for the
year 2080 were generated with the ADCIRC model, which were overlaid with the plant locations to identify
the firms that will potentially be inundatedngler future SLR. To assess damages to residential structures,
the inundation maps with the SLR were inputted in the HARMSmModel.In the HAZUMH model,
building counts for different types of dwelling category were updated using the predicted number of
housing units in the year 2080. The average value by each dwelling type were then assigned to these
projected number of new units to estimate respective losses to dwelling sector in 2080 (see Table 13).
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Table 13: Housing Damages under Future SLR in.2080

Scenario Housing Damages ($million
No Protection 508/r 2080 +SLFK 31,883.92
Protection 506yr 2080 +SLR 6,092.87
No Protection 106/r 2080 +SLFK 18,803.34
Protection 106yr 2080 +SLR 3,699.55
No Protection 16/r 2080 +SLR 2,616.50
No Protection lkelike 2080 +SLI 234,72

In order to assessutput losses for the 38lay shutdown of petrgroducts and chemical manufacturing
plants we followed the framework described in Section 3decifically, it waassumed that the number

of actively operating plants will be unchanged (i.e., there will hot be new entrants in the industry)
however, the number of inundated plants increases becatise spatial extem of inundation with SLR is
much largerWhile the effective number of plants were assumed to be unchanged, we assumed that the
output produced ly each plant will grow at theame annual groviirate asthe overall industry growth

rate as solved inhe BAUscenario It was also assumed that the output loss in 2080 associated with the
SLR will grow at theamerate of the industry output growth rate.

In order to project the output losses for theear 2080 under SLR, we first ran the recursive dynamic CGE
baseline scenarip the business as usual (BAU) scenario (assuming no SLR) from 2016ttd®0B€tain

the annual output growth rates for the major industries for Texas. Based on the annual osgiugsl in

the CGE baseline scenario, annual output growth rates were calculated. These annual growth rates were
used to compute output losses for the year 2080 respectively for petro products and chemical
manufacturing sectors if plants are shut down doweSLRnduced storm surge (output losses for the
starting year 2016 and ending year 2080 are presented in Tiile
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Tablel4: Major Industry Output Losses for the Year 208@th SLR

BAU scenario (billianof2016%)

2016 2080
Petroproducts 35.9 318.34
Chemical manufacturing 62.48 1,506.3L
Output losses (billios2016 $)
Scenario 18-day 26-day 33-day

shutdown shutdown shutdown
Petro products

Ike-like No Protection 0.0483  7.690508 11.10851 14.09926
10-year No Protection 0.002655 0.422717 0.610591 0.77498
100-year No Protection 0.149 23.72434 34.26849 43.49463
500-year No Protection 0.202 31.91548 46.10014 58.51171
100-year Protection 0.002655 0.416144 0.601097 0.762931
500-year Protection 0.0155  2.467968 3.564843 4.524609
Chemical manufacturing

Ike-like No Protection 0.008475 3.678033 5.312715 6.743061
10-year No Protection 0.005098 2.21229  3.195531 4.055866
100-year No Protection 0.0779  33.80643 48.83152 61.97846
500year No Protection 0.12 52.07666 75.22185 95.47388
100-year Protection 0.0108  4.6869 6.769966 8.592649
500-year Protection 0.005763 2.500982 3.612529 4.585133

Incorporating Industry Output Loses and Housing Damages to the CGE Model

Similar to themodelingapproach discussed throughout, industrial output losses for petroleum products
and chemical manufacturing sectors were incorporated into the CGE model by changing scaling parameter
associated with total factor productivity. The appriate scaling parameter was selected until the
simulated output losses solved in the CGE model matched the expected losses (as shown in Table 14) for
the same year 2080.

{AYAEFNI &Y Al o6l a | aaddzySR (KFG LINPLISNIe& RIYF3ASA
endowment in Texas. The share of the property damage relative to the baseline dwelling value for the
state was calculated using the property losses (Bakle 13) divided by the dwelling value in the BAU
scenario for the year 2080. This parameter was then incorporated into the CGE model as a coefficient to
adjust capital endowment for households in Texas due to external shock.

We take the 508/ear storm 83-day plant shutdown) scenarios under SLR as an example and report
impacts for selected economic indicators and for all the states for the year 2080. It should be noted that
unlike the model results presented without SLR, the econanale impacts under R reflect immediate

effects only in the year 2080. Results in Table 15 and Table 16, respectively, show economic impacts from
output losses in petroleum and chemical manufacturing sectors and impacts from property damages (with
protection and without protetion). Results from the model where all sectors are simultaneously
impacted are shown in Table 17.
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Compared to the BAU scenario in 2080, Texas GSP declines by approximately 2.3% in 2080 as a result of
SLRnduced storm surge impacts without structural peotion, for both the scenario when output losses

are incorporated (50§ear storm) and the scenario when property damages are considered. The impact
on the national GDP is also similar between the scenario when output losses are incorped38d%)

and the scenario that captures only property damage®.343%). When structural protection is not
factored in, the impact on consumption is slightly larger from property damages, while impacts from
output losses are larger on per capita income and net expdusning to Table 17 which presents results
from the model incorporating both industry output losses and property damages under SLR in the year
2080, GSP decreases by 4.5% in Texas without structural protection. The impact is mitigat68%o

with protection. Similarly, results suggest that structural protection significantly mitigates negative
impacts on consumption, per capita income, and net exports. Although the national impact is generally
small, the impacts of SliRduced storm surge on net exparivithout protection tend to be larger3%),
compared to the BAU scenario without SLR in the year 2080.
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Table 15: Regional Economic Impacts from SLR Scenaribdg3lant Shutdown500-year Sorm, %

ChangeRelative to BAUScenario in 2080)

. . Net Export
Gsp Consumption Per Capita Income (Exportimport)
Without With Without With Without With Without With
Protection Protection Protection Protection Protection Protection Protection Protection
AK -0.056% -0.006% 0.090% 0.008% -0.007% -0.001% -0.324% -0.034%
AL -0.033% -0.004% 0.123% 0.011% 0.040% 0.003% 0.598% 0.061%
AR 0.001% -0.001% 0.153% 0.014% 0.080% 0.007% 0.469% 0.047%
AZ -0.121% -0.010% 0.054% 0.006% -0.058% -0.004% 0.523% 0.053%
CA -0.066% -0.006% 0.042% 0.004% -0.031% -0.003% -0.182% -0.019%
CcO -0.089% -0.008% 0.069% 0.007% -0.028% -0.002% 1.751% 0.174%
CT -0.137% -0.012% 0.040% 0.004% -0.085% -0.007% -0.497% -0.047%
DC 0.072% 0.008% 0.548% 0.048% 0.411% 0.038% 0.331% 0.031%
DE -0.005% -0.001% 0.095% 0.008% 0.025% 0.001% -0.020% -0.004%
FL -0.113% -0.010% 0.037% 0.004% -0.063% -0.005% 0.472% 0.050%
GA -0.160% -0.014% 0.022% 0.003% -0.115% -0.009% -0.959% -0.091%
HI -0.075% -0.006% 0.151% 0.014% 0.046% 0.005% -9.626% -0.919%
1A -0.099% -0.010% 0.043% 0.003% -0.061% -0.007% -0.826% -0.082%
ID -0.111% -0.010% 0.069% 0.007% -0.042% -0.003% 0.328% 0.035%
IL -0.038% -0.005% 0.044% 0.004% -0.020% -0.002% -0.176% -0.022%
IN 0.043% 0.001% 0.118% 0.009% 0.080% 0.004% -0.317% -0.035%
KS 0.045% 0.003% 0.122% 0.011% 0.080% 0.006% -0.288% -0.036%
KY -0.073% -0.007% 0.115% 0.011% 0.005% 0.001% 0.957% 0.094%
LA 1.212% 0.095% 0.755% 0.061% 1.253% 0.098%  -10.020% -0.627%
MA -0.131% -0.012% 0.032% 0.004% -0.087% -0.007% -0.372% -0.037%
MD -0.075% -0.007% 0.106% 0.011% 0.024% 0.004% 1.091% 0.115%
ME -0.028% -0.002% 0.127% 0.012% 0.059% 0.006% 0.310% 0.032%
Mi -0.119% -0.011% 0.041% 0.005% -0.073% -0.006% 6.340% 0.653%
MN -0.056% -0.005% 0.070% 0.007% -0.012% -0.001% -0.666% -0.065%
MO -0.098% -0.010% 0.045% 0.004% -0.055% -0.006% 2.282% 0.240%
MS 0.345% 0.027% 0.406% 0.035% 0.451% 0.036% 0.358% 0.038%
MT 0.766% 0.062% 0.572% 0.049% 0.845% 0.069% 0.404% 0.040%
NC -0.058% -0.008% 0.044% 0.004% -0.019% -0.004% -1.430% -0.162%
ND -0.040% -0.003% 0.110% 0.010% -0.006% 0.001% -1.596% -0.150%
NE -0.160% -0.015% 0.014% 0.001% -0.126% -0.011% -0.443% -0.042%
NH -0.138% -0.012% 0.053% 0.006% -0.071% -0.005% 1.510% 0.146%
NJ -0.023% -0.004% 0.042% 0.006% -0.001% 0.000% -0.269% -0.056%
NM 0.046% 0.003% 0.168% 0.016% 0.116% 0.010% 0.443% 0.050%
NV -0.176% -0.015% 0.039% 0.004% -0.116% -0.009% -1.461% -0.137%
NY -0.172% -0.015% 0.011% 0.002% -0.133% -0.011% -0.307% -0.028%
OH -0.021% -0.003% 0.071% 0.007% 0.012% 0.000% -0.699% -0.080%
OK 0.066% 0.005% 0.165% 0.015% 0.133% 0.011% 0.630% 0.070%
OR -0.146% -0.013% 0.020% 0.002% -0.108% -0.009% -0.772% -0.073%
PA -0.040% -0.005% 0.063% 0.006% -0.006% -0.001% -0.588% -0.068%
RI -0.102% -0.009% 0.058% 0.007% -0.040% -0.003% 0.932% 0.102%
SC -0.077% -0.009% 0.071% 0.007% -0.018% -0.003% 0.454% 0.052%
SD -0.166% -0.014% 0.042% 0.005% -0.110% -0.009% -2.499% -0.230%
TN -0.095% -0.010% 0.058% 0.006% -0.047% -0.005% -1.794% -0.197%
X -2.294% -0.190% -0.988% -0.085% -1.962% -0.166% -5.197% -0.423%
uT 0.036% 0.001% 0.080% 0.007% 0.063% 0.004% -0.033% -0.011%
VA -0.128% -0.011% 0.087% 0.009% -0.034% -0.002% 5.466% 0.545%
VT -0.108% -0.009% 0.101% 0.010% -0.013% 0.000% 0.390% 0.039%
WA -0.080% -0.007% 0.062% 0.006% -0.033% -0.002% -0.300% -0.028%
WI -0.114% -0.010% 0.042% 0.004% -0.071% -0.006% 19.779% 1.966%
WV 0.129% 0.006% 0.212% 0.018% 0.201% 0.014% 0.309% 0.032%
WY 1.150% 0.092% 1.076% 0.088% 1.425% 0.113% 12.490% 0.950%
us -0.384% -0.033% -0.067% -0.005% -0.276% -0.023% -2.105% -0.185%
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Table 16: Regional Economic Impacts from-8idRiced Property Damages (58@&ar Storm, %
ChangeRelative to BAUScenario in 2080)

. . Net Export
Gsp Consumption PerCapitalncome (Exportimport)
Without With Without With Without With Without With
protection Protection Protection Protection Protection Protection Protection Protection
AK 0.025% 0.005% 0.010% 0.002% 0.011% 0.002% 0.151% 0.028%
AL 0.004% 0.001% 0.025% 0.005% 0.013% 0.002% 0.057% 0.011%
AR 0.005% 0.001% 0.027% 0.005% 0.015% 0.003% 0.055% 0.011%
AZ -0.022%  -0.004% 0.004% 0.001% -0.017% -0.003% 0.036% 0.007%
CA -0.013%  -0.003% -0.002% 0.000% -0.014% -0.003% -0.013% -0.003%
CO -0.009%  -0.002% 0.005% 0.001% -0.007% -0.001% 0.068% 0.015%
CT -0.033%  -0.006% 0.001% 0.000% -0.026% -0.005% -0.092% -0.018%
DC -0.143%  -0.027% -0.016%  -0.003% -0.291% -0.055% -0.235% -0.045%
DE -0.021%  -0.004% 0.006% 0.001% -0.018% -0.003% -0.021% -0.004%
FL -0.024%  -0.005% 0.002% 0.000% -0.018% -0.003% 0.042% 0.008%
GA -0.034%  -0.006% 0.002% 0.000% -0.027% -0.005% -0.153% -0.030%
HI -0.028%  -0.005% 0.023% 0.004% -0.008% -0.002% -1.744% -0.338%
1A 0.003% 0.001% 0.020% 0.004% 0.011% 0.002% -0.090% -0.018%
ID -0.015%  -0.003% 0.009% 0.002% -0.008% -0.001% 0.026% 0.005%
IL -0.001% 0.000% 0.001% 0.000% -0.003% -0.001% 0.012% 0.002%
IN 0.029% 0.005% 0.029% 0.006% 0.036% 0.007% -0.032% -0.006%
KS 0.014% 0.003% 0.018% 0.003% 0.016% 0.003% 0.065% 0.012%
KY -0.005%  -0.001% 0.022% 0.004% 0.006% 0.001% 0.098% 0.019%
LA 0.198% 0.038% 0.107% 0.020% 0.206% 0.039% -2.670% -0.506%
MA -0.025%  -0.005% 0.000% 0.000% -0.022% -0.004% -0.044% -0.009%
MD -0.015%  -0.003% 0.009% 0.002% -0.005% -0.001% 0.086% 0.017%
ME -0.024%  -0.005% 0.017% 0.003% -0.007% -0.001% 0.058% 0.011%
MI -0.025%  -0.005% 0.002% 0.000% -0.020% -0.004% 0.768% 0.151%
MN -0.020%  -0.004% 0.007% 0.001% -0.013% -0.003% -0.119% -0.023%
MO -0.003%  -0.001% 0.012% 0.002% 0.003% 0.001% 0.169% 0.034%
MS 0.044% 0.008% 0.054% 0.010% 0.058% 0.011% 0.037% 0.007%
MT 0.085% 0.016% 0.066% 0.013% 0.094% 0.018% 0.009% 0.002%
NC 0.020% 0.004% 0.011% 0.002% 0.021% 0.004% 0.054% 0.009%
ND -0.003%  -0.001% 0.017% 0.003% -0.011% -0.002% 0.048% 0.006%
NE -0.017%  -0.003% 0.007% 0.001% -0.013% -0.002% -0.048% -0.009%
NH -0.035%  -0.007% 0.003% 0.001% -0.025% -0.005% 0.220% 0.043%
NJ 0.011% 0.002% -0.016%  -0.003% -0.006% -0.001% 0.243% 0.046%
NM 0.022% 0.004% 0.020% 0.004% 0.021% 0.004% -0.044% -0.008%
NV -0.044%  -0.008% 0.003% 0.001% -0.033% -0.006% -0.285% -0.055%
NY -0.040%  -0.008% -0.003% 0.000% -0.035% -0.007% -0.061% -0.012%
OH 0.006% 0.001% 0.011% 0.002% 0.008% 0.002% 0.002% 0.000%
OK 0.051% 0.010% 0.018% 0.004% 0.043% 0.008% -0.106% -0.019%
OR -0.031%  -0.006% 0.002% 0.000% -0.026% -0.005% -0.134% -0.026%
PA 0.004% 0.001% 0.008% 0.002% 0.005% 0.001% 0.013% 0.002%
RI -0.018%  -0.003% 0.001% 0.000% -0.015% -0.003% 0.038% 0.008%
SC 0.007% 0.001% 0.012% 0.002% 0.011% 0.002% -0.003% 0.000%
SD -0.041%  -0.008% 0.006% 0.001% -0.032% -0.006% -0.510% -0.099%
TN -0.001% 0.000% 0.014% 0.003% 0.004% 0.001% 0.001% -0.001%
TX -2.303%  -0.438% -2.041%  -0.388% -0.719% -0.138% -3.111% -0.593%
uT 0.012% 0.002% 0.005% 0.001% 0.009% 0.002% 0.049% 0.009%
VA -0.024%  -0.005% 0.009% 0.002% -0.013% -0.003% 0.609% 0.120%
VT -0.022%  -0.004% 0.013% 0.003% -0.010% -0.002% 0.053% 0.010%
WA -0.033%  -0.006% 0.004% 0.001% -0.026% -0.005% -0.069% -0.013%
Wi -0.018%  -0.003% 0.006% 0.001% -0.012% -0.002% 2.437% 0.478%
wv 0.132% 0.025% 0.057% 0.011% 0.120% 0.023% -0.011% -0.002%
WY 0.209% 0.040% 0.141% 0.027% 0.224% 0.042% 3.381% 0.637%
us -0.343%  -0.065% -0.264%  -0.050% -0.103% -0.020% -0.971% -0.186%
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Table 17: Regional Economic Impacts from Output LosseD@BPlant Shutdown) and Property

Damages under SLR in 2080 (5@ar storm, % changeelative to BAU scenario in 2080)

. . Net Export
GSP Consumption Per Capita Income (Exportimport)
Without With Without With Without With Without With
Protection Protection Protection Protection Protection Protection Protection Protection
AK -0.024% -0.001% 0.097% 0.010% 0.007% 0.001% -0.138% -0.006%
AL -0.025% -0.003% 0.143% 0.016% 0.053% 0.006% 0.615% 0.071%
AR 0.009% 0.000% 0.173% 0.019% 0.094% 0.009% 0.491% 0.057%
AZ -0.137% -0.014% 0.054% 0.007% -0.074% -0.007% 0.521% 0.060%
CA -0.075% -0.009% 0.037% 0.004% -0.042% -0.005% -0.181% -0.021%
CcO -0.093% -0.009% 0.069% 0.008% -0.035% -0.003% 1.696% 0.186%
CT -0.163% -0.018% 0.038% 0.005% -0.109% -0.012% -0.558% -0.065%
DC -0.072% -0.020% 0.516% 0.044% 0.102% -0.018% 0.082% -0.015%
DE -0.020% -0.005% 0.099% 0.009% 0.012% -0.002% -0.033% -0.008%
FL -0.132% -0.014% 0.035% 0.005% -0.080% -0.008% 0.477% 0.058%
GA -0.186% -0.020% 0.022% 0.003% -0.138% -0.015% -1.053% -0.120%
HI -0.098% -0.012% 0.165% 0.019% 0.036% 0.004%  -10.798% -1.247%
1A -0.092% -0.010% 0.060% 0.007% -0.048% -0.005% -0.865% -0.098%
ID -0.121% -0.013% 0.073% 0.009% -0.049% -0.005% 0.328% 0.040%
IL -0.034% -0.005% 0.044% 0.005% -0.021% -0.003% -0.146% -0.019%
IN 0.074% 0.006% 0.144% 0.015% 0.116% 0.011% -0.323% -0.040%
KS 0.063% 0.005% 0.136% 0.014% 0.098% 0.009% -0.181% -0.024%
KY -0.072% -0.008% 0.132% 0.015% 0.012% 0.002% 0.991% 0.112%
LA 1.392% 0.132% 0.849% 0.082% 1.440% 0.137%  -12.722% -1.136%
MA -0.150% -0.017% 0.028% 0.004% -0.106% -0.011% -0.393% -0.045%
MD -0.087% -0.009% 0.107% 0.013% 0.015% 0.003% 1.095% 0.131%
ME -0.049% -0.007% 0.137% 0.016% 0.049% 0.005% 0.345% 0.043%
Mi -0.138% -0.016% 0.040% 0.005% -0.090% -0.010% 6.661% 0.796%
MN -0.071% -0.009% 0.074% 0.008% -0.023% -0.003% -0.740% -0.087%
MO -0.096% -0.010% 0.054% 0.006% -0.049% -0.005% 2.290% 0.271%
MS 0.387% 0.035% 0.450% 0.045% 0.502% 0.047% 0.369% 0.045%
MT 0.842% 0.078% 0.626% 0.061% 0.926% 0.087% 0.393% 0.042%
NC -0.035% -0.004% 0.052% 0.006% 0.002% 0.000% -1.270% -0.151%
ND -0.036% -0.003% 0.124% 0.013% -0.012% -0.001% -1.390% -0.141%
NE -0.169% -0.018% 0.020% 0.003% -0.134% -0.014% -0.466% -0.051%
NH -0.167% -0.018% 0.052% 0.006% -0.094% -0.010% 1.630% 0.187%
NJ -0.009% -0.002% 0.022% 0.003% -0.007% -0.001% 0.021% -0.009%
NM 0.072% 0.007% 0.181% 0.019% 0.136% 0.014% 0.347% 0.042%
NV -0.211% -0.023% 0.038% 0.005% -0.144% -0.016% -1.656% -0.190%
NY -0.203% -0.023% 0.007% 0.001% -0.162% -0.018% -0.350% -0.040%
OH -0.011% -0.002% 0.079% 0.009% 0.022% 0.002% -0.639% -0.079%
OK 0.122% 0.014% 0.176% 0.019% 0.175% 0.019% 0.464% 0.050%
OR -0.171% -0.018% 0.020% 0.003% -0.130% -0.014% -0.861% -0.098%
PA -0.032% -0.004% 0.068% 0.008% 0.002% 0.000% -0.523% -0.065%
RI -0.115% -0.013% 0.053% 0.007% -0.054% -0.005% 0.898% 0.109%
SC -0.066% -0.007% 0.078% 0.009% -0.007% 0.000% 0.415% 0.051%
SD -0.199% -0.022% 0.045% 0.006% -0.137% -0.015% -2.860% -0.326%
TN -0.090% -0.010% 0.068% 0.008% -0.041% -0.004% -1.663% -0.196%
X -4.503% -0.627% -2.982% -0.472% -2.644% -0.304% -8.131% -1.013%
uT 0.050% 0.003% 0.083% 0.008% 0.074% 0.006% 0.031% -0.002%
VA -0.147% -0.016% 0.089% 0.011% -0.048% -0.004% 5.706% 0.659%
VT -0.125% -0.013% 0.106% 0.013% -0.024% -0.002% 0.414% 0.049%
WA -0.108% -0.013% 0.063% 0.007% -0.056% -0.007% -0.350% -0.041%
WI -0.126% -0.014% 0.045% 0.005% -0.080% -0.008% 20.893% 2.420%
WV 0.263% 0.031% 0.261% 0.029% 0.319% 0.036% 0.277% 0.030%
WY 1.350% 0.131% 1.201% 0.114% 1.635% 0.156% 15.903% 1.589%
us -0.710% -0.098% -0.328% -0.055% -0.373% -0.043% -2.980% -0.369%
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Appendix ADetailed CGE Model Description

The main features of the recursive dynamic iategional computable genefr&quilibrium (CGE) model
used in our analysis and data construction are described in this appédrtdixmodel is based on the
modeling framework of Rausch and Rutherford (2008hich calibrates the model to the IMPLAN state
level accounts and the statiaegional modeling applications of Sue Wing (2007)

Producers

Each of the 35 industries is assumed to be a profit maximizer where output is produced using a constant
returns to scale technologyror each sectgrin regionr at timet this can be expregsl as:

0 Opp "QU grMD RRMD frrMB M frRAQO (B.1)

where0 7,0 i, ando i are capital, labor, and intermediate inputs, respectively Ed represents
autonomous technological change which improves total factor productivityested Cobibouglas
constant elasticity of substitution (GDES) functional form was adopted in thedel By nesting
production functions, the model can account for different elasticities of substitution within the same
functional form Figure Al below displays the nesting structure of the production sector.
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Figure Al: NestingStructure in the Production Sector

As shown in Figure-A the top nest of the CICES production function consists of a GBlauglas
aggregate of valuadded (i.e., capital (K) and labor (L)), and a CES aggregate of lesretgyorrenergy

materials (M) inputs with an elasticity of substitlh 2 yey @ 0.6 between the KL and EM aggregates

The second tier separates the EM aggregate into an energy composite and-energy materials
O2YLRaAGSET 020K [/ 9{ F3IINBII {HISHER) of0.6 &d GF, lespactivedlyA G A S &
The nonenergy materials composite includes the 27 rarergy materials listed in Table The energy
composite includes coal miningpetroleum refining and products (PRP), natural gas distribution (NGD),

oil and gas extraction (OG), and electrici{LE).

Output in each producing sector is allocated to the domestic, intranational, and international markets
assuming a constant elasticity of transformation (CET) functional form where the elasticity of
transformation between products allocated to thedadée markets is assumed to be twerices paid by
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purchasers of industry output include a tax on production calibrated to benchmark data and the prices of
capital and labor purchases by industry include taxes on capital and labor also calibrated to &gnchm
data.

Consumers

The consumer sector is modeled as a utititgximizing representative consumer that derives utility from
the consumption of commodities, is assumed to supply labor inelastically, and is the owner of capital
stock The household sectdn each region receives income from the employment of labor and capital
Therefore, private income in regiorat timet can be written as:

®y WO0p  ®WOR (B.2)
where® (denotes labor income from supplyihgunits of efective labor, and’Kdenotes capital income
from supplying<Sunits of effective capitalYLis equal to:
Wb 0 0RO Y (B.3)

whered (represents the wage rate received by households. The relationship between labor demand and
supplyis described belowLSis a function of the working age populatioR@P) and an index of labor

quality @9; i.e.,
0 00 Ggn (B.4)

In each region, household income is allocated between consumpdioh §) andsavings $). In this
model we use a simple Solow growth model formulation with an exogenous savingsi ratetd
determine private savingsSY(;):

Wy Ry O w0 @ (B.5)
The household savings rate is chosemirror the observed rates in the benchmark data set.

Household utility is a nested CES function of consumption goods financed by household income net
savingsThe nested structure adopted in the model is shown in Figure A.2
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Food Housing

_ nergy
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then, X X X @ Othens

Figure A2.

Household utility, therefore, is a CES function of a food composite good, a housing composite good, an
energy composite good, and 13 other (i.e., fond, northousing, and nonergy) goods
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Government and Taxes

In the model, the government has two major roles: to collect taxes and to purchase commodities using
public revenuePublic revenue comes from direct taxes on capital and labor paid by industry and taxes
on output paid by purchasers of goods and servitesal government expenditure is the sum of
commodity purchasessovernment purchases of specific commodities are determined through
maximization of a Cobbouglas utility function of the 35 commodities where government consumption
shares are derived fro benchmark data

Capital, Investment, and Labor
Capital stock in a given regioat timet in the model is the accumulation of regispecific investment
net depreciation; i.e.,

Vp P T OUR G (B.6)

Totalinvestment by region in a given year in the model is determined by household saddngs

described above, following the Solow growth model formulation, household savings is an exogenously
determined share of household incomEhis share is set to follothe observed rates in the benchmark
data set The capital depreciation rate is set exogenously at 5% across all regions.

Imperfect mobility of capital across regions and industries in a given year is captured in the model

through the use of a composite TEES functiorCapital is allocated across industries in a given region
0lFldaSR 2y RATFSNBYyOSa ATYie elasfityni ttansfordnation oNBpitadzddgss (2 OF
the different industries is assumed to be one so as to preserve the bear&hindustryspecific capital

shares The CES aggregation of capital across regions is assumed to be Leontif, thus limiting the mobility

of capital across regions in a given ydavestment final demand is distributed to the individual

investment goodsexctors through fixed sharess, ;;, derived from benchmark data:

0 Wi Qr | pr® GO (B.7)

wherePS; is the supply price of investment gobth regionr and VIl is total value of investment.
Total investmentin regionr at timet, 'Q;, therefore can be written as:

T QEGR8 O ©:8)
Similar to capital, labor is also assumed to be imperfectly mobile across industries and regions in a given
year. As with capital, a CETES function is used to allocate labor to the 31 industries based on returns to
labor and to aggregate labor across regiortse elasticity of transformation is assumed to be one; thus,

labor is allocated to industries to preserve thenghmark values shares of lab®he elasticity of
substitution is assumed to be zero, thus limiting the mobility of labor across regions in a given year.

Intra- and International Trade

Trade flows are modeled using the Armington approach where impaytedis are considered
to be imperfect substitutes for domestic good$he total supply@9 of commadityl in regionr is
represented as a nested CES function of the domes}iarid traded good\)); i.e.,

where the traded good is a composite of the domestically traded good and internationally traded good
The elasticity of substitution between the domestic and traded goodssmed to be four while the
elasticity of substitution between the domestically and internationally traded good is assumed to be
eight.
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There are two prices of imports to buyers in the model: an intational trade price of gootland the
price of foreignexchange. The numeraire in the model is assumed to be the price of foreign exchange;
thus, prices in the model are relative to the overall international goods price.

Markets

The economy is in equilibrium in peribahen prices clear the market (i.e., slp equals demand) for
the 31 commodities and two factors (i.e., capital and labbine supply of commoditymust satisfy the
total of intermediate and final demands:

0¥s B Orin Orr Qr O Qpp, /T  MZ HZIBXE) omMO®

where QS equals the total supply of goddn regionr at timet; Ajj is the interindustry demand for
goodl by industryj; G, is the final demand for goolby the consumer sectofk;,: is the final demand
for goad | by the investment sectoiG, is the final demand for goolby the government sector; and
Xrtis net exports of good

In the labor and capital markets, we assume that labor and capital are fully emplaybis model

without foresight, invetment equals savingsi.e., there is no market where the supply of savings is
equated to the demand for investmenis described in Section B.4, the sum of savings by households is
equal to the total value of investmeribomestic prices relative to theripe of foreign exchange adjust

to hold the current account balance at its exogenously determined level.
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Appendix BImpact Sector Aggregation and Plant Shoiwvn Days

TableB-1: Impact Sectors Aggregation

CGE Sector IMPLAN - NAICS NAICR012
Name BEACode IMPLANDescription 2012 6-digit
PetroProducts 156 Refined petroleum products 32411 324110
157 Asphalt paving mixtures and blocks 324121 324121
158 Asphalt shingles and coating materials 324122 324122
159 Petroleumlubricating oil and grease 324191 324191
160 All other petroleum and coal products 324199 324199
Chemical 161 Petrochemical manufacturing 32511 325110
163 Synthetic dye and pigment manufacturin 32513 325130
164 Other basic_ inorganichemical 32518 325180
manufacturing
: , . 325193,
165 %‘fljfgifu'fi%gan'c chemical 32519 325194,
325199
166 Plastics material and resin manufacturini 325211 325211
167 Synthetic rubber manufacturing 325212 325212
168 Artificial and syntheti(_: fibers and 30522 325220
filaments manufacturing
169 Nitrogenous fertilizer manufacturing 325311 325311
170 Phosphatic fertilizer manufacturing 325312 325312
171 Fertilizer mixing 325314 325314
Pesticide and other agricultural chemical
172 : 32532 325320
manufacturing
173 Medicinal and botanical manufacturing 325411 325411
174 Pharmaceu_tical preparation 325412 325412
manufacturing
175 In-vitro diag_nostic substance 325413 325413
manufacturing
176 Biological p_roduct (except diagnostic) 325414 305414
manufacturing
177 Paint and coating manufacturing 32551 325510
178 Adhesive manufacturing 32552 325520
179 Soap and other detergent manufacturing 325611 325611
180 Polish and pther sanitation good 395612 305612
manufacturing
181 Surface active agent manufacturing 325613 325613
182 Toilet preparation manufacturing 32562 325620
183 Printing ink manufacturing 32591 325910
184 Explosives manufacturing 32592 325920
185 Custom compounding of purchased resii 325991 325991
186 Photograph'ic film and chemical 325992 325992
manufacturing
187 Other miscellaneous chemical product 325998 325998

manufacturing
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Dwelling

59

60

61

63

Construction of new singtamily
residential structures

Construction of nevwnultifamily
residential structures

Construction of other new residential
structures

Maintenance and repair construction of
residential structures

23*

23*

23*

23*

23*

23*

23*

23*

Source: MIG (2016).
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TableB-2: Shutdown Days by Texas Plants

: # of shut  # of days # of days at
Company Location Year . reduced
down days restarting .
capacity
Bxon Mobile Beaumont, Tx 2005 27 6 15
Shell (motiva) Port Arthur, TX 2005 32 6 8
Total Petrochemicals Port Arthur, TX 2005 19 20 8
Valoer (Premcor) Port Arthur, TX 2005 19 8 6
BP Texas City, T. 2005 77 0 0
Marathon Texas City, T. 2005 4 7 0
Valero Texas City, T. 2005 7 4 4
ConocoPhillips Sweeny, T> 2005 5 7 1
Deer Park Deer Park, T> 2005 8 6 11
ExxonMobil Baytown, TX 2005 6 100 0
Lydonell Citgo Houston, Tx 2005 5 8 62
Astra Oil Pasadena, T, 2005 5 8 0
Exon Mobile Beaumont, Tx 2008 28 0 7
Shell (motiva) Port Arthur, TX 2008 13 0 15
Total Petrochemicals Port Arthur, TX 2008 9 9 3
ValerO(Premcor) Port Arthur, TX 2008 14 6 15
BP Texas City, T. 2008 12 6 10
Marathon Texas City, T. 2008 18 2 15
Valero Texas City, T. 2008 9 4 2
ConocoPhillips Sweeny, T> 2008 4 10 6
Deer Park Deer Park, T> 2008 4 9 2
ExxonMobil Baytown, TX 2008 7 5 8
Houston Refining Houston, Tx 2008 9 6 20
Valero Houston, TX 2008 8 20 0
Pasadena Refinery Pasadena, T. 2008 9 9 17

Source: U.S. Department of Energy (2009)
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Appendix CAdditional National Impadtigures

Percent change
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FigureG1: 500yr Sorm Surge with Coastal Spine, Impacts in 2@6 (GSR

Notes: Percent change @SRy statesrelative to the BAWBSRevels in 266 with a coastal spinare shown Source: Authors
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Figure €: 500yr Sorm Surge with Coastal Spine, Impacts in 206§Welfare).
Notes: Percent change social welfareby statesrelative to the BAldocial welfardevels in 266 with a coastal spinare
shown Source: Authors
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Figure €3: 500yr Sorm urge without Coastal Spine, Impacts in 2066 (Income)
Notes: Percent change imcomeby statesrelative to the BAlhcomelevels in 266 without a coastal spinare shown Source:
Authors
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Figure &: 500yr Sorm Surge with Coastal Spine, Impacts in 2066 (Income)
Notes: Percent change imcomeby statesrelative to the BAlhcomelevels in 266 with a coastal spinare shown Source:
Authors
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FigureG5: Ike-like Sorm Surge without Coastal Spine, Impacts in 266 (GSP).
Notes: Percent change @SP b statesrelative to the BAWSHevels in 266 without a coastal spinare shown Source:
Authors
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FigureG®6: Ike-like Sorm Surge without Coastal Spine, Impacts in 266 (Income).
Notes: Percent change income ly statesrelative to the BAUhcomelevels in 266 without a coastal spinare shown Source:
Authors
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Figure G7: Ikelike Sorm Surge without Coastal Spine, Impacts in 2066 (Welfare)
Notes: Percent change $ocial welfare B statesrelative to the BAWocial welfardevels in 266 without a coastal spinare
shown Source: Authors
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Appendix DCommunicatindgindingsthroughWeb-basedMapping and
Visualization

To extend our analysis effortaje have develogd of a purposebuilt

web interface that serves to communicate the economic resst

web-baseddashboardllustrates theimpacts of storm surge for a variety
of scenariosjinking them to a host of direct and indirect economic 2216] curment
impacts at local, regional and national scales. Analysis results a :
contextualinformation can be visualizethrough a series of displays pm,,ECTED
including two vebmap cards andummarycharts.

Economic Development

. . ) i Scenarios
Scenarios included for the end user to view include:

- Sorm SIZ.e o . COASTAL SPINE
- Landfall in 2016 or 2080, the latter of which includes projected
land development HURRICANE SURGE SEVERITY
- The presence or absence of coastal spine ‘:l
SUmEEnEEEN Modeled Storm

- Qurrent or projected sea level rise

Web maps

Probability in next 30 years:
Results of the scenarios above are displayed on two maps which can Bl ebatiagy
viewed by changing tables. The center card is the map in focus, and Is
where charts (described below) draw information. One map displays
information on local impacts of the selectstbrm surgescenario, including either residential damages
or estimated storm surge. The second map displays national economic ingtactstate level Clicking
the tab in the top right
allows the end user to
alternate between local
and national impacts.
Within the local map,
users can also filter
areas by county or
community impacted,
population density and
social vulnerability; the
national map allows the
users to query impacts
by state.

Economic Impacts of Hurricane Storm Surge in Galveston Bay

Local Impacts
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The U.S. map aldwas a slider
National Impacts at the bottom of the map
which allows the user to
change the year in which they
are interested and
demonstrating spatial
variationovertime. Users can
also change which economic
indicator they are displaying
using the view drop down,
andcanalso focus on a single
state using the state drop
down. Clicking on a state or
polygon at the local level
provides a popup with
information of interest.

YEAR OF ECONOMIC IMPACTS: 2017
T

Esri, HERE, Garmin, NGA, USGS | Esri, HERE

Powered by Esfi

Charts

In addition to the webmaps, three types of charts are displayed base " maewemmm
on the scenario, including local damages, average surge depth and '

impacts The local damages chart provides an estimate of damages giy

storm size and future scenarios. This chart is dynamic and changes as

user zooms in or pans directionallgllowing the end user togain $4.28B
additional understanding of how damages vary at an aggregate lev

across Galveston Bay. If the end user is more interested in surge de|

they can chose to view the average depth for structures that wel

flooded and the number of siictures flooded in an area. Like the local

damages chart, the graphic is dynamic and allows the end user to zo o
and pan around Galveston Bay. Finally, the impacts chart uses the | e
level dataset as the focus and leverages the economic analyses. °

chat shows changes in economic indicators with and without a coast

spine. Multiple economic factors can be graphed including GDP, med 4.08Ft
income,changes in gas prices, insurance prices and housing prices. ~—

Structures flooded: 46,025
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Difference in Economic Activity from No-Storm Scenario for
Entire U.S.
I Ho Spine [ Spine

0.03%
0.02%

0.01% Minimal impacts
0.00%— expected-with
-0.02%

-0.03%

-0.04%

Economic activity is estimated based on Gross Domestic Product (GDP), which is the value of the

goods and services produced annually.

Directions

Local
The local and US maps have

different directions to help

) ] 1. Select storm year and scenario options from left sidebar (if
the user navigate the website.

hidden, click "=" at page top to show).

These can be found in the . Choose type of impact to view using “View" drop-down menu at
lower righthand corner. A top of map.
second tab is available to 3. Filter chosen impact by City, County, Population Density, or

show either the national or using "Filter" drop-down menu at top of
local webmap as well. map-

. View impacts for selected scenarios and any applied filters on

map and in summary chart at top-right of page.

. Switch to national impacts using the "Mational” tab at top-right

Ty ppeepp——
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National
Directions

. Select storm year and scenario options from left sidebar (if hidden, click "=" at page top to show).
. Choose type of impact to view using "View" drop-down menu at top of map.
3. If storm year is 2016, select impact year using slider at bottom of map. This shows how a storm that hits in 2016
might affect economic conditions up to 50 years in the future.
=

. Filter chosen impact by state using "State” drop-down menu at top of map.

. View impacts for selected scenanos and any applied filters on map and in summary chart at top-nght of page.

. Switch to local impacts using the “Local” tab at top-nght corner of page.

Additional information is available by clicking the info buttorfsal provide modals. .

Year of Storm X

This is the year that the storm hits the Houston-Galveston Bay
area.

e For 2016 storms, local and national impacts are based on
actual local land use and national economic conditions
for that year.

e For 2080 storms, local and national impacts are estimated
based on models of future local land use and national

economic development.
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Chapter 2Evaluating the Effects of a Coastal Spine on Flood Insurance
Premiums

Wesley E. Highfield and Jaimlyn Sypniewski

Executive Summary

A coastal barrier system has been proposed to protect the HouStmlimeston Region from the adverse
impacts of storm surge, due to both the recent disasters and an increased understanding of the impact of
future events along the Texas coast. Previous emlns have examined many direct and indirect
economic impacts related to the establishment of a coastal barrier system, however the impacts on flood
insurance have yet to be explored. To address this gap, we spatially and statistically analyzed the effect
of a coastal barrier on flood insurance policies and premiums that would be protected from storm surge
within Harris and Galveston county.

Highlights of our analysis include:

- Over 31,000, or 10% of all National Flood Insurance Program policies m atatGalveston
Counties, would experience a reduction in 3@ar storm surge as a result of a coastal spine.

- Areas that would have reduced storm surge with a coastal spine remit over $41 million dollars in
annual NFIP premiums and have total flood ilmsiwe coverage of over $8 billion dollars.

- Under a 106year storm surge scenario, over 3,000 coastah@ér flood insurance policies
would be protected to less than 1 foot of inundation.

- An additional 14,149 highisk flood insurance policies would beopected completely protected
from a 100year storm surge.

- In the most conservative insurance scenario, nearly $5 million dollars in premiums could be
saved annually by residents while still maintaining the same flood insurance coverage with the
presence of coastal spine

- Additional scenarios suggest that total annual premiums in the coastal HoGstweston area
could be reduced by 228% while still maintaining the same flood insurance coverage.
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Introduction

Communities surroundinalveston Bay have some of the highest flood insurance rates in the nation.
Under the 2015 Homeowner Insurance Flood Affordability Act (HIFAA), National Flood Insurance Program
(NFIP) premiums are being increased up to 18% a year until reaching actisagityrates (FEMA, 2014).

On the aggregate, this may be a sound approach to solvency for the NFIP, yet rising flood insurance rates
are increasingly felt at the local level, especially in coastal communities with aging populations and
infrastructures FR 2 R RSFSyasSas tA1S (GKS LINRLRaSR O2Faidlf
effectively removing it from the regulatory floodplain or reducing its flood risk, which may in turn
substantially reduce flood insurance cadtéith this in mind, our overghing goal is to is to estimate the
financial burden of NFIP policies with coastal, strgeed flooding risk in the HousteBalveston region

and determine the range of flood insurance premium savings to homeowners at the local level if a coastal
spine wa constructed. This study evaluates the potential effects of National Flood Insurance Program
(NFIP) premiums, including the reduction of flood insurance rates for residents in the Galveston Bay region
under 1) existing, baseline conditions and 2) with castal spine. We leverage existing Advanced
Circulation (ADCIRC) storm surge model outputs to establish flood insurance policy exposure and the
corresponding reduction in exposure given a coastal spifefurther demonstrate likely changes in flood
insurance rates through two separate approaches under four different scenarios in Harris and Galveston
Counties.

Background

Coastal Texas and Hurricane lke

Texas has over 400 miles of coastline that has historically attracted people and industry to take gelvanta

of a multitude of economic opportunities and quality of life amenities (Merrell, Reynolds, Cardenas, Gunn,

& Hufton, 2011). In May of each year, coastal Texas residents, communities and businesses prepare for

the annual hurricane season, which lastairdune to December. The Texas coastal region has over 4,300

square miles of land vulnerable to flooding induced by hurricane rains and storm surge. The frequency of
hurricanes along any Sfile segment of the coast averages about one storm event every y@aes.

Annual probabilities of a storm event range from 31% in the Sabine Pass Region to 41% in the Matagorda
Region (Roth, 2010). The warm waters of the Gulf enable storms to rapidly grow in size and intensity,
substantially increasing their ability toundate areas with storm surges of 20 feet or higher while causing

severe directflooNB f G SR RI YIF3S&4 YR AYRANBOG SO2y2YAO STTFS
large-scale storm surge event occurred in 2008 when Hurricane Ike, the primalystdor the proposed

aL1S 5A182¢ YIRS tFLyR¥IHtEt 2y G(KS ¢SElFa O21Fad ySkN
and 84 deaths (Stoeten, 2013). Ike was followed by Hurricane Harvey in 2017 and preceded by Hurricanes
Gustav, Dolly, and Ritas well as Tropical Storm Eduardo. Each of these storms struck the upper Texas

coast within a threeyear span. Devastating storms such as Hurricane Ike and Hurricane Harvey have
plagued the Texas coast for centuries, claiming thousands of lives and maeiwghelming strains on
communities, families, and individuals (Roth, 2010)

Hurricane lke made landfall on the east end of Galveston Island as a category 2 storm in the early morning
of September 13, 2008 (see Figure 1). Having decreased in intawsityafcategory 4 to a category 2
storm along its path over Cuba, many U.S. Gulf Coast residents would not have guessed that, at the time,
Ike would be the thirecostliest hurricane in U.S. historfwelve fatalities in Galveston and Chambers
Counties aredirectly attributable to lke (Berg, 2009 he total financial damage from Ike in Texas,
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Louisiana, and Arkansas is estimated at $24.9 billion, at the time the third costliest storm behind

Hurricanes Katrina and Andrew, respectively (Berg, 2009).

Pasadena

Pearland

Texas City.

o,

Legend

[lo-s
[s1-10
I 10.1-13
B 21-18
B 5.1-277

Surge Depth (ft)

— Hurricane lke Path

Figure 1. Path of Hurricane lke am@sulting Estimated Sorm Surge.
Source: Authors.

Despite its maximum sustained winds of 110 mph in the Galveston area, lke is known more for its immense

storm surge The maximum highvater mark recorded by FEMA wasfi7. X

t20F 4GSR

2y 21 A(¢

This surge event caused severe damage to structures and communities on Bolivar Peninsula. Galveston
Island did not receive the equivalent surge on the Gulf side, yet itswégér mark values still ranged

FNR Y w nthe re§udt of m surgé that pushed into Galveston and West Bay, forcing water back over
the island from the north (bay) sidédurricane ke was also unique in the duration of its surge. A
forerunner surge arrived late on September 11, marking an earlytstaising water in the region (Kraus

FYR [AYS wHnndod { G2 NY

adz2NAS RdzNI GA2y F2N |
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2% days (Kraus and Lin, 2009). Notably, the elevated area of Galveston Island located behind the seawall
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incured less damage, especially compared to areas adjacent to the City of Galveston that were without
dune or seawall protection (Kraus and Lin, 2009; Highfield et. al., 2014).

A Brief History of the Coastal Spine

¢KS aL1S 5A71S¢é 06 aSharrieCdotepiNiBoviding coastal plotectioN BghistidSniage
from hurricane storm surge to the Galveston Bay Area. In 2008, the waves and storm surge produced from
Hurricane Ike alone destroyed 60% of homes in affected coastal communities with an estiragiedy
damage cost of $5 billion ($25 billion total) (Davlasheridze, et al., 2016). The most prominent contributing
factor to the damagecaused by lke was storm surge that was able to enter Galveston Baiiere
hurricane winds continued to amplify itamaging effect. Twenty lives were lost and Hurricane Ike was
still far from the worstcase scenario: had Ike tracked-20 miles farther to the southwesthe resulting

storm surge in the bay and Houston Ship Channel would have had far greater directsimupe dramatic
implications for local, state, and national economies

The protective barrier being proposed is envisioned as an approximatelkma®0ng coastal spine along
Galveston Island and the Bolivar Peninsula. The spine would connect a $esezsmalls and fortified
dunes/levees along the coastline to retractable navigation gates located at both the mouth of Galveston
Bay and San Luis Pass. The intent is to limit the damaging effects caused by storm surge entering Galveston
Bay by blocking aggtion of the surge at the coast (Ruijs, 201The proposed coastal spine would not

only suppress the storm surge, but is also argued to considerably reduce uncertainty in hurricane surge
forecasts for the area protected by the spine (Stoeten, 2013aditition to reducing property losses,
decrease precautionary shutdowns, and reduce output losses for industrial plants (Davlasheridze et. al.,
2019). The idea is certainly not unique, as comprehensive storm surge protection infrastructure systems
have proen effective in protecting coastal communities prone to hurricane storm surge and resultant
flooding both in the U.S. and internationally.

Figure 2. Conceptuddesign of aCoastalBarrier System, Consisting of theExisting Seawall, Froposed

Dikes andHoodgate.
Source: Authors.
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From a beneficost ratio perspective, a coastal spine is economically feaJibkemost recent research
indicates a 70% reduction for the 5§@ar surge event, leading to an avoided loss of over $5 billion for
residential strectures and a total savings of about $12 billion for all occupancy categories. Significant loss
reductions are also seen for the 1§8ar surge event, where damage among all occupancy classes is
reduced by over 56%, avoiding almost $6 billion to propertyaiges (Davlasheridze et. al., 2019).

The National Flood Insurance Program

. @ FIFINIGKS Y2aid O2YLINBKSYyaiadS IyR gARSt@ AYLX SYSy
the household level takes place through the National Flood Insurgrmgram (NFIP) (Highfield,

b2NXYIFY FYR . NRR@Z HanmMoO®d ¢KS bCLt ¢gla SadrofAaKSR
residents and businesses. Although private sector flood insurance is increasingly available to some, the

NFIP is still the priman®/K A Of S F2NJ LINPGARAY A Db22R AyadaNI yoS (2
GNRGAY3IS GKS bCLt KFra 2@8SNI HpZnnan LI NIAOALI GAy3a O
in force

WA&dl ARSYGAUOIFGAZ2Y ARSYy RR(R3a FyNS Az dealSiR NS RS yySS
determine actuarial rates. The result of this analysis is the Flood Insurance Rate Map (FIRM), which

O2yiGlAyas FY2y3a 2GKSNJ RStAYySIGA2yas GKS o62dzyRIFENARS
Gmsyeh NJ b22Ré 2NJ ok asS b22R0® ¢KS NADGSNAYS b22R NRaJ
GRSaAIAYE D22R 2NINIAYTFIEf S@SfNI DRPR! D 2HzyRd NG KNI
chance of being reached or exceeded by flood waters in any givenAdyeambination of hydrologic and

hya dzf AO Y2RSfa INB dzZaSR (2 SaidAYrdS GKS RSLIWK FyR

Ly O2YLI NARazy (2 NAOGSNRAYS b22RLIIAYyas b22RLI I AY R
far more complex and uncertain process that relies on simulation models, namely the the hydrodynamic

Sea, Lake, and Overland Surges from Hurrican&S{$Lmodel and, more recently, the Advanced

/| ANDdzf  GA2Yy 6! 5/ Lw/ 0 Y2RSt®d ¢KS ReylIYAO Yyl GdzNBE 27
frequency based on historical storm surges, still water elevation levels, and models of wave generation,

setup, overlad propagation, rurup, and overtopping. Also, factors such as tides, erosion, and existing
structures (e.g., seawalls and other barriers) must also be considered (FEMA, 2017).

¢KSaS 2dzilddzias 020K NAGDBSNAYS | yR e@atioatdwhick | NS LJ2 N.
floodwater is anticipated to rise during the base flood (i.e.,-$68@r flood or base flood elevatign)

(FEMA, 2017While frequently misconstrued @ise measure of flood risk, FIRMs are created for the

purpose represented by their namesake: to set flood insurance rates. FIRMs are divided into zones

which broadly determine the probabilistic flood risk for the area delineatéaderate- and lowrisk

areas are denoted by-BGC or Xzone designations (see Tall). Areas designated asz&nes are judged

to be low flood risk and carry flood insurance premiums (usually preferred risk policies) of

approximately $450 dollars per year, assuming there is no previous history of flood damage. Shaded X

zones are areathat are considered low to moderate risk due to protection by levees or other structural

features. Shaded-Xones premiums are typically near the preferred risk policy cost.

(p))

Flood zones AE and VE are considered-hglh and correspond to what is commgnkferred to as the
100year flood, or areas which have a 1% chance in any year of encountering .&ZtboedAE is the
traditional 100year or 1% flood zone, while zone VE carries the same flood probability but with the
addition of wave action resultinjom storm surgelnsurance costs in AE and VE flood zones carry
higher annual premiums with much more variability, depending on the age, foundation type and
elevation of the structureFor example, in Harris and Galveston counties, the average fleadhimce
premium for structures located in the A®ne is $905 per year. This value is, however, highly variable
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(standard deviation $1013); structures built prior to the establishment of FIRMd~(R#¥!) have
premiums of nearly $1000, while structures buaifter the establishment of the FIRM (pesStRM, and
assumed to a higher standard) have an average annual premium of $F@6tures built in VEones,
and thus subject to storm surge carry even higher premiurhg average flood insurance premium of
VE rated structures is $1083, with average-pi®&M VE rates of $1440 and average {#0BM VE rates
of $900.

Table 1: Definitionof FEMAFloodZones(adapted from FEMA, 2017)

Moderate to LowRisk Areas

Area of moderate flood hazard,ded f t @ (GKS T NBIF 0SG6SSy i
BandX pnnmedSENI FE22Ra0 . %2y Sa FNB [ taz2 dzaSE
(shaded) Fa FNBFa LINPGSOGSR o0& tS9SSa FNRY | M N1

depths of less tha one foot or drainage areas less than 1 square mile.

I NBF 2F YAYAYLf Fft22R KFTFNR dzadz ffeée F
Cand X Zone C may have ponding and local drainage problems that don't warrant a detailed
(unshaded) orRSaAAYI GA2Y &a F 0Fa&aS FE22RLIE Ay d %2y

@8SIFENJ FE22R YR LINRPGSOGSR o6& | fS@SS ¥FN
HighRisk Areas
AE Areas with a 1% annual chance of flooding where base flood elevations are provided.

High-RiskCoastal Areas

Coastal areas with a 1% or higher chance of flooding and an additional hazard assoc
GAOK a02N¥Y ¢ @Sad ¢KSasS INBlLa KIF@GS | H
mortgage. Base flood elevations derived from dethihinalyses are shown at selected
intervals within these zones.

VE
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Study Area and Methods
Study Area

The focus area for this study are the portions of Harris and Galveston Counties that will experience a
reduction in storm surge as a result of a coastal spine. The study areas in these two counties represent
the primary impact of the proposed coastal spaethey will be directly affected by its construction and
potential flood mitigation effects, while containing nearly all impacted NFIP poliniesder to determine

our study area, we relied upon two datasets: NFIP policies from 2014 (the most @ailable) and
ADCIRC flood inundation outputs. We first calculated the difference in flood inundation from two ADCIRC
runs that simulate a 10§ear surge event: one modeled run that allows surge to impact the study area
unimpeded from any barrier, andorieK I & G 1 S&a Ayid2 | O02dzyd I mtQ &id2N
2 above. The 10@ear event was selected since current regulatory flood insurance policy uses this
recurrence interval as the regulatory trigger for insurance purchB$dP policies we then spatially

joined to the two ADCIRC runs, creating measures that provided estimated surge inundation with and
without the presence of a coastal spine. Any NFIP policy located in an area that demonstrated a decrease
in surge height was included fasrther analysis, effectively isolating only policies impacted by a coastal
spine. Figure 3 (below) outlines our study area; areas in green indicate decreases in surge inundation as a
result of a coastal spine in Harris and Galveston Counties.

Pasadena

League City

Galveston

Legend

Reduced Inundation
15 Miles - 100-year Floodplain

Figure 3.StudyArea for Harris and Galveston CounliysuranceAnalysis
Note:Areas in green are those that will experience some level of surge red®dimee: Authors.
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Methods
Rating Change Scenarios

Following the establishment of our study area, we then developed a set of four scenarios to shift NFIP
policies into new rating zoneJhese four scenarios represent the most likely changes in NFIP policy
ratings should a coastal spine be constructed aedified to protect against a 16@ear surge event. To

determine changes in flood insurance costs with a coastal spine in place, we used these four scenarios of

LR GSYyidAlrf bCLt NYGAYy3IEa OKL y 3 StathosezateOthavdrd-oddBedinI | A y &

the dataset without any modification.

The first scenario is the most conservative and-ag&rse In this scenario, we assume thatz¥ne rated
policies that experience a decrease inthe 808 | NJ & dzNHS (2 wmQ 2 NJspireadhiit | &
from V-zones to Azones. This scenario keeps existing policies in therfsgllood category, but removes

GKS GKNBIG 2F Oz2Fraidlt 61 @S FOGA2Y AF adz2NEHS 461+ (SN

(see Table 2).

The second cenario takes a slightly more lenient but still quite conservative approach to NFIP zone
changes|In this scenario, one rated NFIP policies in locations that have hadyH20 surge levels
reduced to zero inundation are shifted into shaded X zorfésod zones which are considered moderate
risk due to structural mitigation featureblo other policy rate changes are made.

Table 2. Scenariddsed toAnalyzeChanges inlHood InsuranceRating Based onHood Zones.

Scenario Description \V-Zone A-Zone Shza:)dneed X X500 Zone X-Zone
G.FasStAays
Baseline Predicts current No Change
insurance rates
Receives
100 yr surge : .
1 reduction in VZones Shifts to increase No Change No Change No Change
3285 G2 f A Zone from \-
Zone
100 yr surge Shifts to
2 reduction in VZones Shaded No Change No Change No Change No Change
328a G2 n X
100 yr surge Shifts to Receives
3 reduction in VZone AZone Shaded X increases No Change No Change
F mMmQ> I ff from A-Zone
100 yr surge Shifts to Receives
4 reduction in VZone AZone X-Zone No Change No Change increase
F MQZondsE O from A-Zone

In our third scenario, we begin to shift two zon&srst, and similar to the first scenario;Zdne rated

L2t AOASa (GKIG KI@GS mQ 2N fSaa | a 2 ¥zonauethdEARona A ( K
Second, we now also shiftzbne poliaés into the shaded-Xone if the Azone policy location has a surge
reduction to zero feetThis scenario is an expansion of Scenario 1, with the assumption that toe A
shaded Xzone shift also represents a reduction in coastal flooding in areas thed wreviously not
expected to have wave action
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The fourth and final scenario is perhaps the most liberal of the. feitst, we shift Vzone rated policies

to the Azone if the policy location experienced a reduction in surge depth of less than ottetfe

same approach taken in scenarios 1 and 3. Next, we shifina rated policies that show complete
protection (surge reduction to zero feet) from 1§8ar surge events with a coastal spine into-ask,

or Xzone ratingsThis second shift is congtially different from movement of policies into the shaded
X-zone. However, our dataset has far moreofie rated policies than shaded X rated policies, providing
more variability in cost estimates.

Data Analysis

Building on the four flood insurance ratbange scenarios outlined above, we then analyzed data through
two approachesThe first approach simply uses the mean policy premium for each flood zone to substitute
changes in flood insurance premiums as a result of a coastal spine reducing stoempdiaygratings. For
example, a precoastal spine Mone rated policy that exhibits a surge reduction of less than one foot may
after the coastal spine may have its rating shifted to theoAe. In this case, we subtract the meaadnhe
policy premium fron the total of all Vzone rated policies, and add anzAne rated policy at its mean
value, increasing the total of allZone rated policy premiumdhe advantage of this spatial analysis
driven meansubstitution method is that it retains all of the raflood insurance premium valuesno
modeling errors are introduced. The disadvantage, however, is that the 1migastitution approach only
takes into account the flood zone location of the policy, it does not consider many of the characteristics
used to assss or that drive flood insurance rates.

To address this shortcoming, we also took a second, statistical regrdsssed approach to estimate
changes in flood insurance premiums. For this second approach, we measured a suite of variables to
predict annuaflood insurance premiums by estimating Ordinary Leagtiares regression modekrst,

we started with the dependent variable, flood insurance premiums, which was measured to the whole
dollar and represents the total amount paid per year for flood insaea This variable was further log
transformed to approximate a Gaussian distribution. Second, we measured a host of independent
variables under the categories of cost factors, discounts, elevation and flood zones (see Table 3).

The cost factors examinambnsisted of the total replacement cost and total insurance coverage. The total
replacement cost is a whole dollar estimate of the value of the insured building as provided by the
insurance policyThe total coverage is the total of building and conteaverage, and varies from the
replacement coverage due to the maximum coverage amounts allowed by the NFIP. For a residential
policy, the NFIP caps building coverage at $250,000 and contents coverage at $100,0@8jdential
building and contents covege is capped at $500,000 for each coverage tBmh total coverage and

total replacement values were calculated and-tognsformed before entering the model.

There are also several elements that can reduce insurance premiums. The variables exarttiged in

OF 6S32NE AyOf dzRSR (KS LREtAOASEAQ /w{ LINIHAOALI GA2Y
pre-FIRM statusThe CRS level refers to the Community Rating System (CRS), which is a voluntary incentive
program that recognizes and emarages community floodplain management activities that exceed the
minimum NFIP requirements. The greater the CRS class, the greater the insurance premium discount will

be, up to a maximum of 45%. We included the CRS scores of each policy as a seliestof wariables,

ranging from no discount (neparticipating) to a 25% discount, the maximum in the study aféevated

buildings are also rated at a discount relative to stmbgrade construction. An elevated building is
RSTAYSR 0@ Crygdhht hds achasénment andizthét Rak its lowest elevated floor raised above
IANRdzyR £ S@St o0& F2dzyRIGA2Yy gtfftaxy aKSFEN glfftaz LR
each policy (yes/no) was entered into the model as an indicator vari@ibke preFIRM status also drives

individual flood insurance rates. Ap&Lwa Aa &adNHzOGdz2NE Aa RSTFAYSR o8&
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construction or substantial improvement occurred on or before December 31, 1974, or before the
effective dateofanii A f Cf 22R Ly adzNF» yOS wlkGS al Ll 6CLwav ®é L
prior to the development or implementation of the flood insurance mapping and rating syftelicies

rated as preFIRM were entered into the model as an indicator variable.

Table3. Variables Summary Statisticand Sources Usetb Predict Flood Insurance Premiums

Variable Mean  Std. Dev. Source
Total Premium 1327.13 2360.72 NFIP
Total Premium (natural log) 6.65 0.94 Calculated
Replacement Value 323425 2834443 NFIP
Replacement Value (natural loc  12.16 0.63 Calculated
Total Coverage 2604.66 2078.09 NFIP
Total Coverage (natural log) 7.69 0.65 Calculated
A-Zone 0.72 0.45 FEMA FIRM
V-Zone 0.16 0.36 FEMA FIRM
500year Zone 0.06 0.23 FEMA FIRM
Shaded X Zone 0.0007 0.03 FEMA FIRM
X Zone 0.0600 0.24 FEMA FIRM
postFIRM status 0.63 0.48 NFIP
Elevated status 0.41 0.49 NFIP
Height Above Nearest Drainage 2.27 1.30 NCIE
CRS Class 2.40 5.54 NFIP
n=31,410

The elevation of a structure is alsoiamportant determinant of a flood insurance rate. Typically, this form

of elevation is measured as the fifsvor elevation (FFE). The FFE in relation to the base flood elevation
on a FIRM is critical to understanding how much, if any, water will be @kday a structure in the event

of a flood of a given heightUnfortunately, values of FFE are difficult if not impossible to obtain as FFEs
are determined by a surveyor and recorded on an elevation certificate; many structures have not been
surveyed, ancho database of elevation certificates exists. As a proxy, we incorporated the Height Above
Nearest Drainage (HAND) into the model (Liu et. al., 20¥Bjle not a true FFE, the HAND does provide

an elevation more accurate for flood impacts than traditibgeound elevation and is roughly equivalent

to FFE for most slatn-grade structuresHAND values were previously calculated by and downloaded
from the National Flood Interoperability Experimehttps://web.corral.tacc.utexas.edu/nfiedatd/ Each
bCLt LRfAOe gla aLl dAlrtte 22AySR (2 Ada 1!'b5 St Sgl
into the model

The primary variables of interest, flood zones, were allocated to each ffmalance policy. The most

recent effective flood insurance rate maps for our study area were downloaded and spatially merged from
the FEMA Map Service Center. Each flood insurance policy was then spatially joined to the merged FIRMs
to determine its flo@lplain zone designatiomhe zones included in our analysis are described above in
Table 1. Finally, we also included fixedtects for community membership based on the FEMA community
definition, to control for any additional mitigation activities thatagnoccur at the community level and

other unobserved heterogeneity. The regresstmased analysis was performed on the same-setbof

policies that demonstrated a decrease in storm surge reduction. An initial regression model was estimated
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using the varibles described above, and baseline flood insurance rates were predicted from this. model
Following the baseline prediction, we then substituted observations into different flood zones using the
factors described in the four scenarios, and predicted flmstirance premiums for each scenario.

Results
Descriptive

The results of our initial spatial analysis of NFIP policies indicated that 31,411, or 10% of all NFIP policies
in Harris and Galveston Counties, would experience a reduction kydd)Gstorm surge as a result of a
coastal spine (see Figure 4).

Pearland

Legend

Protected Policy
Reduced Inundation

0 25 5 10 Miles Il 100-year Floodplain
I

Figure4. GeneralLocationof NFIPPoliciesthat Would Experience Reductionin Storm Surge Frora
100-Year Event.

Source: Authors.

85



These policies are all located in areas that are directly adjacent to the Gulf of Mexico, Galveston Bay, or
along Clear Lake/Creek and the HousBtp Channellhe 31,411 NFIP policies that will experience some
level of storm surge reduction represent over $41 million dollars in annual premiums borne by residents,
with total coverage of over $8 billion dollars without protection. Over 72% of t&ffiepolicies occur in

the Azone, which has an annual policy premium of $1,167, accumulates over $26 million dollars per year
in premiums and has total flood insurance coverage of $5.7 billion dollaesother higkrisk flood zone,

the \tzone, has 4,919olicies that will experience some level of surge protection, with a mean annual
policy premium of $2,719, over $13 million in annual flood insurance premiums and nearly $1.3 billion
dollars of flood insurance coveradgehe remaining moderatend lowrisk zones, including the 58@ar,
shaded X and-Xones, account for the remaining 3,799 NFIP policies that would experience a reduction
in storm surge Even these lowisk flood zones account for $1.8 million in annual flood insurance
premiums and have $1 billion in covered assets. Mean annual policy premiums for these zones range
from a high of $526 in the 50¢ear flood zone to $326 in the shaded X zone (see Table 4).

Table4. SummaryStatisticsfor NFIPPoliciesthat Would Experienc&tormSurge Reductiomvith the
Establishmentf a Coastal Spine

Flood Insurance Premiums

Flood Total Mean Median Std. Dev. TotalCoverage Policy
Zone Counts
A $26,490,806 $1,167 $588 $2,048 $5,776,615,00C 22,693
Vv $13,377,044 $2,719 $1,918 $3,663 $1,299,704,20C 4,919
X $867,909 $442 $392 $384  $589,712,600 1,963
X500 $952,925 $526  $392 $703 $510,817,000 1,813
Shaded X $7,507 $326 $312 $48 $4,626,000 23
Total $41,696,191 $1,327 570 $2,361 $8,181,474,80C 31,411

The reduction inundation from a coastspine protected 10§ear surge for NFIP policies is variable, both

overall and across zones (see Table 5), but follows the risk structure of existing flood zones. The largest
average change in mean inundation is for policies locatediiny Sax A GK I YSIy RSONJ
which affects nearly 5,000 policies. Thisultis not surprising, as these policies are located in areas most

at risk from storm surge.

Policies in the &Zone seesthe secord2 81 RSONBIF &S Ay YSIy ad2N)Y &dz2NHS
which would have experienced rising water in the eveh& storm surge, but withougpr with reduced

wave action. The largest impact in affected policies comes from this zone, with 22,693 NFIP policies
benefitting from a reduction in storm surg&he third flood zone in order of flood risk is the 5@€ar

florR 1 2ySs 6KAOK Aa fa2 NIYy{SR GKANR Ay YSIy &id2N
The final two zones of low flood risk, the shaded X zone (23 policies) aneztimeX1,813 policies), show

minimal decreases in mean stormsurgede@i A 2y |G nodccQ YR HOPHQX NBaLIS
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Table5. Mean Changdn Inundation from Base Levels (Without Protectiond Coastal Spine Levels
(With Protection)for a 100-Year Surge Evetty Flood Zone.

Difference in Inundation, Feet

Flood Zone Mean Min Max Std. Policy
Dev. Counts
A 445 0.01 17.48 2.55 22,693
\% 6.98 0.25 16.3 1.67 4,919
X 148 0.01 15.8 1.03 1,963
X500 2.22 0.01 13.25 1.72 1,813
Shaded X 0.66 0.05 3.77 0.87 23

Scenario Results

Although the above sheds some light on theel of NFIP policy premiums and asset exposure that may

be changed with a coastal spine in place, more spatiadplicit results were calculated based on the four

scenarios outlined in Table 2 using two approaches: reedrstitution and regressichased The mean

substitution approach retains the raw annual policy premiums, shifting policies from one flood zone to
another based on the reduction in storm sur§®&hen a policy changes flood zones, the mean premium

for the original flood zone is subtractéebm the total premium for that zone, and the mean premium for

GKS yS63s 2N GLINRPGSOGSRZe Ft22R 1 2.y rebulisoftie®BR (2
scenarios are then compared to the baseline, or unprotected, flood insurance figures.

As previously noted, the mean substitution approach has a disadvantage in that it only takes into account
the flood zone location of the policy, and does not consider any of the other characteristics used to assess
flood insurance ratesThis limitation wa addressed through the use of a statistical regresbased
approach to estimate changes in flood insurance premiums. The estimated regression model described
above achieved an adjusted & 0.49. All independent variables described above in Table aveehas
expected and were significant at< 0.001 (see Appendix .Aegression diagnostics did not yield any
AAAYATFAOLI YOG @GAz2ftliA2yad LG aKz2dzZ R 0S y20SRX K24S0Q
the raw premium values by approximaté&@%. This was not wholly unexpected, as model fits of this type

of data are notoriously difficult and do not yield highvRalues While this is not ideal for comparing the
aggregate policy premiums predicted from the regression model to the raw, f@astitution premiums,

the percentchanges from the scenarios analyzed with the regressased approach are still informative

when compared to the predicted regression baseline and perchahges calculated in the mean
substitution approach.

Scenario 1

In this conservative scenario;2éne rated policies that experience a decrease inthed @I NJ & dzZNAS § 2
or less were shifted from-¥ones to Azones. Notably, this scenario keeps all policies, regardless of their
change in flood zone, in a higisk flood category. Under this scenario with mesubstitution, 3,184

(65%) of NFIP policies inthel\2 Yy S | NB LINRPGSOGSR (2 tSaa GKIy wmQ
traditional 100Gyear flood zone (&one) without wave actianThis scenario results irearly $5 million

dollars in annual flood insurance savings to homeowners, a 13.45% reduction (see Table 6) from the
baseline. Comparatively, the regressioased approach resulted in a comparatively similar reduction of

12.35% compared to baseline (see [Eab).
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Scenario 2

Scenario 2 shifts-Yone rated NFIP policies in locations that have hadyE20 surge levels reduced to
zero feet of inundation into shaded26ne rated policies, or ratings intended for moderaigk areas due

to structural mitigatiorfeatures such as levees and dams. The calculated changes usingubsstution
under this second scenario show that 2,619 (53%®Me polices are fully protected from storm surge as
a result of the coastal spine, which shifted the same amount into shaémne policies with an average
annual policy premium of $32@n the aggregate, this resulted in $6.2 million dollars per year in savings
for annual premiums, a 17.7% reduction compared to the baseline (see Table 6). The regdrassibn
estimates forScenario 2 yielded a 12.42% reduction (see Table 7).

Scenario 3

The third scenario shifts policies into two zoned: 2 yS LRt AOASa GKIG KIR mQ 2NJ
spine were shifted to the #one, while Azone policies that had a surge redugfio 12 nQ GSNB Y2 O¢
the shaded »one In this scenario, measaubstitution again resulted in 3,1842éne policies removed

from the highrisk coastal zone, while 14,189zAne policies were shifted into the shade&dhe The

overall effect of thesgoolicy reratings decreases the total annual policy premium by nearly $14 million

dollars, or a 49% decrease in total annual premiums (see Table 6). This was the highest reduction of all
scenarios across both methadkhe regressiofbased estimated reduitin was 28.81%, still over double

that of the previous two scenarios, but not nearly as ambitious as the reahstituted reduction (see

Table 7).

Scenario 4

The fourth scenario follows the same decision logic as Scenario 3, exzepeAated policies @t show
complete protection from 10§ear surge events are moved into thedne (as opposed to the shaded X
zone) Results from the fourth scenario pick up on the relatively higlost of Xzone policies compared

to shaded Xzone policies, which may beartificially low This scenario yields the same 3,184 policy
reduction in the Vzone, decreases-2one policies by 51%, and adds 14,189 policies to-#wnX. In total,
Scenario 4 decreases annual total flood insurance premiums by $7.4 million dodAr&% reduction

(see Table 6)The regressiovased figure also converged on a similar estimate of a 23% reduction (see
Table 7).
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Table6. Changesn NFIPPolicy Countand Total Premiumscross Four Scenariag¥ Flood Zone Changes Usittge MeanSubstitution
Approach PolicyRating Shiftsaare the Resuliof a Coastal Spine Causing Decrease400Year Surge Inundation Levels.

Baseline Scenariol Scenario2 Scenario3 Scenario4
Flood Zone Policies Premiums Policies Premiums Policies Premiums Policies Premiums Policies Premiums
A 22,693 $26,490,806 25,877 $30,206,534 22,693 $26,490,806 11,688 $12,842,835 11,688 12,842,835
\ 4,919 $13,377,044 1,735 $4,717,465 2,300 $6,253,700 1,735 $8,657,296 1,735 8,657,296
X 1,963 $867,909 1,963 $867,909 1,963 $867,909 1,963 $867,909 16,152 7,139,184
X500 1,813 $952,925 1,813 $952,925 1,813 $952,925 1,813 $952,925 1,813 952,925
Shaded X 23 $7,507 23 $7,507 2,642 $861,292 14,212 $4,633,112 23 4,633,112
Total 31,411 $41,696,191 31,411 $36,752,340 31,411 $35,426,632 31,411 $27,954,077 31,411 34,225,352

Percent Decreast 13.45% 17.70% 49.16% 21.83%

Table7. Changesn NFIPPolicy Countand Total Premiumscross Four Scenariag Flood Zone Changes Usittte RegressioiBased
Approach PolicyRating Shiftsare the Resulof a Coastal Spine Causing Decrease400Year Surge Inundation Levels.

Baseline Scenariol Scenario2 Scenario3 Scenario4
Flood Zone Policies Premiums Policies Premiums Policies Premiums Policies Premiums Policies Premiums
A 22,692 $17,029,228 25,876 $19,404,765 22,692 $17,029,228 11,688 $9,699,580 11,688 $9,699,580
\% 4,919 $8,656,317 1,735 $3,286,515 2,300 $4,349,806 1,735 $3,286,515 1,735 $3,286,515
X 1,963 $765,983 1,963 $765,983 1,963 $765,983 1,963 $765,983 16,151 $8,305,689
X500 1,813 $770,685 1,813 $770,685 1,813 $770,685 1,813 $770,685 1,813 $770,685
Shaded X 23 $8,316 23 $8,316 2,642 $1,305,775 14,211 $6,617,815 23 $8,316
Total 31,410 $27,230,530 31,410 $24,236,264 31,410 $24,221,478 31,410 $21,140,577 31,410 $22,070,785
Percent Decrease 12.35% 12.42% 28.81% 23.38%
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Discussion

Using the 10§/ear storm surge event as a marker for flood insurance exposure resigaiicant benefits

to a coastal barrier systenCurrently, policyholders that would be affected by a coastal spine spend over
$40 million dollars on flood insurance annually. Results of our initial spatial analysis show that over 31,000
NFIP policy hokets would experience a reduction in storm surge from a coastal spine, a number that has
likely increased following Hurricane Harvey with its renewed sense of flood risk driving flood insurance
policy purchasesBased on their proximity to the coast;2dne policies show the largest decrease in
inundation, yet over 22,000-20ne polices also have reduced storm surge levels. All told, our analysis
indicates that $8 billion dollars of NFIP insurance coverage would have reduced surge risk with a coastal
spine.

Additional scenaridased analysis extended the specificity of these estimates and provided probable
ranges of flood insurance reductions. Based on our analysis, even the most conservative estimates provide
substantial insurance savings to coastal residem annual basisScenarios 1 and 2, which only affect
highrisk flood zones with wave action, still decrease annual insurance costslifi®d,2a consistent figure
across both estimation approaches. Scenarios 3 and 4, which provide the same levakofigmdor
highrisk flood zones with wave action, but also extend to more traditional flood zones, showed higher
reductions, realistically ranging from 2B% per year

The probability of each of these scenarios coming to fruition should a coastal lspiconstructed is
difficult to judge Scenarios 1 and 2 are likely the most feasible, as they do not affect any existimgkigh
flood zones, but remove the threat of wave acti@cenarios 3 and 4 are not unrealistic, but they are
naive with respecto riverine and pluvial flooding that may still occur irzénes. Given the proximity of

the Azones analyzed to coastal waters, storm surge threats are likely the most probable cause of flooding,
but other freshwater sources may still be present. Onwimle, the most likely scenario is a mix of the
four provided in our analysis.

One important aspect that needs to be considered is that each of the four scenarios will still allow
residents to retain flood insurance at the same coverage lémelact, our analysis assumes that each
current policy holder renews their policies, witbhme benefitting from lower annual premiums as a result

of decreased storm surge. Although the purchase flood insurance is one important characteristic of flood
mitigation and resilience, there will undoubtedly be a decrease in flood insuranceufakates should
highrisk 100year flood zones get reoned to moderate and lower risk flood zonds this case, the
mandatory flood insurance purchase requirements for residents sné \fzones with federalipacked
mortgages would no longer apply, some poofion of policies would lapse, and the flood insurance
premium savings would be 100%
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Appendix Regression model predicting flood insurance premiums

95% Confidence Interva

Coef.  Std. Err. t p>t Lower Upper

Replacement Value 0.2200 0.0078 28.22 0.0000 0.2048 0.2353
Coverage 0.4514  0.0075 60.10 0.0000 0.4367 0.4662
A-Zone 0.1152  0.0192 6.01 0.0000 0.0776 0.1528
V-Zone 0.6696  0.0235 28.53 0.0000 0.6236 0.7156
X500Zone -0.1967 0.0262 -7.51 0.0000 -0.2480 -0.1454
Shaded Xone -0.5135 0.1449 -3.54 0.0000 -0.7975 -0.2296
Post-FIRM -0.4606  0.0090 -51.05 0.0000 -0.4783 -0.4429
Elevated Building -0.0954 0.0108 -8.87 0.0000 -0.1164 -0.0743
Height abovebrainage -0.1305  0.0043 -30.22 0.0000 -0.1390 -0.1220
CRS Discount

5 0.9741  0.0253 38.51 0.0000 0.9245 1.0237
10 0.3883 0.0235 16.54 0.0000 0.3423 0.4343
15 0.2968 0.0203 14.65 0.0000 0.2571 0.3366
20 0.1669  0.0332 5.02 0.0000 0.1018 0.2321
25 -0.0238 0.0457 -0.52 0.6030 -0.1134 0.0658
Constant 0.0492 0.6769 0.07 0.9420 -1.2776 1.3760
n=31,410 Adj. R=0.491

Coefficients for community fixed effects not show
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Chapter 3Public Perceptions of Coastal Protection in Té&mdings
from aSurvey of Harris, Galveston, & Chambers Counties

Ashley Ross

Contributors: Sandra Lee and Té&xdiscoll

Executive Summary

In recent years, scientists, polityakers, and elected officials have been calling for a comprehensive

coastal storm surge protection system for the Galveston Bay rebiowever, K S LJdzo f A OQ& LISNIDS
this mitigation stratgy has not been assessed. This chapter summarizes the findings of the first survey to
systematically evaluate public perceptions in Chambers, Galveston, and Harris Counties of the coastal
spine. A total of 2,300 phone and online surveys were completedcdiruction of the survey sampling

frame and estimates of the survey weight ensure, within a reasonable amount of statistical uncertainty,

that the results are representative of the larger¢nunty population.

The key findings of the survey include:

- Widespread public support for structural and nestructural mitigation to address the risk Texas
coastal communities face from natural hazardslultiple mitigation strategies were evaluated,
ranging from levees and elevation to land use regulations, ard #ém were supported by over
70% of the respondents in each county.

- Overwhelming public support for the coastal spine or lke Dikgproximately 73% of the
respondents surveyed said they support the construction of the coastal spine.

- Public preferenceor shared responsibility for financing the coastal spin€he majority of
respondents; 55%- believed that both government and port industries should be responsible for
financing the coastal barrier system. Tairds of respondents also supported somge of
public tax, including sales and hotel tax, to raise revenue to construct the coastal spine.

- A wmastal spine will reduce risk to homes and provide job security for so@eer 50% of
Chambers and Galveston County respondents said they feel their womie be at less at risk if
the coastal spine were constructed; 47% of Harris County respondents said the same. Additionally,
about 40% of Chambers and Galveston County respondents said their job would be more secure;
33% of Harris County respondents stid same.

- Environmental concerns related to the Ike Dike remai@ver 65% of Chambers County
respondents expressed concern about the consequences of the Ike Dike @mvinenment.

About 58% of Galveston County and 50% of Harris County respondentsuatly egncerned.
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Introduction

On September 13, 2008lurricane Ike made landfall on Galveston, Texas. The storm caused 74 deaths
and placed overwhelming strains on communities, public services, and housefr@dsA, 2008)
Property damageassociated with the storm are estimated at $30 billion, making Ike theo6tliest U.S.
tropical cyclone on recorNOAA, 2018)The broader economic impact of Ike, in the eight couagion

of Texas most affected by the storm, is estimated to be $142 billion in IEE&5X2009.

The severe destruction caused by Hurricane Harvey in 2017 is a reminder that coastal communities in
Texas remain at risk. Harvey was largely a rainfall evenit s a stark reminder that storm surge could

devastate communities and cripple the state and national economies. More than 500,000 Texas homes

are at risk of storm surge damage in the event of a Category 5 hurri€ameLogic, 2018Approximately

25%2F GKS ylFrGA2yQa LISGNRf SdzY FyR Y2NB (GKlFy KFtF 2°
Galveston BagScranton, 2016)yand an environmental disaster in the form of millions of gallons of spilled

oil and chemicals is possil{&raham, 2017)

The risk coastal Texas faces, however, can be mitigated. The proposed coastal barrier system would
protect coastal communities and restore essential ecosystem functioning to reduc@/hsik.do Texans

think of these plans? What are their policy preferenaed attitudes?This chapter summarizes the
methodology and findings of a survey, conducted May through July 2017, of residents in the three county
area most invested in the coastal barrier system: Chambers, Galveston, and Harris Counties.

Survey Sample andethods

¢2 laasSaa GKS LlzfAoOQa LISNOSLIiAzya 2F O2lFaidlf LINE
by the Center for Texas Beaches and Shores researchers and administered by the Public Policy Research
Institute at Texas A&M UniversityThesurvey was administered by phone May 11 through July 16, 2018

and online August 24 through September 27, 2@d8esidents inChambers, Galveston, and Harris

Counties. This area was chosen as it is the region most affected by the proposed coastédespifigure

1). According to the U.S. Census Bureaid6 millionpeople livein these three counties.

1 See Appendix A for the survey questions presented in this chapter. Additional questions were included in the
survey. For the full questionnaire, contact the principal investigator.
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Figurel. Map of the Tri-County Sample Area.

Source: Authors.

A total 0f2,300 surveys were completed, including 805 phone interviews and bdi#te survey$.The

phone interviews included42 responses from ChambeZounty 251 from Galvestoounty and 412

from HarrisCounty A total 0of90.®%60f the respondents (N=730) took tiservey via cefphone while 9.%6

(N=75) took he survey on a landline phon&f the 805 interviewsompleted 32 were conducted in
SpanishDue to availability of respondents, the online survey was conducted only in Harris and Galveston
Counties. A total of 365 online surveys were completed by Galwg3bunty residents, and 1,130 surveys
were completed by Harris County residents.

Methodology

The phone survey sample was probabilistic, using random digital dialing, and the online survey sample
was quotabased, drawn from a panel of respondents providgdQualtrics’ The phone survey sample

was selected using dual frame sampling, which includes landline random digital dialing telephone and cell
phone samples. According to the most recent estimates available from the National Health Interview
Survey, 52%f adults are now wireless on(2017) meaning that they do not have a landline phone. An
additional 15% of the population is wireles®stly, meaning they accept most or all of their calls on their

2The number of observations for the analyses presented in this chaptelméess then 2,300 due to missing

data for specific survey items.

3 Qudtrics partners with numerous providers that have proprietary panels across the nation, incorporating
participants from online communities, social networks, and websites of all tfgseticipants are offered a variety

of incentives to increase the diversity of sample frames, including but not limited to cash, points, and donations to
charity. Participants go through rigorous quality controls before being included in any sample.
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cell phones. This sampling strategy takes into accoluese broader technological shifts and assures a
representative sample of the local population.

The phone surveyesponse and cooperation ratgsalculated using Formula 4 from American Association
of Public Opinion researchvere 5.3% and 22.8%, respectivd he responseate ofthe survey was 5%,
meaning 5.%60f all callsto eligible respondents resulted a completed survey. The cooperation rate was
22.84 meaning that22.8% of the calls made actually made contact with an eligible resporateht
resuted in a completed interview. Low response rates ongietine samples are largely expected as it is
increasing difficult to contact potential respondeniecooperationrate isin the range of what might
be expected on this type of survey.

The online stvey sample matched available Qualtrics panel participants with U.S. Census Bureau data for
age, race/ethnicity, and educatidrQuotabased surveys are increasingly being used to reach participants
online. While participation is improvedhé reliance orguota sampling, rather than random sampling,
means it is not possible to calculate margins of errortfi@r data that provide a measure of precision.
However, nonprobability, quotdased surveys offer valid measurements if sample selection and
weighting m&e adjustments that create a representative samiidennedy et al., 2016pteps have been

taken in this study, pre and post survey administration, to adjust the online sample to make it
representative of the population of Harris and Galveston Counties.

The phone surveyatawere weightedto approximate the most recently available population estimates

from the U.S. CensBureau For these data, estimates from the 2016 American Community Survey for

the adult population (18/ears and ovérin Harris, Galveston, and Chambersu@Gtieswere used The

sample weighis calculated by taking th@verse of the probability thaan individual respondent would

have been selected in the final sample. This weight is based on the population of the county divided by
observed sample within the count. y | RRAGA 2y S {0 Ktbrativel$th Adust satgie a NI 1 S
estimates to population estimateon education, race, and agéhe phone survey weight results are

provided in Appendix B.

Additionally, a weight to apply to the merged phone and online survey data was created using accepted
techniques forcombining probability and nonprobability sampléslercer et al.,, 2017) First, the
probability (phone) and noprobability (online) samplewere merged into the same data file. Second, a
logistic regression predicting membership in the gaynbability sample was conducted. Third, the inverse

of the probability was used to create initial weights for the qmobability sample. Fourth, the dataas
weighted, ora NJ ,§ t&rRatch population estimates for each county

The combined weight results are provided in Appendi&lCanalyses of these data, as presented in this
chapter, include the combined weight so that the sample statistics are generalizable medeantative
of the tri-county area surveyed.

4 Dataincludedestimates from the 2016 American Community Survey for the adult population (18 and over) in
Harris and Galveston Counties.
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Disaster Experience Across Survey Sample

The coastal communities selected for this study have experienced multiple natural disasters in the past
decade. Survey respondents were asked to indicate if they esqpmyd negative impacts to their property,
finances, and health due to Hurricane Ike. Respondents were also asked to indicate damages suffered
from Hurricane Harvey to personal property. As shown in Figure 2, the majority of the survey sample
responded thathey had experienced damages from either or both Hurricanes Ike and Harvey.

Ike and Harvey Damages City of Houston, Esri, HERE, Garmin, 1GA USGS, PS

Figure 2 Map of Hurricanes lke & Harvdyamages acrosSample Area.
Source: Authors.

Coastal Mitigation in Texas

Coastal communities face multiple natural hazards that put people and properiska Hurricane force

winds, storm surge, and flooding present sudden onset hazards. Coastal flooding, in particular, is the most
costly, disruptive, and lifthreatening hazard, whose negative impacts are only increasing. A recent study
estimates that nere than 500,000 Texas homes are at risk of storm surge damage in the event of a
Category 5 hurricanéCorelLogic, 2018%ea level rise and beach erosion, particularly of the upper Texas
Coast in the area of Galveston Bay and Galveston Island, also thiaatenercial and residential areas

as they alter the ecosystem services provided by the environment and pose flooding t}feak®witz

et al., 2017; Ravens and Khairil, 2007)

To mitigatethe risk coastal communities in Texas fdweth structural and on-structural strategies have

been pursuedStructuralmitigation can be found across the-tounty area in the form of jetties, groins,

and levees. The most recognizable is the seawall constructed in Galveston Island after the 1900 Hurricane
that protects approximately nine miles of the east end of the islgh@nsen, 2007)Nonstructural
mitigation features environmental alterations or policies that reduce risk. These include dune and beach
restoration projects across Galveston and Bolivar Penirssilaell asmarsh restorations around the
Galveston Bay. This also entails politeesegulate land use.

As shown in Figurg, the survey assessed public support for a range of protective features and strategies
intended to reduce natural hazard risk to ctalscommunities. These represent both structural and
nonstructural strategies, including some of the features being studied by tReArmy Corps of Engineers,
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in partnership with the Texas General Land Office, as part of a comprehensive plan to pndteastain
the coast® Of the eight stratgies assessed, the most suppevas observed for property elevation
(85.4%%), elevated infrastructureB(.70%), seawalland leveeg81.18%), and conservation of wetlands
(80.50%). Another 77.23% expresseghport for rehabilitation of sand duné$learly 306 of respondents
opposed zoning ordinances, ar&B.62%did not supporthome buyouts.” An additional 24.5% also
opposed the use of retention basins.

How much do you support the following to reduce hazard vulnerability in your community?

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Elevated infrastructure [ D
T Retention Basins [N N
2
Q
2
5 Seawalls & levees [ I
Property Elevation [ D
Home buyouts [ e
T
- u
E zoning [N [C———— |
=
g
2 Conservation of wetands [N R
o
=
sand Dune Rehab [ o I——
W do not support support a little B support some B support a lot

Figure3. PublicSupport For Structuraand NonStructural Mitigation Strategies
Source: Authors.

Support for mitigation strategies varied among the three counties sampled, as shown in1Tdlile
environmental strategies, including sand dune rehabilitation and conservation of wetlaeds most

supported in Chambers and Galveston Counties with abeotn8n NB A LIR2 YRSy Ga al @Ay3
a2YSé 2NJ GadzZJi2 NI Slightly I8sq dboufi 7S Gic3esporiénts éziSHards County

support sand dune rehabilitatioifhere waslsovariance in seawall support wittearly 85%of Galveston

County respondents supporting this protective strategy, comparedl #b of Chambers and Harris Gtyu
respondents.

5{SSY a/2raiGlt ¢SEFra {iGdzRéxzé¢ ¢KS ¢SElFla DSYySNIft [IYR h¥
6These figuresaréd KS adzy 2F NBalLkRyaSa (KFG AYRAOIFIGSR aadzlll2 NI &
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Table 1. Variatiorin Supportfor Mitigation Strategiesacross Counties Sampled
Chambers Co. Galveston Co. Harris Co. Range

Structural Property Elevation 74.87% 85.33% 85.54% 10.67%
Seawall& levees 81.08% 84.97% 81.16% 3.91%
Elevated infrastructure 83.72% 83.09% 81.59% 2.13%
Retention basins 64.51% 75.15% 75.99% 11.48%
Nonstructural = Sand dune rehab 88.93% 84.93% 76.57% 12.36%
Conservation of wetlands 86.11% 83.53% 80.24% 5.87%
Zoning ordinances 71.80% 71.15% 70.44% 1.36%
Home buyouts 74.35% 71.33% 71.36% 3.02%

b2GSY t SNOSyiGlF3aIS 2F NBalLRyRSyia GKFEG | yasSNB dadzZJ2 NI a2vYS¢
g fdz§a F2NJ aNI yasSé NBLINB A Sy ilovest SuppariSaurcs NBhyr®S 6S06S5Sy (KS KA3IK
It is notable that the majority, over 70% of respondentsin Chambers, Galveston, and Harris Counties
supported all of the strategies posed. This demonstrates widespreathtioytake initiatives, across the

public and private sectorsjraed at protecting communities and restoring coastal ecosystems.

Support for the Coastal Spine

{AyOS (G4KS aL{1S 5A1S¢ ¢l a LINRLRAaASRY Al KIFa RNIgy o
representatives, policymakers, and the general publicpblts, to our knowledge, have systematically

assessed public awareness or support for the coastal barrier system. The survey asked respondents
guestions to evaluate both awareness and support.

{ dZNIBSeé NBaLRYRSyi(ia 6SNB | a1 8R® ¢SEFAND20ARFET AKM Y
h@SNIff>X TMmdPyw: NBLIASR Gy2£3 HHOTY: alAR GeSa¢sx
highest in Chambers County with 74.17% saying they had not heard of the lke Dike. Knowledge of the

coastal spine wahighest among Galveston County respondents with 35.25% saying they have heard of

the coastal spine. In Harris County, only 21.84% of respondents said they were aware of the lke Dike.

Given this widespread lack of awareness, all respondents were reddlkneing description of the

coastal spine:

Texas leaders are considering the construction of a coastal spine. Also known as
the "lke Dike," the coastal spine would connect a series of sea walls and sand
dune barriers along Galveston Island's coastlimerétractable gate located on
Galveston Bay. Geographically, Galveston Bay connects the Haalteston

area to the Gulf of Mexicin the event of a major hurricane, the coastal spine

will protect the Houste®alveston region from a potentially devaisigtstorm

surge.

c2fft26Ay3 (GKS RSAONRLIIAZ2Y 2F GKS L1S 5A1SZ &adzJi N
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overwhelming majority expressed support filne Ike Dike. Respondents from Galveston and Harris
/| 2dzy e 6SNB Y24l AdzZLIRNIAGS 6A0GK Todpw:> YR Todnp

100



GadzLIL2 NI ¢ 2N dadNRy3Ife &dzLILI2NIé¢ GKS O21adGhkf ol NN
suppot the lke Dike in Chambers County.

Chambes County residents demonstrated the biggest divides on the issue. Respondents in Chambers

County expressed the strongest support and strongest opposition: 11.63% of Chambers County
NBalLRyRSyilia ¢SNE dia2i NPkyST L8] & LBLA218SS o KA f S Ooly dnm’z 6 SN
odck: YR poddpces: 2F | FNNAA |yR DIt @Saiz2y [/ 2dzyieé NB
Notably, Harris County respondents were the most ambivalent about the issue: 17.61% gaid the
GYSAGKSNI 2LJL12aS8 2NJ adzLIL2 NI ¢ GKS O2yaidiNHzOlAzy 2F
and Chambers County respondents, respectively, said the same.

How much do you support or oppose the construction of a coastal spine in Texas?

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Overall

Chambers

Galveston

Harris

W 1 (Strongly Oppose) 2 m3 4 5 L[5} M 7 (Strongly Support)

CAIdzZNBE nod t dzof AO adzlJ2 NI, 2F GKS O2Fradlf &aLAYS 2NJ
Source: Authors.

Support for Specific Faates of the Coastal Spine

In addition to generalized support for the Ike Dike, specific features that have been proposed to comprise

a larger coastal barrier system were also evaluated among a subset of the phone survey respondents
(n=400). These features included the extensiothefseawall, proposed to expand the current wall east
along Bolivar Peninsula and west to the San Luis Pass. Also evaluated was support for a large retractable
gate at Galveston Bay, a small navigation gate at Clear Lake, and a ring levee to surroast Bmel Bf
Galveston Island. Support for raised coastal highways and sand dunes, proposed along Galveston Island
and Bolivar Peninsula, was also assessed.

Support for specific coastal barrier system features is reported in Figure 5. Raised coastal highavay

al'yR RdzySa 3FNYSNBR al 20 2F &4dzLILI2 NI FNRY pnort
2F NB&aLRYyRSy(ia SELNBa&aSR a4l f2G¢ 2F &dzZILR NI F2N
the small navigation gate at Clear Lake §2%). Lessthanofe-i KNBS NB AL yRSyGa &l AR
f2G0¢6 GKS NAy3a tS@OSS I NRdzyR DIt @Saidz2y LatlyR OHpOT
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ring levee (30.35%) and seawall extension (40.34%), indicating lack of awareness of these strategies.
hlLILRaAGA2Y gl a Yzad LINBOFHESyd F2N 6KS 3IFHiSay wmuHO
adzLLI2 NI ¢ G KS I NB §estdiiBBayNdndthel navig&tion Batdl & Cléailiake DGhambers

County respondents were particularly opposed6.21% of Chambers County respondents, compared to
Modndi: 2F DIFf@Sadtz2y /[ 2dzyieé NBaLRYRSydGa YR MHODA K
sdzZLJLI2 NIi¢ GKS € NBS NBGNIXOGlIofS 3ALGS G DFt@Sadzy
212 aSR G2 GKS yIFr@Aaridaz2y 3rdsS a4 /EtSENIIF]1S 6A0GK

There are many components of the coastal spine, ranging from navigation gates to sea walls and levees.
How much do you support the following features of the proposed coastal spine?

60.00%
50.00%
40.00%

30.00%

20.00%
- I l I I | I I
0.00% . l

Extend Galveston Ring levee around  Sand dune barriers along Large retractable gate at Small navigation gate at Raised coastal highways
seawall from High Island Galveston Island Galveston & Bolivar Galveston Bay Clear Lake
to San Luis Pass
Seawall Levee Sand dunes Large gate Small gate Highways
B Do not support Support alittle B Support some B Support a lot Don't know

Figure 5. Publi®ipport for Features of theCoastalBarrier System.

Source: Authors.

In sum, survey responses indicate widespread support, but also lack of awareness of, the lke Dike.
Specific features of the coastal barrier system did not garner as much support, suggesting that there
may be knowledge gaps, perceived compgtinterests (i.e., gate at Galveston Bay versus Clear Lake),
and divisions among subgroups of the community that oppose and support specific features. The map
shown in Figure 6 demonstrates that support for the coastal spine, while generally higharg aaross

the counties surveyed. More research is needed to assess this variance
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Coastal Spine Support

Weither Oppose or Support
Average . StonglySpport
Coastal Spine Support City of Houston, Esri, HERE, Garmin, MGA USGS, NPS

Figure 6. Mampf Average Coastal Spine Suppe@xtross Zip Coddas Sample Area

Source: Authors.

Risk Perceptions Linked to Support for Coastal Spine

A preliminary analysis wasnducted to explore the connection between support for the construction of

a coastal spine and natural hazard risk perceptions. A number of research studies have found that risk
perception is a major predictor of adoption of various types of hazard adgres® Risk perception,
RSTAYSR Fa aL)S2LX SQa SELISOGFGAZ2ya lo2dzi GKS LINRO I

SOSyild 2F | &ALISOATAO AyiliSyardae
perceived dangerfgpersonal consequences due to natural hazards.

I G (UindellJRONT)iridiCatizé | NJ LJE |

Consistent with past researctBrody et al., 2017)the survey measured risk as perceived personal
damages from a severe flood in the next ten years. A risk perception factor score was created from a set
of five survey questions that asked respondents to indicate the likelihood a flood in the next ten years will
cause: 1major damag to property in your city; 2)leaths and injuries to peopl@ your community; 3)

major damage to your home) 4lisruption to wur job that prevents you frorworking; and % disruption

of electrical, telephone, and other basic servieés shown in Figure 7, risk perceptions (averaged by zip
code) varied considerably across the Chambers, Galveston, and Harris Counties.

%¢KS / NRyol OKQa | f LIK796, dchtingiakcSeptaile (eiieoNihternalzdnSsteAcii.
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Flood Risk

Lowest Perceived Risk

Highest Perosived Risk
City of Houston, Esri, HERE, Garmin, NGA USGS, MPS

Perceived Flood Risk

Figure 7 Map of Average Risk Percepticacross Zip Codes Sample Area
Source: Authors.

A bivariate ordered logistic regression was estimated to assess the effect of risk perceptions on support
for construction of the coastal spirt€Risk perception was a significant predictor of support (p=0.000).
Based on the regression estimates, the predicted probability of support and opposition is shown in Figure
8 (predicted probabilities are shown as dots and 95% confidence intervals as Haespredicted
probabilities indicate that an individual with the lowest perceived risk has a 12.58% likelihood of
expressing strong support for the lke Dike; in contrast, an individual with the highest perceived risk has a
44.37% of the same. The resukbow that as flood risk perceptions increase, strong support for
construction of the coastal spine increases.

0 The results of the bivariate ordered logistic regression were as follows: total number of observations = 2,145;
coefficient for risk perception variable = 0.407; and standard error for risk perception varial)gs-
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Lowest Flood Risk Perceptions Highest

KEY
—e— Strongly oppose construction of coastal spine

—e— Neither support or oppose construction of coastal spine

—e— Strongly support construction of coastal spine

Figure8. PredictedProbability of Supportof Coastal SpinacrossRisk Perception Values
Source: Authors.

This preliminary analysis demonstrates that floodkriperceptions are driver of support for the
construction of the coastal spine. It is limited, however, in that it does not measure other risk perceptions
relevant to coastal communities (i.e., storm surge) or control for the various factors that magnicelu
opinions on the issue. Future research should more comprehensively analyze the individual correlates of
support for the Ike Dike, including disaster experience, political ideology, homeownership, distance to the
coast, and socioeconomic status.

Perceptions of Financng the Coastal Spine

Financing large scale infrastructure mois requires public buin. To assess the perceptions residents of
Chambers, Galveston, and Harris Counties hold about financing the proposed coastal spine, respondents
were asled if government on various levels or industry should be responsible for paying for the coastal
spine. As shown in Figure 9, 55.48% of respondents expressed that both government and port industries
should finance the proposed structure, while 19.42% and8% held federal and state government,
respectively, responsible. Responses across the three counties sample demonstrated little variance, with
the exception that more respondents in Chambers and Galveston Counties indicated government and
industry shouldbe jointly responsible: 64.33% and 62.08%, respectively, said both parties should finance
the construction of the coastal spine.
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Who do you think should be responsible for paying for
the construction of the proposed coastal spine?

m Federal government

B State government
Local government

m Port industries

m Both government &
port industries

Figure 9. Publi®erceptionsof Financinghe Coastal Spine
Source: Authors.

Sincetaxes are often used to pay for public infrastructure projects like the coastal spine, respondents
were asked to expregsreference for taxedo raise revenudor the construction ofthe coastal spine.
Specifically, respondents werekasl what type of taxthey would supportResponse options included:
dproperty taxes, Gsales tag, chotel taxg, ¢a new tax for this purpose éa mix of thesé = | goRt «
support any taxes for this purpo&eResponses are shown in Table 2.

Table 2. PubliSupportfor Taxego Financehe Coastal Spine

Chamber<o. GalvestonCo. HarrisCo. Overall
Property Tax 6.55% 4.74% 9.36% 9.03%
SalesTax 9.08% 7.77% 9.67% 9.54%
Hotel Tax 6.34% 8.71% 7.44% 7.52%
ANew Tax 12.35% 9.03% 8.90% 8.93%
A Mix Of These 34.36% 35.44% 31.58% 31.86%
No Taxes 31.31% 34.30% 33.05% 33.12%

Note: The survey asked respondentsVhat type of tax would you support to raise revenue for the constructic
2F GKS O2lFaidlf aLAySKE

A third of respondents indicated they do not support taxesdise revenue for the coastal spine. Nearly

an additional third expressed that they support a mix of property, sales, hotel, and/or new tax to support
the coastal spine. Preferences for property, sales, and hotel taxes to raise revenue for the coastal spin
were mixed across the three counties. Sales tax was most preferred by Harris County respondents (9.67%)
while hotel tax was preferred the most by Galveston County respondents (8.71%). Property taxes were
supported by 9.36% of Harris County respondentdy @.74% and 6.55% of Galveston and Chambers
County respondents, respectively, supported property taxes to finance the coastal spine.
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Perception of Consequences of the Coastal Spine

The pimary reason for building the coastadise isto protect thethree counties that lie behind it from a

storm surge event. Over 575,000 people live in-lging areas adjacent tGalveston BayU.S. Census

Bureau, 2017)The Bay area has a robust economy based on aerospace, petrochemical, and maritime
industries. It is hora to the largest petrochemical complex in theS.and the second largest in the world.

The refineries along the coast are responsible for approximately half of theyn&ia LJS{G NB OKS YA
manufacturing and approximately orthird of they | i ApRtsoleudn refining and processing capacity.

This sectoemploys over 15,000 people and contribig@pproximately$6 billion to the local economy

through taxes, payrolls, purchases and capital expenditureaddition, there arahree thriving portsin

the Bay Areathe Port of Houston, the Port of Texas Citgd the Port of Galveston. Thesar{s contribute

a total of $277.6 billion in economic activity to the state of Texas, and ship cherlatdd businesses

generate over one million jobs throughout Texas. Tégionalso hasthe/ | G A 2y Q& G KANR f I NI
comprised ofbver 7,000 recreational boat slips, anldere is a robust fishing and shellfish industryhe

area

The survey assessed public perceptions of the benefits of the coastal spine. Specdgadigdents were

asked ifbuilding the coastal spine would make them feel that their home is at less risk to disaster impacts
and that their job is more secure. Figure 10 displays the responses by county. The majority of Galveston
(56.10%) and Chambels2(78%) County respondents believed their home is at less risk; 46.63% of Harris
County respondents said the same. Fewer respondents felt that their job is more secure as result of the
coastal spine. Nearly 45% of Chambers County respondents said theydi#ejob is more secure,
compared to 39.10% and 32.94% of Galveston and Harris County respondents, respectively.

In addition, the survey evaluated perceptions of failuféh® coastal spine. Specifically the survey asked:

Gl 26 O2y OSNY S physlcal@ructur lilkee thekcoadtal $pine has the potential to fail, meaning

AG YAIKG y20 62N] Ay | Cdddedlwasihigiest aniding Chatnbes K&uhty R 2 6
respondentscc p ®c 2 &1 AR (GKS& gSNBE GO2yOSNYySR59% afd2 G¢ 2N
59.33% of Galveston and Harris County respondents, respectively, expressed the same.
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Would building the coastal spine make you feel that your home
is at less risk to disaster impacts? Or that your job is more secure?

60.00%

50.00%
40.00%
30.00%
20.00%
10.00% I

0.00%

Chambers Galveston Harris Chambers Galveston Harris
Home is at less risk Job is more secure

HYes HNo Don't know

Figurel0. PublicPerceptionsof the Benefitsof the Coastal Spine
Source: Authors.

Concern for the negative environmental consequences of the coastal spine were also dsSessezal
environmental groups in the area have raised concerns that the construction of the coastal spine and
operation of its gate structures will have unintended environmental consequeicEsese include

changes in water flow, salinity, sediment tr@ost, and restricted movement for larval and adult wildlife
ALSOASad Ly fAYS gAGK (GKS AaadzsSa NIAaSR o6& Sy@daN
concerned are you that the construction of the coastal spine may damage the surrounding matine a
O2ladlt SYy@ANRBYYSY(iKE h@SNIfft: pnopdz 2F NBALRYRS
O2yOSNYySRé¢ Fo2dzi GKS AYLIOGA 2F GKS O2Fradrf aLAyS
levels of concern were observed among Chambers arlde§&tan County respondents 65.64% and

58.07%, respectively, compared to 49.91% of Harris County respondents.

Galveston County residents have expressed concern about the coastal barrier system that extends beyond
environmental threats. The research teastended two public forums to assess the scope of citizen
concerns in the county focused on the lke Dikeur major issues emerged in these community forums:

1) uncertainty regarding financing to support letggm maintenance of the structure; 2) the fqmint of

the extended seawall would cover many businesses and large parts of the channel; 3) uncertainty
regarding communities on the outer edge of the storm barrier; and 4) construction of the coastal spine
on Bolivar Peninsula will create accessibifisues for some neighborhoods.

nr 8§83y F2N) SEIFYLX SY ¢KS DIt @gSadz2y . Fe& C2dzyRI GAthefd &L &&dA
bay/issuedfacingthe-bay/
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The survey results indicate that respondents in thectriinty area are both cognizant of the benefits of

the coastal barrier system as well as unintended consegegion the natural system. The public forums
showed that residents are also concerned about the implementation of the infrastructure project and
how it may disrupt social and economic activities, particularly on Galveston Island and Bolivar Peninsula.

Caclusion

This chapter summarizes the findings of the first survey to systematically evaluate public perceptions in
Chambers, Galveston, and Harris Counties of the coastal spine. The survey reveals that there is widespread
lack of awareness of the coastairse ¢ approximately 72% of respondents have not heard of the Ike Dike
before the survey. Yet, when survey respondents were read the description of the coastal spine, their
responses were overwhelmingly positive. The results point to widespread suppoonhofor general

coastal mitigation strategies but specifically for a coastal barrier system. Approximately 73% of the
respondents supported, to some degree, the construction of the coastal spine.

Despite widespread support for coastal protection, thevey reveals that there are challenges in the
implementation of the coastal barrier system. First, such a regional project must balance varying
community interests and concerns. The survey results indicate the highest levels of support for the lke
Dike wasfound among Galveston and Harris County respondents while Chambers County respondents
were more divided in opposition and support. About 17% of Chambers County respondents expressed
opposition to the coastal spine, compared to approximately 14% and @aleéston and Harris County
respondents, respectively. This underscores the variance of community interests and concerns as well as
individual experiences, values, and perceptions. Preliminary analysis presented in this chapter
demonstrated flood risk peaptions are connected to support for the coastal spine with higher risk linked

to greater support. Future research should further unpack the drivers of support, likely based on proximity
to the coast as well as other socioeconomic factors.

Second, financip the coastal barrier system will require public and private-iouyThe majority of
respondentsg 56% ¢ believed that both government and port industries should be responsible for
financing the coastal barrier system. Approximatelpthirds of respondets supported some type of

tax (i.e., sales, hotel, property, new) to support the coastal spine. Although, support for tax type varied
across county with Galveston County expressing the highest preference, among the three counties, for
hotel tax while Harg and Chambers Counties were more supportive of sales taxes.

Third, the environmental consequences of the coastal spine remain a concern among coastal community
residents. While oveb0% of Chambers and Galveston County respondents said they feel ther hom
would be at less risk as a result of the coastal spine, over 50% of respondents also expressed concern
about the unintended consequences of the Ike Dike on the environment. Addressing these concerns,
alongside the widespread lack of awareness among tiidip about the coastal spine, could increase
community engagement in meaningful ways that not only reduce the risk faced by coastal communities
in Texas but also increase their collective community resilience.
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Appendix ASurvey Questions

Q1I'm going to list ways that coastal communities can manage the risk posed by natural hazards. For
each one, please tell ménow much do you support ionstruction of seawalls and levees;

rehabilitation of natural sand dunespnservation of wetlands; elevation of infrastructure, such as
roads; creation of retention basins. [Response options: do not support, support a little, support some,
support a lot]

Q2How much do you support the following government actions to reduce hazard vulnerability in your
community?Zoning ordinances to guide development; bayts of homes flooded multiple times; higher
elevation requirements for homes in flogmtone areas[Response options: do not support, support a
little, support some, support a lot.]

Q3Before today, have you heard of the Texas coastal spine or Ike[Résggdnse options: yes, no, |
R2Yy Qi 1y26d8

Here is a brief description of it. Texas leaderscarssidering the construction of a coastal spine. Also
known as the "lIke DiKethe coastal spine would connect a series of sea walls and sand dune barriers
along Galveston Island's coastline to a retractable gate located on Galveston Bay. Geographically,
Galveston Bay connects the Houst@alveston area to the Gulf of Mexit¢n.the event of a major
hurricane, the coastal spine will protect the Hous@alveston region from a potentially devastating
storm surge.

Q4How much do you support or oppose thestaiction of a coastal spine in TexgB2sponse options:
strongly oppose, oppose, somewhat oppose, neither oppose or support, somewhat support, support,
strongly support.]

Q5Who do you think should be responsible for paying for the construction ofdpegad coastal
spine?[Response options: federal government, state government, local government, port industries,
both government and industry.]

Q6Taxes are often used to pay for public infrastructure projects like the coastal spine. What type of tax
would you support to raise revenue for the construction of the coastal spResponse options:

property taxes, sales tax, hotel tax, a new tax for this purpose, a mix of these, | don't support any taxes
for this purpose.]

Q7There are many components of the coastal spine, ranging from navigation gates to sea walls and
levees. How much do you support the following features of the proposed coastalExiee@ed

seawall from the east at Bolivar Peninsula/High Island to the ateSan Luis Pass; ring levee that

surrounds the central part of Galveston Island; sand dune barriers along Galveston Island and Bolivar
Peninsula; large, retractable navigation gate at Galveston Bay; small navigation gate at Clear Lake; raised
coastal higways. [Response options: do not support, support a little, support some, support a lot, |

don't know enough to say.]

Q8The proposed coastal spine could create public green spaces around Galveston Bay. These would
offer the public ways to access and ertjog water and surrounding coastal environment. Which of the
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following activities would you take part in if they were available as a result of the coastal spine project?
[Response optionsBiking and hiking trails; bird watching; fishing camps; camping spaces; rharina.

Q9Now let's discuss the potential effects of the coastal spine. Would building the coastal spine make you
feel that your home is at less risk to disaster impagisS & L2 yaS 2LJiA2yay &Sasz y23>
to say.]

Q10Would the construction of the coastspine make you feel that your job is more sec{iRe8ponse
2LI0A2yayYy @S8Sazx y23 L R2yQl 1y2¢ Sy22daAK (2 &l & e

Q11How concerned are you that the construction of the coastal spine may damage the surrounding
marine and coastal environmenfResponse optionsiot concerned, a little concerned, somewhat
concerned, concerned a lot.]

Q12How concerned are you that a physical structure like the coastal spine has the potential to fail,
meaning it might not work in a disaster or may break dojwésponse options: natoncerned, a little
concerned, somewhat concerned, concerned a lot.]

Q13How likely do you think it is that in the next 10 years there will be a fl@idtauses... Major
damage to your city? Deaths and injuries to people in your community? Major damgger home?
Disruption to your job that prevents you from working? Disruption of electrical, telephone, and other
basic servicegResponse options: not at all, small extent, moderate extent, great extent, very great
extent.]

Q14Thinking back to 2008, hat impact did Hurricane Ike have on your... Home and personal property?
Job? Household finances? Physical health? Mental and emotional HE&a#bnse options: negative,
some negative and some positive, positive, no impact, no applicable becauseot e in the area

then.]

Q150n a scale dd (none at all) to 100 (extreme devastation), how much did Hurricane Harvey damage
your home and personal property? Slide the indicator to that point.
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Appendix B: Phone Survey Weight

Comparisorof Populaion, Unweightedand Weighted Sample
Estimatesfor Chambers, Galvestoand Harris Counties

Population Unweighted Weighted
Estimate Sample Sample

(2016 ACS) Estimate Estimate
Age
18 to 24 years 13.3% 9.9% 13.3%
25 to 34 years 21.9% 15.2% 21.9%
35 to 44 years 19.5% 14.9% 19.5%
45 to 54 years 17.6% 17.4% 17.6%
5565 14.7% 20.9% 14.7%
65 and older 13.0% 21.7% 13.0%
Race
White, NorHispanic 33.3% 64.4% 33.3%
Hispanic 40.4% 16.8% 40.4%
African American 18.0% 12.8% 18.0%
Other 8.2% 6.1% 8.2%
Education
High School or Less 43.7% 21.3% 43.7%
Some College 29.2% 33.2% 29.2%
College Degree 27.2% 45.5% 27.2%

Note: Figures may not sum to 100% because of rounding error.
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Appendix C: Combined Phone andline Survey Weight

Comparisorof Population, Unweightedand Weighted Sample Estimatder Galvestonand Harris Counties

Unweighted Weighted Unweighted Weighted Unweighted Weighted
Random Sample Random Sample Qualtrics  Qualtrics Combined Combined
Estimate Estimate Sample Sample Sample Sample

Age
18 to 24 years 9.9 13.3 15.0 13.3 13.7 13.3
25 to 34 years 15.2 21.9 29.2 21.9 26.2 21.9
35 to 44 years 14.9 19.5 18.8 19.5 17.8 19.5
45 to 54 years 17.4 17.6 13.7 17.6 14.3 17.6
5565 20.9 14.7 12.1 14.7 14.3 14.7
65 and older 21.7 13.0 11.2 13.0 13.7 13.0
Race
White, NonrHispanic 66.7 33.1 48.3 33.1 52.5 33.1
Hispanic 15.2 40.1 26.2 40.6 23.6 40.1
African American 11.4 18.1 17.5 18.1 16.1 18.1
Other 6.1 8.3 8.0 8.3 7.7 8.3
Education
High School or Less 21.3 437 25.1 43.6 23.4 43.6
Some College 33.2 29.2 37.6 29.1 36.3 29.1
College Degree 45.5 27.2 37.4 27.2 40.3 27.2

Note: Figures may not sum to 100% because of rounding error.
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Chapter 40mission of a Western Dike Section inltikelyUSACE
Tentatively Selected Plan Leémlanincreasen Storm Surge, Inundation,
and Flood Risk throughout the HoustBalveston Region

Bruce Ebersole

Background

The Ike Dikecoastal spineconcept was first proposetly Dr. William Merrell, Texas A&M Galveston
(TAMUG), following Hurricane lke 2008 The Ike Dike concept significantly suppresses the hurricane
storm surge that can impact the Houst@alveston region. TAMUG esschers andaollaboratorshave
been examining performance of the Ike Dike concept for a number of yeagresently evisioned,the
TAMUG Ike Dike concept is comprised oééhsectiongsee Figure 1A middle section extends from the
western end of Galveston Islandcross Bolivar Roads pags,High Islancat the northeastern end of
Bolivar Peninsulait includes a lege storm surgegatesystemthat spans Bolivar Road& western section
extends from San Luis Pass to Freepitrhas a smaller storm surge gate systenSan Luis PasAn
eastern section extends from High Islamatth to Winnie it includesa very smadl surgegate on theGulf
Intercoastal Waterway.

" ke Dike Coastal Spine Alignment § 4

.

W~

Middle Section

Y

M Western Section

Figurel. CurrentAlignmentof the Ike DikeCoastal Spine Concept Proposed TAMUGand its

Research Collaborators.
Source: Authors.
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The middle sectiorin Figure lis quite similar to thecoastal spine that waseecommendel by the Gulf

Coast Community Protection and Recovery District (GCCEREB. The combination of middle and

eastern sections is quite similar to the coagtpinealignmentthat is includedn Alternative Afor the
HoustonGalveston region, as propos@tthe! ®{ ® | N¥& [/ 2NlJA 2F 9y3IAYSSNE 0
Coastal Texas Studglternative A appeartd be thelikely USACEentatively Selected Plan (TSRjte,

that both the GCCPRD and USAGEstal spinalignments omithe western sectiorshown in Figure .1

Omission of the western section of a coastal spine is the basis for the concerns expressed here.

The Ike Dike coastal spine concept achieves its effectiveness by suppressing entry of tbeagpatorm

surge into Westand Galveston Bay®nce storm surge enters the very shallow bays, hurridanse

winds are extremely effective in pushing water from one side of the bay to the other, leading to even

higher surge levels on the dowmnd side The specific areas arouridK S o6 @ Qa LIS NRA LIK S NE
impacted by the enhanced surge can change rapidly as a hurricane transits the Tégioniddle section

of the coastal spine concept (see Figure 1) significantly reduces storm surge entry into the bays; the
eastern sectiortio a far lesserdegred YA &2 a4 A2y 2F | ¢SaiGaSNy asSoOiliizy Aa |
it significantly compromises the performance and effectiveness of the Ike Dike concept by allowing a
substantial amount of water to flow into the bays prior tarhicane landfall

Omissionof the western sectionncreases flood risk to most, if not ,adireasof the HoustorGalveston

region that arefronted by the coastal spindt does so through the following two mechanisms: 1) allowing

the hurricane surge ferunner to propagate through San Luis Pass into the bays, in the days leading up

to hurricane landfall, and 2) allowing the peak storm surge to flank the western end of the coastal barrier,
AYAGALEE@ @A {Fy [ dzA & t land aslthy hurridafedgproddites andl ryfakes v dzy R |
landfall Adverse impactslue to forerunner propagation and storm surge flanking can be substdatial
communities and induskes in Brazoria and Galveston Counties that ring West Bay, includiraf al

Galvestm Island Impacts can extend into Galveston BRysing sea level will exacerbate adverse impacts
Faa20AF0SR gAGK fSI@Ay3a (GKS ddhvesdton Rg@EMElyses, lalgly > § KN
results derived from them, which led to conclusiongiaaling the adverse impacts associated with

omission of a western section, are described in more detail below.

[ SFGAYy3 | a0l O]l R22NE 2Ly (2 2Sad FyR DIFIt@gSadzy
proposed by the USACE as part of the CoaSaET & { G dzR&@ Qa ! f ( S NIdvastowS | T
region We recommend that the USACE closely examine the adverse flooding that arises due to omission

of a western dike section and-evaluate the decision to not include a western dike/gate sectiaén
likely TSP
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Investigative Approach

To examine the impacts of omitting the western section, storm surge simulations were made for two
different alignments of a coastal spirach alignment had a different combination of the dike sections

shown in Figure 1 The TAMUG Ike Dike concept was comprised of all three dike sections
(middle+eastern+western sectiong)n alignment similar to that included as part of USACE Alternative A

was comprised of two of the sections (middle+eastern sectidng)with no western sectionThe crest

elevation of all dike sections considered in the surge simulations, for both alignments, was 17 ft, NAVD88

A set of eight hurricanes were simulated for each alignment using the USACE Coastal Modeling System
(which includes the ADCIRC storm surge mo&thulations were made by staff at the U.S. Army Engineer

wSasSl NDK

YR 5885t 2LSyd

I Sy i SNDa

[ 21 adl t

3

| @ RNJ «

at Jackson State Universitgimulated hurricanes &re selected from among historic and hypothetical,
idealized storms that were considered in the FEMA RiskMap study which was most recently performed
for the Texas coasf summary of the characteristics for all eight simulated hurricanes is providetlan Ta

1.
Table 1 Characteristics of Simulated Hurricanes
Storm Central Maximum Forward l\izgilgi?w; Target Average
Identifier Pressure Wind Speed Speed Winds Recurrence Interv_al
(mb) (kt) (kt) (nm) Water Level, Locatior
Hurricane Track 1
Storm 019 960 88 11 11 10yr, San Luis Pass
Storm 023 930 102 11 18 100yr, San Luis Pass
Storm 027 900 113 11 22 500yr, San Luis Pass
Hurricane Track 2
Storm 3001 930 102 12 18 100yr, San Luis Pass
Hurricane Track 3
Storm 535 975 68 6 18 10yr, Galveston Bay
Storm 033 930 100 11 26 100yr, Galveston Bay
Storm 036 900 112 11 22 500yr, Galveston Bay
Hurricane ke Track
ke 950 80 10 45

Hurricanes were selected using the following ration#gpothetical hurricanes were selected to best
replicate peak surge levels associated with different average recurrence intervals at one of two desired

locations, as indicated in Table 1, for the waitit-project condition One set of hypothetical storms was

selected to replicate 1:9r, 100yr and 500yr water levels along the western shoreline of Galveston Bay
and into the upper reaches of the Houston Ship Chanffetse are the areas with the higlgmtential
for economic damage and lossdssecond set was identified that replicates theyt010Gyr and 500yr
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water levels at the entrance to San Luis P&erm surge elevation at the entrance to San Luis Pass
strongly influences the amount oflwi SNJ G KIF G Sy Gd4SNB GKNRddAK (KS 2LSy
of the western dike section. The most intense hurricanes (having 900 mb minimum central pressure) are
those that closely replicate the 580 water levels; the less intense hurricanes (hgwn960 or 975 mb

minimum central pressure) are those which closely replicate thgrli®ater levelsHHurricane Ike was

selected because of the high surge forerunner and peak surge it created in the H@&ai@ston Region,

and its relatively recent occrence

Simulated hurricanes followed one of the four tracks shown in FiguGe@ere, land falling hurricanes

that have impacted the Texas coast, historically, have generally approached from the southeast, like
Hurricane Tracks 1 and 3 and the traok Hurricane IkeOccasionally they have approached from the
south, like Track.Hurricane Harvey approached from the south

Hurricane®
Track 3. %2,

Figure 2 Different Tracks Considereth the Hurricane Simulations.
Source: Authors.

Simulations were made for each storm identified iml€al, for each of the two coastal spine alignments
(with and without a western section), and for both a present mean sea level (0.9 ft NAVD88) and a future
sea level scenario that is 2.4 ft above present sea level (3.3 ft NAVIDB8future sea levesithe level
projected for the year 2085 using the USACE methodology and assuming an intermediate rate of sea level
rise.

The modeling approach that was employed reflects the current state of engineering practice dwbgch
not include the effects of hurcane rainfall in the storm surge simulations
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Results

Results are presented for four different aspects of the increased flood risk which results from omission of
a western section of the coastal spine: 1) surge forerunner propagation through-gatedSan Luis Pass,

2) increase in peak surge elevation and inundation in both West and Galveston Bays caused by storm
surge outflanking the western end of the coastal spine in the USACE Alternative A, 3) influence of sea level
rise on increased peak surge andndation associated with flanking, and 4) relative merits of the eastern

and western dike sections in suppressing propagation of the coastal storm surge into the bays.

Each of these four aspects are briefly discussed in separate sections Aelambe of figures are utilized
to illustrate the adverse impacts on flood risk throughout the HousBaiveston region that arise from
omission of the western section

Hurricane Surge Forerunner Propagation through San Luis Pass

Major hurricanes thatraverse the Gulf of Mexico, and eventually approach the north Texas coast, can
generate a ignificant hurricane surgeforerunner. The combination of the curved shape of the
Louisiana/Texas continental shelf in the northwest corner of the Gulf and thdaniwind field about the

eye of an approaching hurricane is conducive to formation of a-dihen forerunnerThe forerunner is
forced by faffield windsthat circulate in a counterclockwise direction about therricaneeyewhile it is

still far offdore in the deep GuliSuch far field wind®low from east to west to southwesbver the
Louisiana and north Texas continental shelMdgese winds tend to forcan eastto-west movemenif

water along the shelfvhichis turned to thedright¢ in the northern hemisphere by the Coriolis for@nd
stacked against the Louisiana amorth Texas coastlineg¢ KS / 2 NA2f Aa FT2NOS Aa | aaz
rotation. This stacking of water across the shelf and against the shoreline is Ekitegh seup, andthis

is the physical process behind formation of the wirdzen hurricane surge forerunneifhe surge
forerunner begins as a forced wave that advances along the northern Gulf shelf from east to west with
the advancing storm; but then, after landfall ¢ime north Texas coast, the forerunner propagates as a
free wave southward along the south Texas continental shéis alongshelf propagation of the surge
forerunner was first shown for Hurricane lke by other researchers.

Hurricane ke produced a sizalfbrerunner Thesurgeforerunner is experiencedt the coastas a slow

steady rise in the water surface elevatiarhich begins while the hurricane eye is well offshpdays

before landfall The rate of water level rise begins to accelerate as themnegees across the continental

shelf During lke, the water level increase began several days before landfall and reached a measured
amplitude in excess of 6 ft above the seasonal mean sea level at the Galveston Pleasure Pier, twelve hours
before landfall Water level data acquired by NOAA also show that the forerunner propagated into
Galveston Bay through the tidal passes and into the upper reaches of the Houston Ship Channel with little
attenuation.

As observed during Ike, the forerunner can propagate the bays via the tidal passeédnce, closed, a

storm surge gate system at the much deeper and more hydraulically efficient Bolivar Roads pass will
eliminate subsequent forerunner propagation into the Bays through this particularidassever, leaving

GKS aol O]l R22NE 2Ly |G {ty [dzAia tlhaaz FtfoSAG | 3
some propagation of the forerunner into West and Galveston Balys issue was examined using the

simulation of Hurricane Ike, for both predeamnd future sea levels.

121



Figure 3 shows the simulated surge forerunner elevation for Hurricane Ike, at a snap shot in time, twelve
hours before landfall, when the eye (yellow dot) is still situated well offshsiréhe open coast near San

Luis Pass, thamplitude of the forerunner surge reached an elevation of 5.3 ft above the seasonal mean
sea level approximately twelve hours prior to landfall

Figure 4 shows the change in simulated water surface elevation with time for Hurricane Ike at two
locationsithe first inside West Bay (upper panel), midway between San Luis Pass and the City of Galveston;
and the second roughly in the center of Galveston Bay (bottom panel)
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Figure 3 SnapShotof the Water Surface Elevation Field Associateith the Hurricane IkeSurge
Forerunner, Twelve Hours Prido Landfall. ThePositionof the Hurricane Eyés Shownas theYellow

Dot. Wind Speedand Directionare ShownasBlack Vectors.
Source: Authors.
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The thin orange dashed curves in both the upper and lower panels of Figure 4 show the water surface
elevation time series for the TAMU#e Dike concept, which has a western closure secfibe thin blue

solid curves show the water surface elevation for the coastal spine alignment like the USACE Alternative

A that has no western sectiofihe thick black curve shows the difference betwedhe orange and blue
OdzNIBBSaT Al ljdzk yGiAFTFASAE (GKS OKIFy3aS Ay 41 GSNJ adaNFI OS
impact of having no western section.

t NA2NJ 42 K2dz2NJ mann 2F GKS &aAaydz | GA 2y Df faiekuBnero £ | O]
propagation through San Luis Pag¢ithout the western section, in West Bay, the forerunner surge
elevation steadily rises to maximum amplitude of 2.9 ft, 12 hours before lanBfdlults indicate some
attenuation through the shallow Sdmuis Pass, from an amplitude of 5.3 ft on the open coast to an
amplitude of 2.9 ft inside West Bay Galveston Bay, the forerunner also grows steadily in the days prior

to landfall and its amplitude reaches 0.7 ft, evidence of forerunner propagatian f\est Bay into
Galveston Bay; although additional attenuation occurs as the forerunner propagates from West Bay into
Galveston BayResults for the Upper Houston Ship Channel, not shown here, are nearly identical to those
shown for the center of GalvestoBay.Once inside Galveston Bay, there is little attenuation of the
forerunner amplitude, as was observed during the actual Hurricand=tkethe simulated Hurricane Ike,

as a consequence of forerunner propagation through an open San Luis Pass,ithé\&st Bay water

level is raised by 2.9 ft, and the entire Galveston Bay water level is raised by 0.7 ft, everywhere, 12 hours
before landfall.

As also seen in Figure 4, around hour 1060 of the simulation, the effect of omitting a western section on
peaksurge is an increase of approximately 5.2 ft at the cetfabt Bay location and an increase of 1.5

ft at the central Galveston Bay locatiochKS | ROASNARS STFFSOoda 2F |y 2Ly a
inundation inside the bays are discussed at gee&ngth in the next section

The Hurricane Ike simulation for future sea level shows that omission of the western section leads to
similar results for surge forerunner propagation into West Bay as obtained for the present sea level; a
slightly higher krricane forerunner surge of 3.1 ft twelve hours prior to landfall, and an increase in peak

surge of about 5.2 fiHowever, in Galveston Bay, the forerunner surge amplitude is 1.2 ft (0.5 ft higher

than for present sea level case) and the increase in pagie is 2 ft (also an increase of 0.5\)th the

Gol O]l R22NE 2LSys NRaAAYy3A aSI fS@St | LI NByiafte NBR
efficiency of, the surge forerunner from West Bay into Galveston Baig leads to higher foranner

surge and peak surge values in Galveston Bhg.effects of higher future sea level on peak surge and
inundation inside the bays are discussed at greater length in a subsequent section

Influence of Flanking of the USACE TSP Coastal Spine bgrthes8rge

Without a western section of the coastal spjres the hurricane eye approaches landéaid as the
forerunner development periodransitions into development of the peak sutgde storm surge

continues to propagate into West Bay viaSan LuigRa YR G0 KSy 2@SNJ c2ffSiQa L
becomes inundatedEven for relatively frequent hurricane events, omission of the western section leads

to inundation within communities on western and central Galveston Island, inundation thaldvioeu

avoided with a western dike section in pladée adverse effects of flanking are much more widespread

for more severe hurricanes

Q)
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The effect of surge flanking is illustrated below using both peak surge maps and inundatiorColapsd

shaded catour maps of peak surggepictthe peak storm surgelevationcalculated at every location in

thea 02 NY adz2NHS VY xedtafignal domain, withoutQrégard to when the peak surge
elevationoccurredduring the simulationThese peak surge mape dot representsnap shots in timelo
AffdzAGONI 0SS (GKS aLd GAlLt SEGSYG 2F AydzyyRIGAZ2YyS 020K
surge map is superimposed over a backgroustelite imageto create an inundation map

Pairs of maps arerpsented in figures belowlhemapin the top panel of each figure shoulse peak
surge map, or inundation mafpr the Ike Dike coastal spine concept which has a western seetiah;

the mapin the bottom panel shows results for the alignment that isikimto the USACEIternative 1
alignment, which omits the western sectioReak surge and inundation maps are shdarthree of the
storms listed in Table 1Hurricane ke Storm 023,and Storm 019The simulation of Hurricane lke
produced a peak surge of approximately 10 ft NAVD88Baat Luis Pass and about 14 ft NAVD88 at the
City of GalvestorStorm 023 is hypothetical hurricane that produced the 190water level at San Luis
Pass of 14 ft NAMEB; and Storm 019 ia hypothetical hurricane thakeplicatedthe 10yr water level at
San Luis Pas$ 7 ft NAVD88, a much more frequent event

Figure 5 shows peak storm surge maps for Hurricane lke, for present sea level, with (top panel) and
without (bottom panel) a western sectioResults clearly show that the peak surge is much higher in West

e gAGK GKS .déelindrdaseR & padl surgeld® \Greatest near San LuisuiRhsisey

decrease from west to east within West Bithout the western section, peak surge at the west end of
Galveston Island is 5 to 5.5 ft higher than the peak surge with the western sethiereffect of leaving

GKS aolk O]l R22NE 2Ly 2y LS| ad2NBS SEGSyRaftiz (KS
higher without the western sectiof KS Ay ONBFaS Ay LISIF] &adz2NAHS 46A0K (K
to West BaylIncreases also are evident in Galveston Bay; however, the magnitude of the increase in peak
surge is less in Galveston Bay thas ihiWest BayPeak surge differences in Galveston Bay, approximately

1 to 1.5 ft in most places, are slightly smaller than differences at the City of Galveston.
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Peak Surge Elvatioh (feet, NAVDSS)

D

¢ Elevatiofi(feet, NAVDS8) -

Figure 5 PeakSurge Mapdgor Hurricane lke Present Sea Levdhr the Ike DikeCoastal Spine Concept
Havinga Western Sectiontpp panel)and an Alignment Similarto the LikelyUSACE TSRat Does Not

havea Western Sectionlfottom panel).
Source: Authors.
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For Hurricane ke, present sea level, some of lowgag areas on western Galveston Islasidsest to
West Bay are inundated even with the western section in place (top panel in Figttev&)ver, vithout
the western sectioninundation of terrain surrounding West Bay is much more widespread;vagstern
Galveston Island isearlycompletelyinundated(circled region in the bottom panel of Figure 6)
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Figure 6 Inundation Mapsin NearSan Luis Pass, féturricane Ikeand Present Sea Levelor the ke
Dike Coastal Spine Conceptaving aWestern Sectior(top panel) and arAlignment Similarto the

LikelyUSACE TSP thAbes Nothave aWestern Sectior(bottom panel).
Source: Authors.

Figure 7 shows inundation maps for Hurricane Ike, present sea level, for eastern Galvestorstsiaed

of lowestlying areas on eastern Galveston Island and a community omdité side of West Bay are
inundated even with the western section in pla¢®wever, vithout the western sectioninundation of

the circled eastern Galveston Island communities is complete, multiple communities on the north side of

127



West Bay are inundatk as are parts of the City of Galveston, including the airport (see the circled areas
in the bottom panel of Figure 7).
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Figure 7 Inundation Maps inEastern West Bay, for Hurricane lke afdesentSea Levelfor the Ike
Dike Coastal Spine Conceptving aWestern Sectior{top panel) and amlignment Similarto the

LikelyUSACE TSP thbes Nothave aWestern Sectior(bottom panel).
Source: Authors.
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Figure 8 shows peak surge maps for Storm 023, present sea level, with a western section (top panel) and
without a wegern section (bottom panelResults show that the peak surge is, again, much higher in West
e gAGK GKS .igainGa} is seen2fddthis @antJ&llythe storms that were simulated, the
increases in peak surge are greatest nearer San Luis Rdishey decrease frorwest to east in West

Bay Without the western section, peak surge at the west end of Galveston Island is 7 ft higher than the
peak surge with the western section in pladéthe City of Galveston, the peak surge is 1 ft higherawith

the western sectionincreases in peak surge also are evident in Galveston Bay; however, the magnitude
of the increase in peak surge is less in Galveston Bay than it is in We§teBkysurge differences in
Galveston Bay are comparable to the diéfieces at the City of Galveston, approximately 1 ft in many
places, less along the western side of the Bay.
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Figure 8 PeakSurge Mapdgor Storm 023 Present Sea Levglor the Ike DikeCoastal Spine Concept
having aWestern Sectior(top panel) and amlignment Similarto the LikelyUSACE TSP that does not

have aWestern Sectior(bottom panel).
Source: Authors.
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For Storm 023present sea level, some of lowdging areas on western Galveston Island closest to West
Bay are inundated with the western section in place (upper panel of Figuido®)ever, vithout the
western sectionjnundation of terrain surrounding West Bay isuch more widespread andiestern
Galveston Island is completely inundaisée the circled area in the bottom panel of Figurdr@)ndation

is more severe for Storm 023 than for Hurricane W&thout the western section, a LNG complex near
Freeport is gnificantly inundated as are the petahemical complexes along Chocolate Bayou; both
facilities are circled in the bottom panel of Figure 9.
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Figure 9Inundation Maps NearSan Luis Pass, for Storm 023 dPiebsent Sea Levgior the Ike Dike
Coastal Spine Conceptaiving aWestern Sectior(top panel) and amAlignment Similarto the Likely

USACE TSP that does not hawd/astern Sectior(bottom panel).
Source: Authors.
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For Storm 023, present sea level, some of lowgisig areas on eastern Galveston Island are inurdlate
with the western section in place (see top panel in Figure HOyvever, vithout the western section,
inundation of the indicated eastern Galveston Island communities is complete, multiple communities on
the north side of West Bay are inundated, as pagts of the City of Galveston, including the airport (see
the circled areas in the bottom panel of Figure 10).
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Figure 10Inundation Mapsin EasternWest Bay, for Storm 023 andresent Sea Levglor the Ike Dike
Coastal Spine Caept having aWestern Sectior{top panel) and arAlignment Similarto the Likely

USACE TSP that does not haw¥/astern Sectior{bottom panel).
Source: Authors.
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relatively frequent, weakehurricane events, like Storm 018torm 019 was selected to replicate the-10

yr average recurrence interval water level at the entrance to San Luis Pass, a water level of 7 ft. NAVD88
Figures 11 and 12, show the increase in inundation that occurs fan®b®, present sea level, with the

Gol O1 R22NE 2Ly 60G2L) LI yStao I.#duredilK &nd f2csho® the R2 2 NE
differences in inundation for western and central Galveston Island, respectively.
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Figure 11Inundation Mapsfor Western Galveston Island, for Storm 019 aftesent Sea Levgior
the Ike DikeCoastal Spine Conceptving aWestern Sectior(top panel) and arAlignment Similarto

the LikelyUSACE TSP that does not haw&/astern Sectior(bottom panel).
Source: Authors.
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Figure 12Inundation Mapsfor CentralGalveston Island, for Storm 019 amtesent Sea Levglor the
Ike DikeCoastal Spine Conceptving aWestern Sectior(top panel) and arAlignment Similarto the
LikelyUSACE TSP that doestinave aWestern Sectior(bottom panel).

Source: Authors.

Influence of Sea Level Rise on Increased Peak Surge and Inundation Associated with
Flanking

In general, rising sea level will increase flood risk throughout the HowStdweston region, both with

and without a wetern section Lowlying areas and areas with low topography gradients are most
susceptible to increases insealevel2 s SOSNE  SIF @Ay 3 GKS aol O R22NE
of the most vulnerable areas to flooding as sea level rissislefrom those areas around West Bay where
flooding and inundation is exacerbated by sea level rise, there also are areas around the periphery of
Galveston Bay which experience exacerbated inundation for the future sea level scenario as a
consequence ofleavith G KS o6l O]l R22NE 2LISy
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For example, for Hurricane lke and the future sea level scenario, a number of areas in the City of Galveston
are exposed to inundation, which otherwise, would not be inundated with the western section in place
(see the circled @a in Figure 13).

7

‘Peak Surge aWﬁmﬁ&a) P
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22 T

22

Figure 13Inundation Mapsfor the City of Galveston, for Hurricane lke afditure Sea Levefor the
Ike DikeCoastal Spine Conceptaiving aWestern Sectior(top panel) and amAlignment Similarto the

LikelyUSACE TSP that does not hawd/asternSection(bottom panel).
Source: Authors.
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There also are similarly affected areas along the western shoreline of GalvestdroBa#durricane ke,

and the future sea level scenario, parts of the town of San Leon, adjacent to Dickinson Bay, are inundated
(circled area in th bottom panel of Figure 14) which would not occur with the western section in place
(top panel of Figure 14)

Figure 14Inundation Mapsfor the o of Sa Leon, for Hurricane Ike afditure Sea Levefor the
Ike DikeCoastal Spine Conceptving aWestern Sectior(top panel) and arAlignment Similarto the
LikelyUSACE TSP that does not haw¥/astern Sectior(bottom panel).

Source: Authors.
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A similar influence is seen along the east shore of GalvestorFBayHurricane ke, and the future sea

level scenan, the town of Oak Island is inundated (circled area in the bottom panel of Figure 15), which
would not occur with the western section in place (top panel of Figure \W&h rising sea level, the

I ROSNARS STFSOGa 2F €SI QA yobrestiikkeHtodvestBay. R2 2 NE 2 LISy |
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Figure 15Inundation Mapsfor the Townof Oak Island, for Hurricane lke arielture Sea Levefor the
Ike DikeCoasté Spine Conceptaving aWestern Sectior(top panel) and arAlignment Similarto the
LikelyUSACE TSPRat does not have aVestern Sectior(bottom panel).

Source: Authors.
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Relative Merits of the Eastern and Western Dike Section in Suppressing Propagation of
Storm Surge into the Bays

To examine the relative merits of both the western and eastern dike sections in suppressing storm surge
propagation into the bays, all the storms in Table 1 were simulated for a third coastal spine alignment that
is shown in Figure 1@ his alignment iswjte similar to the alignment recommended by the GCCPRD in
their final report This alignment has neither the western nor eastern dike sections; it has only the middle
section, which extends from the west end of Galveston Island to High Island.

Middle Section

Figue 16 Alignment of theCoastal Spine Simildo that Recommendedy the GCCPRD.
Source: Authors.

To quantify the additional storm surge that enters the Hous@alveston region by not having an eastern
section, the peak surge field for the alignment that is similar ® ¢bastal spine included in the likely

USACE TSP (comprised of middle+eastern sections), which was discussed previously and is shown in Figure
17, is subtracted from the peak surge field for the alignment shown in Figure 16 (middle section only).
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Figure 17 Alignment of theCoastal Spine Simildao that Recommendedy the USACE in the Coastal

Texas Study aBartof Alternative A, theLikely TSP, for the Houston Galveston region.
Source: Authors.

Results are shown in a series of figures below, Figures 18, 1Daneze is one figure for each of three
storms, Hurricane lke (Figure 18) and the two hypothetical storms which best replicated tye 400

500yr water levels within Galveston Bay, Storms 033 (Figure 19) and 036 (Figure 20) in Table 1,
respectively Of all the storms simulated, these three produced the highest peak surges in the vicinity of
the eastern dike sectiariTherefore, of all the storms simulated, these three would be those in which
having an eastern section would be most benefidMll results shown are from simulations made using

the future sea level scenario

For each storm, the upper panel in each figure shows riiceehse in peak surghat occurswithout a
western sectiorof the coastal spine concept; and the bottom panel shidvesincrease in peak surdgbat
occurswithout an easternsection

Results for all three storms show théiet western dike section providesuchgreater flood risk reduction
benefits throughout both West and Galveston Bays than does the eastern dike séldtiereastern
section primarily provides peak surge reduction benefits in the vicinity of the eastern dike section;
whereas, the western section provides peak surge reduction benefits throughout the He@steaston
region that lies behind the coastal spi, even communities located along the eastern shoreline of
Galveston BayResults are quite similar to those for the simulations made for present sea level.
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Figure 18Increase inPeak Storm Surge Arisirfigpm Omissionof the Western Dike Sectioftop

panel), andOmissionof the Eastern Dike Sectiqgrfor Hurricane lkeFuture Sea Levdbottom panel).
Source: Authors.
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Figure 19Increase inPeak Storm Surge Arisirigpm Omissionof the Western Dike Sectioftop

panel), andOmissionof the EasternDike Sectionfor Storm 033 FutureSea Levelbottom panel).
Source: Authors.
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Figure 20Increase inPeak Storm Surgarising fromOmissionof the Western Dike SectioKtop panel)

and Omissionof the Eastern Dike Sectigrfor Storm 036Future Sea Levdbottom panel).
Source: Authors.
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These observations are primarily due to the fact that high storm surge conditions develop at the location
of the eastern dike section much later during the storm, just before landfall. Flanking flow around the
eadern end of the coastal spine at High Island, in the absence of an eastern section, commences at this
time, relatively late in the stormAnd, when flanking of the eastern side occurs, the eastern side of the
bay is severely set down by hurricane forceds that blow from east to west within Galveston Basater

that flows around the eastern end of the barrier and into the eastern portion of the Bay, flows into an
area where water levels are already significantly depressed, creating minimal influermeakrsurge

levels at locations in the bays away from the eastern secthereas, in the absence of a western
aSO0A2y> &ad2N)Y adz2NBS &adSFRAf@ LINRPLI3IFGSa G§KNRdIAK
forerunner several days before landfalflow irto the bays continues while the storm transits the
continental shelf, and approaches and makes landfall, as storm surge builds at the entrance to San Luis
PassFlanking flow around the western end of the barrier in the likely USACE TSP occurs fot@gerch
duration and it influences peak surge levels throughout both bays.
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