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Executive Simmary

Following Hurricane lke, scientists, policy makers, and elected officials 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 solutiowich have
focused primarily on the direct economic impacts of a surge-related event in Galveston Bay.
Although these results have been critical in demonstrating the effectiveness of a coastal spine
from the perspective of avoided damages, other secondary, indirect benefitget to be

evaluated The following describes recent analytical efforts to better quantify these indirect benefits
through four distinct research areas including: 1) assessing the economic implicH#tsunge-driven
damage related to a coastal spine, 2) determining potential changes in the costsobinfsomance, and
3) understanding socioeconomic behavior related to the establishment of a coastal $hm following
provides a brief summary of findings of each of these three areas of research under Texant@&dD
No. 18-159-000-A719.

State-Level Economic 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 aéf-time

(E uUSZ %E}i 8 Iviu]l Ju% S }vd /E of 'Elee "SAISIVES |} 35~0 "W
protection is substantial. The GSP in 2066 will decrease by 8%, corresporBie tioillion lossA coastal

spine substantially mitigates these economic impacts, which are still estimated toedbat by only 2%.

Further, all macroeconomic indicatovexcept for government expendituraswill also decline, with the

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

estimated 13% corresponding to $160 bilion loss

Specific state-level impacts on housing and petrochemical sectors include:
Housing sector output declines by nearly 8% corresponding to $39dnbillithe sector loss in
sales, and related employment and prices also fall by 0.66% and 0.77%, redpedthese
estimates are mitigated in the presence of a coastal spine to a 2% decrease in housing sect
output and less than 1% decreases in employment and prices.

Outputs in the petroleum and chemical manufacturing sectors decline by 19%, amotmting
$175.4 billions in lost revenues from both sectors. Decreases in these se@atsamitigated
in the presence of a coastal spine to 3% and 5%, respectively.

Employment and prices in the petroleum sector are the most sensitive tesauttive surge
event: jobs in petroleum sector will be 17% lower corresponding to apmiabeily 155,000 in lost
jobs and prices on petroleum products will increase by .IB%ése estimates are reduced to 1%
reduction in employment and 1% increases in prices with a coastal barrier.

Chemical manufacturing jobs will shrink by 9% (96,000 jobs will be logpriaed on these goods
will increase by 1.6% without coastal protection. Employment figures are reduceto tan2l
prices increases decrease to 0.37% with coastal protection

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



National-Level Economic Implications

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

Following an unprotected, 500-year surge event in Galveston Bay, the U& Bomestic
Product (GDP) is estimated to be 1.1% lower by the end of the forecastipti® corresponds
to an estimated $883 billion dollar economic decline.

The decline in U.S. GDP is reduced to 0.28% following the same event agtal guotection in
place.

U.S. net exports are also estimated to decline by 4% (approximately $1i66 i loss), while
investment and household consumption will be 1.14% ($167 bilhidoss) and 0.83% lower ($532
billion lower), all relative to the same time period with no surge impacts.

The immediate and long-term impacts on other states indicate that while sommaply
neighboring states, experience positive GSP, income and welfare grdvttates 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 100-year 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 insurance coverage of over $8 billion dollars.

Under a 100-year storm surge scenario, over 3,000 coastal 100-year flood insuranes polici
would be protected to less than 1 foot of inundation.

An additional 14,149 high-risk flood insurance policies would be protected completely pibtecte
from a 100-year storm surge.

In the most conservative insurance scenario, nearly $5 million dollars in premiutdsbeou
saved annually by residents while still maintaining the same flood insurance coveragkeewith
presence of a coastal spine

Additional scenarios suggest that total annual premiums in the coastal Houston-Galveston area
could be reduced by 21-28% while still maintaining the same flood insurance coverage.



Public Perceptions of Coastal Protection in Texas

Widespread public support exists for structural and non-structural mitigation to address the risk
Texas coastal communities face from natural hazavtidtiple mitigation strategies 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 overwhelming public support for the coastal spine or Ike Dike in the greatstoHo
Galveston Region. Approximately 73% of the respondents surveyed said they support the
construction of the coastal spine.

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

Residents believe the coastal spine will reduce risk to homes and provide job securityéor s

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 remain. Over 65% of Chambers County
respondents expressed concern about the consequences of the Ike Dike on the environment.
About 58% of Galveston County and 50% of Harris County respondents are equally concerned.



Table of ntents

EXECULIVE SUMIMIALY.....ci it i i it e e e e e e e e et e eeeeeaaaaaaaaaaaaaaaaeaasaesssaassaassaaaaasnnsnnsnnnennnes L,
State-Level ECONomiC IMPlCAIANS..........uueiiiiiiiiiiiiiiee e e e [
National-Level Economic IMpliCatiONS..........coviiiiiiiiiiie e ...
Coastal Flood INSUrance PremiUMS. .. ....oviiiiiiieiiee ettt e e e eeeeees v,
Public Perceptions of Coastal Protection in TEXAS..........coooiiiiiiiiiiiiicccrvrevereree e e e iii......

Chapter 1. Evaluating the Effects of a Coastal Spine: National-Level Economic RigplefESteon

RS BT AT o1 £ USSP VAT
EXECULIVE SUMIMALY......euiiiiiiiiiiiiie ittt e e e e e e e s e e e e e e e s s snnnnneeeeessannnnnnneeess daunnnnnes
Key Results when Storms Impact Dwelling, Petroleum and Chemical Manufacturing Sectors
SIMURBNEOUSIY ... e e e e e e e e e e e e e e e e e e aaaaaaaaeas 11.......
1] 1o o 11 ox (o o PSRRI 14.........
IMPACIEA ATBA.....ccii i e et e e e et e e e e e e e e e e aaeaeaaaaaaaaaeeesssaasaasanaanes 15.........
MEtNOUOIOGY OVEIVIEW.......ceiiiiiiiiiiiii ettt e et e e e e e s r et e e e e e r e e e e e e e annneees 16.......
CGE MOEI RESUILS .....ceieieeiiiiiiitie ettt e et e e e e e st e e e e e e s st b e e e e e e e e s asnareeeaeeas 20........
1= 151 o PSPPSR 49.........
RS (=T =] Lo L PP 56.........
Appendix A: Detailed CGE Model DEeSCIIPLION. .........cuuuiiiiieeiiiiieiee e 5a....
Appendix B: Impact Sector Aggregation and Plant Shut-Down.Days.........ccccccevveveeeiieiiinnneen 63.
Appendix C: Additional National Impact FIQUIES.............coiiaiiiiiiiieeeieee e 66....
Appendix D: Communicating Findings through Web-based Mapping and Visualization..........70

Chapter 2. Evaluating the Effects of a Coastal Spine on Flood Insurance Premiums.................Z5
EXECULIVE SUMIMIALY.....cci i ittt e e e e e e e e e e eeeeeeaeeaaaaaaaaaaaaaaeeaessessssssssesssnssnnssnsssnssssenid Duvvres
T (oo 11 o3 1o o PSSR RRURRRRRRSRTIOY 4 - SUTRPRI
2 7= Tod (o | (o 11 ] o PSSP 76.........
Study Area@ and METNOUS ... e e e e s 81.......
R ESUIES. ..ttt ettt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e nnnnneannenbeenr et nneeeeeees 85..........
Do 01T o PRSP RSRRRR aQ.........
L] (=] €= o7 L 91.........
Appendix Regression model predicting flood insurance premiums...........ccuveeeeeeeviiiiiieeeeeennnne 92.

Chapter 3: Public Perceptions of Coastal Protection in Texas: Findings from a Surveg,cbdlaeston,

& CNAMDBDEIS COUNTIES ... . ittt et e e e e e bbb et e e e e e s bt et e e e e e e ennreeees 94.......
EXECULIVE SUMIMIALY. .. ittt ettt ettt e e et eeaeaeaaaaaaaaaaaaaaaaeaaaeaaaaaaaaaaaannnnnnnennne 94.......
[T g0 o [0 Tox i o] o FO PP PPRRT 95.........



Survey Sample and MEtNOAS..........coo oo e e e e e e e e e e e 95......

Coastal MitIgatioN 1N TEXAS . .....oiuurreeeieee et e e e e e s r e e e e e s s e e e e e e s e nnneees 98.......
SUOrt for the CoaStal SPINE........uuiiiiiiiiiiii e 100....
Perceptions of Financng the Coastal SPINe............ooviiiiiiiiiiii e 105..
Perception of Consequences of the Coastal SPINE.........ccccccuuiiiiiiiiiiiiiirrr e e 107.
(0] [ 11 5] 0] o H TP PP PP PPPPPRPRPPP 109.......
RETEIBNCES. ... ettt e e 110.......
APPENdiX A: SUINVEY QUESTIQNIS ......uuiiiieiiiiiiieiieeee e sttt e e e e s st r e e e e s s st e e e e e e e s asnbrereaeeesannnees 112....
Appendix B: Phone SUrveY WEIGKL.........ccoc it a e e e e 114...
Appendix C: Combined Phone and Online Survey WeIghL.............ooooiiiiiiiiiiiiiiece e 115

Chapter 4: Omission of a Western Dike Section in the Likely USACE Tentatively Selected$tarah
Increase in Storm Surge, Inundation, and Flood Risk throughout the Houston-Galveston.Regibh7

BaACKGIOUNG...... et e e e e e e e e e bbbt e e e e e e et e e e e e e e e e e annen 117......
INvestigative APPrOACK............oooi e e e e e e e e e 119.....

RESUILS. ..ottt e e e e e et e e e e e e et e e e e e e e e e e e e r e e e e e ens 121.......
RETEIBNCES. ...t a e e et e e st e et e e anneeas 144.......



Z % @EXE v o> Ao }viu]
Zyao (2} ("§@ "B Ave




Chapter 1 Bvaluating the Hfects of a(oastal Soine: National-Level
Economic Ripple Hfects of Sorm Surge Bvents

Meri Davlasheridze and Qin Fan

Executive Summary

The 2017 North Atlantic hurricane season and the enormity of the impacts they brought talcoast
communities have once more heighted private and public concerns about the catastfaplre storms

and the ways to 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 flood- and surge-prone areas in the United
States (SURGEDAT 2017). Due to its vulnerability there has been a particular interest in comprehensively
assessing a coastal storm surge suppression system (aka coastal spine) proposed as a mitigagipn st

after 2008[ Hurricane Ike that brought historic surge levels and impacted local economties i

Southeast Texa3 he urgency to address this issue has been heighted as there is a growing consensus
that surge height could increase in response to an increase in hurricane intensities aruelesé

(SLR). Some recent studies suggest flood heights of storm surge associated with 1 in eyegy i®0

become as frequent as one in every four years, and this all due to SLR creaihnf Z & "0 pv Z %o}]vsS _
for future storm surges (Frumhoff et al. 2007).

Prior research conducted on this topic has focused on quantifying impacts of surge aevemtgperty

and industrial assets locally (Atoba et al., 2018; Davlasheridze et al. 2018). Hoitterégd been done

to view the problem from regional and national perspectiydationally strategic assets located in the

bay such as petroleum refineries, petro-chemical manufacturing and the Port of Houston all bear merits
in presenting the problem in the context of the nation. Understanding the spatial ecnepillovers of
surge impacts on the larger economy and long-term socioeconomic ramificatieimaportant for

economic stability of other states as well as for the nation as a whole, and will furthibede to a

better understandingf the scope of economic damages and the economic feasibility of a surge
suppression system.

This report presents the results of a nation-wide economic study of storm surge impacts on the three
counties along the Galveston Bay (Galveston, Harris and Chambers) and explores how direct impacts on
a specific sector(s) in the bay communities propagate through the economy of TeX asamomies of

other states and the nation as a whole in the long term, while capturing general equilibrium and

multiplier effects.

Economic Model

The economic impacts presented in this report are derived frd#8 sector, multi-year state-level
Computable General Equilibrium (CGE) MoBglincluding the national and global economies, and
linking them to the Texas economy, the model captures essential economic relapiiishi influence
the economic impacts of storm surge along the gulf coast of Southeast. Texas

The 23 sectors included in the economic model encompass sectors that are of great impootéme
Texas state economy and human wellbeing. Specifically, the two surge-sensitive sectors eatee £l
residential housing (referred to as dwelling throughout) and (ii) petroleum refiaedychemical



manufacturing sectors. Beyond these major sensitive sectors, aggregation of similar sectors was guided
by model calibration and stability of the model results. Because this study examinestiemgcwide
impacts of storm surge, the economic model captugeseral equilibriurhandmultiplier effects of

individual sectoral responses to surge events.

Assessment Period

In this study, the impacts of surge events on the economy are considered for 50rydaesuture,

starting from the year 2016 and ending with the year 2066. As an extensgoalso incorporate surge
impacts under the SLR using the SLR projections in 2080. Additional model siradetiahso

conducted for the ending year 2080. The choice of 50 year time span was guided by wijplgsin(1)

human behavior, the underlying theoretical foundation of the CGE model, and the subsequetioevolu

of regional economic systems are much more uncertain than is the evolution & svegts (forecast

errors in economic modeling increase rapidly with forecast length) and (2) 50 years is a typical time spa
used to assess the feasibility of flood protection structures in the United States by the YEéups of
Engineers (USACE), the primary federal agency responsible for the large scale infrastructure projects

Scenarios
Selection of scenarios in this report were guided by (i) surge events, (ii) policy respoti¢ei$ die
duration of production cessation for major industrial plants in the area.

Synthetic storms were used to generate exposure of assets relative to water inundation levels. Each
storm has different probability of occurrence in a given year and provides the possibilggdssathe
bandwidth of likelyJu%. Se¢ 8§} §Z ¢S § [ v v Sad$socatedwithusfosms of different
intensities. The most intense and destructive storm is the 500-year storm, with an amobabpity of
0.2%, followed by the 100-year (1%) storm surge, 10-year (10%@rdkd-like storm surge. The
selection of the latter was guided by the hurricane lke, a category 2 hurricane that struck Southeast
coast of Texas in 2008 and brought a historic amount of surge levels. Ike remainsstheoent
hurricane accompanied with major surge event for the bay communities, as Hurricane Hatwepsn
2017 for the area was a precipitation event

1 Some economic sectors will be impacted by surge events indirestiguse of direct impacts on more sensitive
economic sectors within the region (e.g., dwelling and petro prod&athemical manufacturing sectors). Hence it
is expected the surge impacts on a specific sector(s) will also inppiaets of capital, labor, materials, or other
production inputs facing producers in another economic sector. Simikarige impacts on one sector(s) may also
affect output prices received by producers in another sector. The price changbfidputs and inputs) stimulate
substitution away from higher-priced goods and toward lower-priceddgod’hese 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 andiaigjean lead to changes in personal income,

because in the CGE model individuals are assumed to berevamd suppliers of these inputs. Hence the direct

impacts on one sector can generate a chain reaction of additional roafndslirect effects through the changes in

personal income, often referred to as induced effects. The tiotglact accounts for all rounds of effects on all

economic sectors which represents some multiple of the direct injpacbmmonly E ( €& E §} ¢ _upoS]%o
(C s-._X



The surge inundation outputs were modified by factoring inéefoastal spine system, as a surge
suppression mitigation strategy proposed for the region. Hence for each surge scenarianécono
impacts are assessed with and without the coastal spine.

Direct impacts to petroleum and chemical manufacturing sector are modeled through theutpstt o

value (lost sales/revenues) associated with the cessation of production operation. Withauingno

specific causes 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 adaiaé electric system or
equipment due to a power outage or plants simply close for precautionary purpesethe sake of

brevity, in this report results associated with 33 day shutdown are reported. Other results were built in a
companion web-based Atlas for visual presentatioio(//www.texascoastalatlas.com/coastalspine/

As an extension, storm surge scenarios that incorporate the SLR in 2080 were also developgd witho
and with the coastal spine system.

Economic Scenarios and Simulations

Economic impacts are calculated as the difference between the value of economic indicatorsdesy. pri

Ju8% u3U Jv Ju U ' WU A o( E U }vepu%3]}vU JvA «3u andthewaluesE %o} ESe -
}(8Z « Jv] 8}Ee "A1S3Z}uS_ 8Z 3}EuU *uEP V §Z "MNIYZBWEE-uy®&EP A o
E (EE 38} «8Z ~ eo0o]v_Aope v 8Z]ee+s v E]}]* o00. 8Z pe]v e
Economic indicators in the BAU scenario are derived by simulating the economicforeged in time

given projections of key exogenous economic variables (population, workingpagéation, saving

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

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

forward in time with changes in selected parameters (e.g., for the housing sector capital endowment is
reduced by the amount of estimated property damages, for the petroleum and chemical manufgcturin

sectors total factor productivity growth rates are adjusted until output losses solvecimtdel

matches the estimated lossthat correspond to the different shut-down days in the petroleum and

chemical manufacturing sectors) as a way to reflect the impacts of surge on underlying economi

conditions.

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

individual sectors (i.e., housing and petroleum and chemical manufacturing separately). This exercise

allows us to disentangle the economic effects of surge from each of the sectors, sumisagyhon

others, such as petroleum and chemical manufacturing, so as to better understand the direct and

sectoral-level effects of surge evenls the second type we estimate the economic impacts when storm

surge affects all surge-sensitive sectors simultaneously to fully capture indirect and inducedaffects

d £ <[ JAv }v}uC <« A oo + }viu] s }v }8Z E % 3§ throwgh&Zdeand]}v =« A:
labor flows across states

Damage to the Housing Sector

Storm surge is projected to impact the housing (i.e. dwelling) sector negatively by diegtregidential
property located in inundated areas. The HAZUS-MH model developed by the Federal Emergency
Management Agency (FEMas updated using parcel-level data available from the county tax

eo ol E- [ }((] - Séxpesura afd direct damagtsstructures while factoring in structural
characteristics of the property such as foundation type, structure age, replacement cost, coostructi
material, and elevation. Using the supplied damage-depth functions, the losses tduadiproperties
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were estimated without a coastal spine and one with the coastal spine system. Destruction of property
represents the decline of capital endowment to households in the CGE model who are assumed to own
factors of production.

Depending on the intensity of the storm, direct property damages in the three counties were esdimat

in the range of $8.5 hillion (associated with 500-year storm), $4.6rb{Nvith 100-year storm), half a

billion (10-year storm), and 3 billion witkeHlike storm without the coastal spine. These figures

correspondtov Po]JP] o ¢Z (E + S} SZ VvS]E <5 S [« ' WX &}@earE u% o0 U SZ
damages represent only 0.5% of the total state GDP in 2016 prices, however correspondotfalid %

e S}E[* 5}S 0 }uS% puS ]thedcobstal xpikg Bitigateslthe bulk of residential losses,

reducing estimated damages by four times relative to the estimated damages without e sur

suppression system.

Petroleum and Chemical Manufacturing

Petroleum and chemical manufacturing sectors are other sensitive sectors that are assumed to be
directly impacted by surge events in the region. Based on published reports and data, it was assumed
that the destruction of industrial property will have minimal impact on disrupsagtor production
operation. However, plants may experience substantial output (revenue/salesklifsisey close due
to electrical equipment and control room (including Systems and Operating) failuhgedo power
outages. We assumed plants to be down for as little as 18 days and the maximum shutdown days
considered was 33 days. Subsequent revenue losses were calculated for each of the shutdown
durations. For the purpose of modeling economy-wide impacts of output lossesatssbwith plan
shutdown, it was assumed shutdowns will affect efficiency and intensity of the inputs utilized in
production process. Thus, the impact was model through reduction in total facdduptivity (TFP)
associated with all input factors (i.e. capital, labor, energy, and material) in a corresponclioig(se.,
petroleum and chemical manufacturing sectors).

Total output losses associated with different shutdown durations were estimated in the range of $4.3
$8 billion associated with the 500-year storm surge event without a coastal spine and only $218
million when a coastal spine was in place. It should also be noted that industry losses were fully
mitigated with spine protection under 10-year and Ike-like storm events. The resultant ougsubi133-
day shutdown represents approximately 8% of the total output value of these sectors in Texa&.in 20

10
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Key Results when Storms Impact Dwelling, Petroleum and Chemical
Manufacturing Sectors Simultaneously

500-Year Storm Surge

Findings without a Coastal Spine
Dwelling sector output in Texas in 2066 declines by nearly 8%. Emplbameprices in the
dwelling sector also fall by 0.66 percent and 0.77 percent, respectively relative BAbD.
Outputs in petroleum and chemical manufacturing sectors decline by 19% rasghgat Texas in
2066. The employment and prices in the petroleum sector are the most sensitivddstructive
surge event. The number of jobs in petroleum sector will be 17% lower and piitegrease by
13 percent on petroleum products (e.g., gasoline, diesel, and other) i @0Bexas. Chemical
manufacturing jobs will shrink by 9%, and the prices on these goods wiihordase by 1.6% in
2066 relative to the BAU.
In terms of secondary impacts on other sectors, all aggregate sectors studied aill/besely
impacted by surge events and will experience output (revenue) losses thaewsiisipin the long-
term.
The most sensitive indirectly impacted sectors in terms of revenue lossesandtigral resource
mining (e.g., gas, oil and coal) with 15% decline in output in ,28l66tricity (-12%), heat & air
condition (-9%), and water and sewage (-8%), among others. These are the sectorthtrat ei
directly use goods produced by petroleum and chemical manufacturing assinptheir own
production processes or are serving residential housing sector (e.g., electricity)
Electricity sector prices will be 6% higher in 2066, and the pricesén séimsitive sectors will also
increase, however marginally.

Findings with a Coastal Spine
Coastal spine mitigates bulk of detrimental impacts on Texas economy as well as on esonomi
of other states and the nation.
Dwelling sector output in 2066 will decline by only 2%. Employment and prices in #diendgw
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 will be 1% lower and prices will increase
by 1% on petroleum products in 2066 in Texas. Chemical manufacturing jobs will divig tg
2%, and the prices on these products will increase by 0.37% in 2066 relativw=Bé\th
Although lesser in magnitude, all other sectors will also experience declinegutaiue. The
most sensitive indirectly impacted sectors are still electricity, natural resource mining ésg., g
oil and coal), heating and air conditioning, and water and sewage.
Electricity sector prices will be 1.57% percent higher in 2066 and the prices in other sensitive

11



Overall Impacts

The overall projected economic impact of storm surge without the spine system on[Geras State
Product (GSP) during the assessment period is substantial. The GSP in 2066 agkdac&9%
corresponding to $863 billion loss in GSP. All macroeconomic indicators excepteomgent
expenditure in the state will decline in 2066, with the value of net exports (éxgomports) suffering
with the most profound decline by an estimated 13%. The social welfare will ber&, ishile total
investment and consumption will decline by 1% and 6.9% respectively, likely digh&w prices on
some of the important consumption goods (electricity and gasoline). Total government exweadvill
increase in response to surge events and will be 1% higher in 2066. Surge impacts hatvaladverse
socioeconomic implications nation-wide in the long term, however estimatetirges are smaller in
magnitude. The U.S. GDP is estimated to be 1.1% lower in 2066, corregptindmestimated $883
billion in decline. U.S. net exports will decline by 4%, investment and hodsetrasumption will be
1.14% and 0.83% lower in 2066, and overall social welfare will decline by (afi2&ative to the BAU.

The CGE model results indicate that while some states (primarily neighboring) will experisitive po
GSP, income and welfare growth due to potential substitution of inputs of production aod lab
outmigration, 30 states, not including Texas itself, will hal@ver GSP in response to a surge event in
Texas. In terms of social welfare, with the exception of a handful of states, the majdrigxperience
welfare loss in 2066 if the coastal spine is not constructed in the bay.

The coastal spine substantially mitigates impactsdon/eE G3$P, which is estimated to still decline in
2066 but by only 2%. All macroeconomic indicators except for government expenditlresas shova
decrease in 2066. The impact reflected on net export (expbitsports) is reduced four times. Similar
mitigating effects are observed for social welfare, total investment and consumption. Governmen
expenditures will increase, but only by 0.19%. Impacts on national accounts agatadtsubstantially.
Although major macroeconomic indicators will still exhibit declines in 2066aties of decreasare
relatively small. For example, U.S. GDP will be 0.28% lower and social welfdeshmié by only 0.24%

if the 500-year surge event disrupts housing and major petroleum and chemical manufacturing secto
in the three counties along the Southeastern Gulf Co&3kesas

Ike-Like Storm Surge

Findings
Impacts of an Ike-like storm are relatively smaller compared to the imgactsrated by the 500-
year storm surge event.
The chemical manufacturing sector output will decline by 5.9% without proteaighoutputs
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#4%8co0astal protections
is provided.
Prices also increase in storm sensitive sectors. For example, electricity product pHidtes2b
higher in 2066 without coastal protection, and petroleum product prices will incregsiéo.
Coastal protection fully mitigates the impacts on petroleum and chemical rmaturfng, and all
residual impacts (which are estimated to be minimal) on other sectors utidemprotection
scenario are due to the impacts on dwelling sector.
Texas GSP will be 2.7% in 2066, welfare will drop%yaRd net export will fall by 4% in
comparison to their projected levels in the BAU, if no coastal protection is provided.
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Impacts as reflected on national accounts are relatively smaller under no protedetioexample,
the U.S. GDP declines by 0.29% and net exports fall by 1.12%in 20@&eraoastal protection
almost fully mitigates impacts on the U.S. economy. This is partially becausdepet and
chemical manufacturing sectors do not sustain damages wheoastal spine is factoreito
direct damage assessment.

500-Year Storm Surge that Incorporates Sea-Level Rise (SLR) in 2080

Findings
With SLR Texd&SP decreases by 4.5% without the spine in 2080.
Thisimpact is mitigated to -0.63% with protection.
The coastal spine substantially mitigates negative impact on consumption, per capita income,
and net exports as well.
The national impact is generally small without protection. Net exports will experience the
largest decline (-3%) 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 assessment of a coastal storm

surge suppression system, also referred to as a coastal spine, which has been proposed as a mitigation

*SE 5 PC (}E 3Z ' 0A «3}v C E P]}vX dzZ ] }( SZ *%]v u EP (8
brought historic surge levels and impacted local economies in Southeast Texas (TAMUG 201485, and

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 al., 2015) as well as quantifying the benefitsiobaeaalized in terms
of avoided direct damages (Davlasheridze et al., 2018). However, other second-order imipacts o
destructive surge events and the subsequent benefits of a surge mitigation system have not deen wel
demonstrated. Large surge events may trigger a variety of indirect effects including disrofsiopply
linkages and commaodity shipments, temporary cessation of production operation, and cascading
adverse effects across interdependent economic systems. Disruption of some of the imgorthnt
strategic assets located in the bay area (e.qg., oil refineries, petro-chemical manufacturing, éttc.) cou
reverberate throughout not only the local or regional economy, but may ase Bignificant economic
and social implications for other states and the nation, and may also impact their e@sonthe long
term (Kousky 2014; Cavallo & Noy 2011; MacKenzie, Santos, & Barker 20121 No20E1).

Understanding the spatial economic spillovers of surge impacts on the larger eca@mohhgng-term
socioeconomic ramificatiorere important for the economic stability of other states as well as for the
nation as a whole, and will further contribute to a better understandifithe scope of economic
damages and the economic feasibility of a surge suppression system

This study builds on and further extends previous research on this subject by developing a nation-wide
economic model using the framework of the Computable General Equilibrium NMO@#). The CGE

model allows for modeling economic impact at the sector level, and explores how digatts on a
specific sector(s) propagate through the economy as a whole while capturing general equilibrium and
multiplier effects. The CGE model has a rigorous theoretical foundation and has beenusiitlyy

scholars and policy makers to model economic impacts associated with policy changes at the secto
level (Bohringer et al., 2003; Bergman, 1991; Shoven and Whalley, 1992; Sue 0¢hg2@ell as the
economy-wide implications of extreme events (Rose and Guha, 2004; Rose and QGa& e,

Oladosu, & Liao, 2007; Sue-Wing, Rose and Wein, 2015) and climate chaaget(albl 2009; Hsiang et

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

Second-order (indirect and induced impacts) are modeled through direct impackedwo primary
sectors that are the most surge-sensitive: (i) the dwelling sector and (ii) petroleurarseéind chemical
manufacturing sectors. Direct impacts through property losses are estimated by integratingsoutpu
from the Advanced CIRCulation Model (ADCIRC) that generates water inundation associated with
different intensity stormswith§Z & @& o u EGP v C D v P u vsUSMuiti¢Glprard& D -
(Hazus-MH) model. The same ADCIRC inundation outputs are also used to identify petedieem r

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 integrates three models, ADCIRC, HAMH®nd Computable General Equilibrium (CGE)
models, along with assumptions related to plant-shut down durations, to estimate statgstige and
nation-wide macroeconomic impacts of surge events effecting the Galveston Bay region inThexas

14



impact scenarios are built around the intensity of storms and also factor in the mitigetiects of a
coastal spine. Hence, the impact estimates with and without a coastal spine protection are generated.

Impacted Area

The study area covers Galveston, Harris and Chambers counties lotdtedsoutheastern part of

Texas Gulf coast, surrounding Galveston and Trinity bays (see Figure 1). The thres,doenstédter

referred to asreferred the Houston Galveston Area (HGA) region covers 2,727 square miles and is one of
the most populous regions in the U.S. According to the 2010 census, its popusagipproximately 4.42
million. The Houston metropolitan area, which is part of Harris County is the thistl populated

metro area in the U.S. and accounts for approximately 93% of total population of the HGA. The most
recent report by the Houtson-Galveston Area Council indicates that the populaticsuwgdiss 6.3

million by 2040 (HGAC, 2017).

The Galvestondy region, often referred to as petrochemical capital of the U.S., houses one-thind of
petroleum refineries in the U.S. and represents the second largest petro-chemical compléhes i
world. In addition to these strategic assets, the HGA is a home of the Port of HoustonjsA&iiglst

port in the U.S. in terms of import and export tonnage (Port of HoustdrYy 20rhe region contributes
approximately a quarter of the Texas Gross State Product (GSP) with an estimated GSP value of $3
billion, and employs over 60%( SZ <3 3alpopilation (MIG 2012).

The HGA is also one of the most flood- and surge-prone areas in the U.S. (SURGEDRAT 2017)
average, experiences a major hurricane once every 15 years (Parisi and Lundd2D08).(E [
geography and local climate, coupled with population and economic exposure, makegibis re
particularly vulnerable to damaging storms. While Hurricane Harvey in 2017 was the nmasjida
hurricane for the region, the bulk of tee damages were due to heavy rainfall and abnormal
precipitation. The most recent surge event was generated by the P&08ricane lke, which spurred
the initial policy discussion around the coastal spine system (i.e. Ike Dike) as a onitidiinative to
address surge-induced impacts regionally (TAMUG 2017). It is envisioned that the sgireawill
complex system connecting seawalls and fortified dunes/levees along the coastlinesittaibte gates
located at the mouth of Galveston Bay and San Luis Pass (see Figure 1).
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Figure 1: Impacted/Study Area

Notes: The figure shows the HGA region covering Galveston, Harris andeth&ounty and also indicates the location of the
suggested coastal spine system, which will connect the existing Galveston seawaléwitbhsed extensions and a
retractable gate system, covering approximately a 57-mile long barrier alenG#fveston bay. Source: 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 impacts on housing and petroleum refinery and chemical manufacturing sectors with
different intensity storms, with and without coastal spine protection; (2) developing &-yedr, multi-

sector economic model for impact analysis; and (3) modeling surge impacts owdttsdl @conomy. 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, 100-year, 10-year) and Ike-like storms were generated using the Advanced
CIRCulation (ADCIRC) model. ADCIRC is a coupled wave and storm surge model that simulates the
movement of water and storm surge forced by the effects of a hurricane (wind and atmospheric
pressure gradients, and surface wind waves) (Westerink et al. 1992, Hope et al., 2013). ARCKRC ou
(e.g., peak surge-height) were used to assess and delineate hazard exposure of residential and petro-
chemical plants for the HGA region. Differences in return probabilities in these proxy stawesdalls

to examine exposure and impacts at different intensity levels. Of the three proxy stdmenS00-year is
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the strongest with a return probability of one in every 500 years, or a storm with 0.2% chiance o
occurrence in any given year. Characteristics of the proxy storms are reported in Table 1.

Table 1: Storm Characteristics.

Storm Type Landfall Central Pressure Forward Speed Rmax
10-year Proxy San Luis Pass 975 mb 6kts 17.7t25.7 nmi
100year Proxy  San Luis Pass 930 mb 11 kts 25.8t37.4 n mi
500-year Proxy San Luis Pass 900 mb 11 kts 21.8t31.6 n mi

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

Modeling Property Losses

The ADCIRC model outputs (e.g., peak surge-height maps) were input into the HAZh&IM to

generate losses to building stock by block group, which were then aggregated to generate residential
property losses for the three counties. HAZUS-MH is an engineering model developedHeyglénal
Emergency Management Agency (FEMA) for modeling impacts from flood, hurricanes or earthquake
hazards. The model generates estimates of economiesissgeneral building stock, lifelines, utilities,
debris and the associated social impacts, as well as the resultant avoided loss from mitigation
(Scawthorn et al. 2006a; 2006b; Ding et al. 2008). The HAZUS-MH default bovdirigriy is based on
Census block group-level data containing extensive sets of information such as mopulati

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 to update and manage default datasets utilized in HAZUS-
MH analyses with more detailed and accurate data specific to a location of interest. For this lstudy, t
HAZUS-MH default building inventory was updated using parcel-level information fibwé&eecounties
(Galveston, Harris and Chambers), such as building improvement year, amounts spent on improvement,
building materials, struct@al cost, and square footage. Relevant water depth-damage curves from the
U.S. Army Corps of Engineers (USACE) Galveston District and the Federal Insurance Administration (FIA)
were then employed to estimate the direct loss to residential property. These detailed ¢gpoak-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 withadsiat spine
system by factoring in the spine system during ADCIRC model runs. For illustration, in Figure 2twe depi
the map of loss avoidance with coastal protection in a 500-year storm surge event.

17



Houston

ni

South Houston

e
Y
4‘“

Friendswood v

Galveston Bay

N

San Leon

Bolivar Peninsula

™

] Loss Avoided
Santalbe : § iTexas City ; ($ million)

B -
L2180
81- 140
B 140- 200
I 200 - 1.801

Hitchcock -

Miles
24

Figure 2: Property Loss Avoidance Associated with a CoaptaeSor a 500-year Surge Event.
Source: Davlasheridze et al. (2018).

Output Losses for Petroleum Refinery and Chemical Manufacturing Sectors

To estimate direct economic losses for each petroleum refinery and petro-chemical plarssecto
commonly classified by the North American Industry Classification System (NAICS) codes, several
assumptions highlighted below were made. For large-scale manufacturing operatiolespvamerty
losses may be negligibl¢here could be sizeable lassassociated with plant shutdowns due to
electrical equipment and control room (including systems and operating) failure (Hydrocarbo
Publishing Company 2016) or simply power outages (U.S. Department of E@@gyyAccording to U.S.
Department of Energy estimates, these two causes have constituted over 80% of al@ctidems in
U.S. refineries during 2009-2013, of which 14% were caogé@ttlement weather incidents (i.e.
hurricanes, winds, thunderstorms).

8 HE]VP eu% E *§}Eu "~ VBGWaWZNpwap¥key epdried economic losses approximténs
million, of which $56 million (7.9%) was the cost of damaged equipmapitét loss) and the remaining $650 million
was the output loss associated with 24 days shut-down due toepawtage (Hydrocarbon Publishing Company
2016).

18



Hence, rather than modeling industrial property losses, we calculated total value of productjmrt ou
loss for each industrial plant and aggregated them at the sectoral level. In Appendix Table Blnve repo
NAICS codes and names for all sectors aggregated in petro- and chemical- manufacturing sectors for CGE
modeling purposes. In order to generate the value of production output losses as described in
Davlasheridze et al. (2018) we employed petrochemical refinery and manufacturingedahttata
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 Census of Manufacturers gives information about the total number of
establishments ( ;, number of employees ,» annual payrolls, total cost of materials, total value
of shipment and receipts for services, value added)( total capital expenditure and total output

; for NAICS classified (2-6 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 Census of Manufacturers at a zip-code level. For eveg zipeco
relevant NAICS industries, two different types of average production output values were tealc(da

. . SYX-=£204
establishment averages (e.g., average establishment output, calculatﬁg—;éémj, and (b) averages
=E?@af

YX=-E204
per employee (e.g., average employee output, calculateé(—gqgﬂ). It was assumed output values

J=E?QAaf
were proportional to plant employment levels. Specifically for every gléat if Chemplants provided
plantl employment estimates (g e v cmtag estimated output values were calculated by multiplying
the U.S. Census industry per employee averages with the number of plant employees

Caom Y. XE2@af . i m i m
fa =h H ; in cases where no plant employment was available fro
s %ﬁ—ara—Q o4l REMGwB) p ploy

Z U%O0 v3eU u]ee]VvP %0 v3 0 Ao ]Jv] 8}E+* A E E %0 C 3Z hX~X
averages: T & @w—a—m ;‘Emé’h;.
=E? @ af

As an illustration, in Figures 3 and 4 we depict plant exposure for the 500-year proxy stormt&ittou
with coastal protection along with their respective inundation levels.

4 Available atvww.chemplants.com
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Figure 3: Petro and Chemical Plant Exposure to 500-year Inundatitimowi Protection.
Source: Davlasheridze et al. (2018).

Figure 4: Petro and Chemical Plant Exposure to 500-year InundatitmRvrotection.
Source: Davlasheridze et al. (2018).
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Shut-Down Duration Scenarios

To create plausible plant shut-down duration scenarios, we used U.S. Department of Ene&jy (200
reported plant level shut-downs, restarting days and the number of days during which refineries were
operated at partial capacity in response to 2005 and 2008 hurricanes, respeéfilaige different
shut-down scenarios were considered: (1) 18 dagerresponding to the average number of shut-down
and restarting days in 2005; (2) 26 daythe average number of shut-down and restarting days in the
sample; and (3) 33 daysthe average number of shut-down and restarting days in 2B@8each of the
shut-down periods, relevant output value losses were calculated using the daily output vasesl (on
calculations described above) for all relevant firms multiplied by the total number of days plants were
assumed to be dowhindividual plant level output losses were then aggregated up to NAICS industry for
each county

Output losses for petro- and chemical-manufacturing sectors along with residential losses (stanture
contents) to the dwelling sector in the CGE model associated with different storm surge andhlant
down scenarios were converted to 2016 dollars using Urban Consumer Price Index (presented in Table
2).

Table 2: Residential Loss (structuned contents)and Industry Output Losses Associated with
Different Scenarios (millions of 2016 dolllars).

Without With Without With Without With
protection protection Protection Protection Protection Protection
(18) (18) (26) (26) (33) (33)
Panel A: 500-year
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: 100-year
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: 10-year
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: Ike-like 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:PS®E} Z u]l] o v Z u] ouvp( SUE]JvVP « 3}E+ A E PP@] Po3 JBEBZv 38 B}EWA Xoo
Numbers in parenthesis in column headings correspond to a plant shut-dloation measured in days. Residential losses do
not vary by the number of shut-down days.

5In Appendix Table B2 we report the full list of Texas plants and corresgpsiitdown/partial capacity days
experienced as a consequence of the 2005 and 2008 hurricanes.

61t was assumed that plants inundated at any positive flood depth would ¢totestd 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 Talgle 2 abov
It is important to emphasize that losses to the dwelling sector dominate the total direct isipact
associated with all different synthetic 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 tanfa8l total

direct losses locally. Importantly, direct losses to industrial sectors are fully mitigéttedaastal spine

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

CGE Model

Model Overview

The CGE model captures economic interactions of consumers, producers, government and the trade
sector. Consumers in this model are endowed with a supply of labor and capital. Firtey éabpr and

capital as input factors of production and pay wages and profits (factor rents) 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. Gamirnoilects

taxes and uses tax revenues to purchase goods and services. The model also covers both the domestic
(i.e. intra-national) and international trade assuming domestic and imported goods are imperfect
substitutes.

The CGE model is based on the premise of the three governing principles of Genelailquheory,
namely (1) supply equals demand (i.e. all markets clear), (2) producers cannot earn excessprofit (i
zero profit condition) and (3) consumers exhaust all income (i.e. purchase commodities babed o
budget, which equals total income net savings). The model spegifi@ssumer utility function and
production function as well as elasticities of substitution among input factors and simutaiasraic
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 theseauptioa inputs (i.e.

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 goods and services (e.g. food, housing, ellentyeas)

given their budget constraints (i.e. income minus savirigghe CGE model consumer utility is modeled
using a nested constant elasticity of substitution (CES) utility function. The CES function allows different
rates of substitutions (i.e. elasticities of substitutipacross different commaodities (i.e. a food

composite good, a housing composite good, an energy composite good, and 1hothirod, non-

house and non-energy goods) within the same utility function. For example, the ¢yastisubstitution
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 afrdift goods. The larger the magnitude
of the elasticity of substitution, the easier it is to substitute one good withtlagroproduct.
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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 consumers, the functional form for production technologystadh&€obb-
Douglas-constant elasticity of substitution function is used in the CGE model) accaouliffefent

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 diffatestthan

that for capital and labor. Commodities produced by producers are purchased by households and
governments as final consumption goods or other firms as intermediate goods.

Government

In the CGE model, the government has two primary roles, it collects taxes and purchases d@amodi
using tax revenues. Government chooses commodities produc@8 bggregated production sectors
specified in Table 3 by maximiziagtility function, and the spending is constrained by the amount of
public revenues. In the model, we use a Cobb-Douglas utility function, where the consuisipdi@s
across commodities are derived from benchmark data.

Trade Sector

Trade is assumed to happen 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 goods. The model is described in detail in App&ndix

Definition of Major Macroeconomic Indicators Generated by the CGE Model

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

The GSP measures the value of the goods and services produced annually in each state and in the United
States. It is an important economic indicator and measures how the economy is doingrfeoyear to

another. More:https://www.bea.gov/sites/default/files/2018-04/GDP-Educatityg-BEA.pdf

Per Capita Income ($)

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

Social Welfare ($ billions)

The Social Welfare measure is grounded on the theoretical notion of Hicksian Equivalent Variation (EV),

which capturesaiiv ]JA] g o[* AJoo]vPvVv ¢« 38} % C 3} A}] % &E] Z VP « u 3} %
shocks (e.g., surge event). Hicksian EV is measured by (extra/less) income required to reach the final

utility level (e.g., resultant due to surge events) at the original prices. In the radidty index

represents the income-weighted sum of individual EVs, and is measured as an aggregate expenditure o

the representative agent on consumption.
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Relative Prices

Relative prices are aggregate sector composite prices relative to a price of a numeraire lggbdsw
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 unity. Hence, the percent change in
relative price relative to BAU is the most intuitive measure to capture the price changes assodiated wi
surge events.

Output by industry ($ billions)
Output by industry corresponds to the value of production by industry in a calendar year. Alternatively,
it can be described as annual revenues (sales) made by each industry plus net inventory change

Employment& millions)
Employment represents full and part-time annual average jobs for both employees armirgutfyed
workers by sector. It does not indicate the number of hours worked per day.

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

Total Consumption ($ billions)
dZ Z}ue Z}o [ 8353 0 A% Vv |SUE }v % &pehddn prEEde con(dmpdon gaodls) C
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 household investment measured in U.S. dollars.

The Model Calibration and Data Sources

A recursive dynamic inter-state CGE model developed for this study is based on thenmmbrdelework
presented in Rausch and Rutherford (2008) and Sue Wing (2007). The model is calibrated td.#&¢ IMP
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 (BLS) and the U.S.
Census Bureau. The database includes SAMs covering 536 industrial sectors for 50 states and
Washington D.C. for the year 2016. Different from an input-output (I0) table that shows the rekigion
between inputs and outputs among factors of production, consumption, government, investment,

export, and import, a SAM is an expanded version of an 10 table and shows the entire moonetarfy fl

the economy. For example, a SAM contains detailed information about payments arising from different
sources such as ownership of certain 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 sueas tapital,

energy, and materials; 2) these factor endowments are contributed by institutions such as hossehold
firms, government, and foreign entities, which in turn receive factor payments (e.g., wage, rent, and
profits), called value-added (VA)herefore, a SAM shows the interrelationship between value-added

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 andsfabttax

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

The IMPLAN 536 finer-scale sectors were aggregated to 23 industrial sectors (see Takidi3) itha

key sectors of interest such as petroleum refineries (i.e. petro products), chemical manufacturing
(including petrochemicals), and dwelling (residential housing) sectors. The IMPLAN source data presen
substantial challenges for calibrating the model due to large numbers of small coefficients initbe so
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. Thlas, simi
sectors, especially those with small accoumtste aggregated.

Table 3 Production Sectors included in the Model.

Aggregated Commoditiés 23 Industrial 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 (non-energy, hon-food, and non- Pulp and paper

housing) Water and sewage
Chemicals
Other mining
Food and tobacco
Rubber and plastics
Nonmetallic metals
Primary metals
Heat and air-conditioning
Other manufacturing
Services

Source: Authors.

8 These aggregated commodities are used in the nested CES utility function
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Parameters, Exogenous Variables and Data Sources

State-level SAMs representing the flow of commodities and payments across all sectors of the state
economies correspond to a benchmark year 2(A®m SAMs we derived 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 and labor were combined with employment and capital input @htatax rates

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

Key exogenous economic varialSle§ the model include total 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 trajectories were taken from historical data. Savings rates are calibrated by
household and region using base year (2016) data. The assumed values of these parameters and
variables are presented in Table 4 and more details are provided in the subsection 3.7 below.

Table 4 Parameters, Exogenous Variables and Data Sources in the CGE Model.
Variable Names Parameters Data Sources
State-level 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 millions of persons U.S. Census Bureau

Economic Impacts of Storm Surge

Surge Sensitive Sectors

Sudden surge events will destroy physical capital (productive capital, buildings and othstructrae).

The dwelling sector is the most sensitive to surge events as it encompasses the residepéi/p

sector which is directly hit by damaging storms. While petroleum and chemical manufacturing sectors
may also experience on-site property damages, the losses to major equipment or a systenmfajlure
havea more pronounced impact on thsector because these causes potentially lead to a plant closure
and loss of output, as suggested by published reports and assessments, and discussed above in
subsection 3.3

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 terms of their own production
processes and are yet affected indirectly by other, more sensitive economic sectors withinitive reg

(e.g., dwelling and petro products & chemical manufacturing sectors). Hence it is expected the surg
impacts on a specific sector(s) will also impact prices of capital, labor, materials, or othertignoduc

inputs facing producers in another economic sector. Similarly, surge impacts on to€yenay also

affect output prices received by producers in another sector. The price changes (both outputs and
inputs) stimulate substitution away from higher-priced goods and toward lower-priced goods. These
phenomena acting through markets and prices are commonly referred to as general equilibrium effects.

Multiplier Impacts

Changes in input prices (i.e., prices of labor, capital, energy and materials) can leadgescinan

personal income, 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 additiordd afun

indirect effects through the changes in personal income, often referred to as induced eftbettotal

impact accounts for all rounds of effects on all economic sectors which represemésrsaltiple of the

direct impacts (referred to asmultiplier effects_.«
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surrounding states and regions, and the rest of the world. The ripple effects on econdroibgio

states are captured through exports, imports, inflows and outflows of capital, and in-migratioruénd o
migration of labor across states. Changes in the input and output prices of goods and sendcesd

in surge-sensitive sectors in Texas, in particular in petro and chemical manufacturing sectors that
produce tradable goods, will also impact prices and inputs of different sectors in other states and will
result in changes in cost of production, productivity, input and output prices. For states, in

particular for those relying on goods and services produced by these surge-sensitive sectors, these
changes could be detrimental, while other states may benefit from surge events in Texas because of the
substitution possibility among inputs and goods.

The impacts described above are those that influence the economy through the market riseakan
(supply equals demand for all traded goods and serviet=)ce, the impacts generated by the CGE
represent the market impacts of surge evenighile storm surge can destroy valuable ecosystem
services that are not traded in markets, reduced quality of life, human health and morearthapt
captured in this study. The multi-year, multi-sector economic models are best used for the purpose of
capturing economic impacts through market and are not generally capable of nonnirauetts

analysis.

Baseline Economic Conditions

The economic impacts analysis presented in this report involves comparing economitmosnalithout
and with surge events. The economy without a storm surge incident is the reference economy and is
referred to as the Business As Usual (BAU) economy. Generating the BAU scenario requires
consideration of potential economic conditions in the futuWée use 50-year time span for simulation
given projections of state-level population and key exogenous parameters such as growil rates

of multi-factor productivity and annual rate of improvement in labor quality.
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Labor supply in the model is the product of working age population and labor qualitylafon 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 th& pastpture the
changes of the work force over time, in the model we adjusted the labor quality parameter. The
underlying assumption is that the quality of the labor force chamlyesto 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 yd¢ae leynd

of the modeling period

Similarly, capital quality changes in the model. This change indicates the shift imipegition of

capital towards assets with shorter life. Similar to labor quality, we assumed that capital quality will rise
by 2.5 percent per year initially, falling to a growth rate of 0.5 percent by the end of the mgdeli

period.

In addition to growth in capital stocks, population growth, and labor and capital quality aprents

over time, economic growth in the model is driven by improvements in total factoryatodty (TFPR)

An improvement in TFP implies that fewer inputs are required to produce a unit of o@ecitoral TFP
improvements in the model were chosen to generate estimates of growth in output aptbgment

that replicate published state-level projections by industry from sources such as the Bureauakecon
Analysis (BEAJhe model also assumes improvements in autonomous energy efficiency of 2 percent per
year over the modeling period, consistent with published forecasts. Table 4 above lists these parameters
along with data sourceginally, an important parameter for the growth of economy is the household
savings rate, which is calibrated by household and region using base year (2016) data and isag#t const
over time.

Impact Scenarios

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

The plant shut-down 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 material) in a corresponding sector (i.e., petro andahemi
manufacturing sectorsYhe scaling parameter is adjusted to reflect the output losses as shown in Table
2 above. For example, the output loss in the petro products sector for the 33-day shutdown askociate
with 500-year surge event without coastal protection is estimated at $5.2 billion. This oagsut |
corresponds to a decline in output value in the sector relative to the output value in the BAU scenario.
Hence, the scaling parameter associated with TFP for petro products sector is adjusted untiptie ou
loss matches the estimated losses as shown in Table 2. Similarly, we adjust the scalinggrartirie®
associated with all input factors for chemical manufacturing sector to match the estimated dlirgpett

loss in this sector.

Different from the impact of industrial output losses, losses to the dwelling sector yiieect a

Z}us Z}o [+ %]3 0 Vv }Au v8 Jv 8Z +38 8§ X dZ EeV3upOfBuBERBIIMESC u P
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 parametar is th
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incorporated into the CGE model as a coefficient of capital endowment for households by Tfidggon.
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 petro products 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 mamgacturi
sectors. This exercise allows us to disentangle 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 alspedevelo
Subsequently, direct impacts were assessed assuming projected growth in housing units and production
output growth for petroleum and chemical manufacturing plants. The CGE modeling fraknewor
discussed above were adopted to explore regional and national impacts of surge events cotipled wi

the SLR in the year 2080.

CGE Model Results

Storm Surge Impact on Texas and U.S. Ec@®m

Storm surge generates substantial economic tolls for Texas Economy as seen throughout by heclin
major economic indicators such as GSP, per capita income, welfare, value of outpairf@amnomic
sectors, value of net export and more. Notably, adverse impacts linger over the longaihm,
significant socioeconomic ramification across other states and the nation as a whole.

For the sake of brevity and ease of exposition, we present results associated with the 500-year storm
without and with the coastal spine protection, as well as briefly preview results generated under the Ike-
like storm.One typeof results estimates the impacts of surge events 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, so as to better understand the direct effects of surge events on the sector.dediwed typeof
results we estimate the economic impacts when storm surge affects all surge-sensitive sectors
simultaneously to fully capture indirect and induced effects on the economy as a whole. The diist set
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 2 is estimated at about $8.5 billa#6iprces,

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

the total output value of the sector. While the share of damages to GSP is small, it generates substantial
de o]J]v ]Jv §Z 8 8§ [ u i}E u &} }viu] Jv] S}E*X * E %}{®Ss ]v d
by 7.10% in 2066 if no coastal spine protection is considered, which is mitigat2@48+0 (albeit still
indicating a decline) when the coastal spine is factored in damage assessment. Net export (export-
import) falls substantially, initially indicating a sudden decline by 54%. While theedapes over time,

in 2066 the net export still remains 10% lower than the projected net export in the BAU scebacial
welfare also declines in the state and is estimated at approximately 7% lower without protestio
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opposed to 2% with protection, both relative to the BAU in 2@dth the total consumption and
investment will drop notably by approximately 6.5% in 2066. Per capita persacoahéand
government consumption are the only two indicators experiencing positive growth irtdtes fowever
income growth is only temporal and lasts for the first decade, after which it starts to decline and
remains 2% lower in 2066 relative to the income level in the BAU withoutsdaiaine. This is
consistent with findings of Deryugina et al. (2018) suggesting that New Orleans residemntsogarn
than those living in similar unaffected cities a few years after Hurricane Katrina. Income denlines
modestly (by 0.66%) with a coastal spine. Government consumption is increasing agreassall
presented, indicating expanding spending on different goods and services post-incident.

Table 5: CGE Results for Selected Decades for the Texasrggobavelling Sector Impacts Associated
with 500-Year Storm Surge Event.
2017 2026 2036 2046 2056 2066

Panel ANo Protection RelativeBAU

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 -4.43% -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% 051% 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 B: Protection Relative 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 Total Consumption -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: Economic-wide impacts are presented associated with the 500-year storrmgueigean dwelling sector with and
without coastal spine protection. Source: 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, followed by the electricity, other mining, natural gas, oil and coal
mining, petro products, and the heat and air conditioning sectors. As output shrinks, the prices rise i
these surge-sensitive sectors. While chemical sector experiences largest drop in output value, the prices
in the sector rise by only 1.23%; electricity prices are the most responsive to thisambacrease by

5.8%; the prices of petro products also rise by 3% in 2066. Prices increase, albeit mndkstfythan

1%, for the sectors directly related to dwelling sector including water and sewage, heat and air
conditioning and insurance goods and services sectors (see Table 6a). In terms of eanploym

simulation results indicate reduced employment numbers in the majority of the sectorgxipatrience
decline in production output. The most sensitive sectors include chemical, petro prodietdsicity,

other mining, and heat and air conditioning. We should also note that while in terms oftaaltpu

sectors experience decline in 2066 associated with the direct impact of surge on thigwector,
employment increases in some of the sectors potentially due to the shift of labor force and th
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 slawer th
the projected trajectories in the BAU, the declines in output are less pronounced, as seen in Table 6b

Table 6a: Sectoral Impact of 500-year Storm Surge without Rrtioa vs. BAU (year 2066).

Sector Output 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%
Other Agriculture -4.69% 1.60% -0.89%
Other Mining -10.12% -2.02% 0.52%
Electricity -11.96% -2.42% 5.79%
NaturalGas Oil, Coal -9.90% -0.70% -0.86%
Water and Sewage -7.56% 0.35% 1.25%
Construction S5.77% -0.12% -1.21%
Food, Tobacco -8.15% -0.74% 0.25%
Wood Products -3.11% 2.04% -0.61%
Pulp Paper -6.12% 0.61% -0.12%
Petroleum Products -9.62% -3.31% 3.07%
Chemicals -15.72% -6.41% 1.23%
Rubber Plastics -8.86% -1.74% 0.36%
Non-metallic Metals -7.29% -0.17% 0.29%
Primary Metals -3.94% 2.40% -0.28%
Heating, Air-conditioning -9.26% -2.02% 0.25%
Other Manufacturing -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 indirectsraptie direct shock of surge on a
dwelling sector. Source: Authors.
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Table 6b: Sectoral Impact of 500-year Storm Surge with Protectis. BAU (year 2066).

Sector Output 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%
Other Agriculture -1.32% 0.45% -0.25%
Other Mining -2.93% -0.57% 0.14%
Electricity -3.49% -0.70% 1.58%
NaturalGas Oil, Coal -2.86% -0.19% -0.24%
Water and Sewage -2.17% 0.09% 0.34%
Construction -1.65% -0.04% -0.35%
Food, Tobacco -2.33% -0.20% 0.07%
Wood Products -0.88% 0.57% -0.17%
Pulp Paper -1.74% 0.18% -0.03%
Petroleum Products -2.78% -0.92% 0.84%
Chemicals -4.63% -1.79% 0.35%
Rubber Plastics -2.55% -0.48% 0.10%
Non-metallic Metals -2.09% -0.04% 0.08%
Primary Metals -1.11% 0.67% -0.08%
Heating, Air-conditioning -2.67% -0.55% 0.07%
Other Manufacturing -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 indirectsroptie direct shock of surge on a
dwelling sector. Source: Authors.

In Table 7 we report macroeconomic impacts associated with the Ike-like storm surge on Texas
economy. There are noticeable differences in terms of the magnitude of effects associated with the
500-year and the Ike-like storms. It is notable that impacts from the no protection scendkie-life
storm resembles the impacts from the protection scenario when Texas is struck by thed&0&term
surge. Nonetheless, the lke-like storm produces adverse impacts on overall state ecOeaas/GSP
will be 2.6% lower without a coastal spine and only 0.12% lower relative to the BA&Fiscwhen the
spine is accounted for in 2066. The immediate effect of the storm on net exports is agairupoeab
indicating 20% decline relative to the BAU projected level of this indicator. Over debadesleclines
shrink and in the year 2066 net exports are estimated 3.8% lower. The coastal spine largelteaitie
impacts of lke-like storm and while almost all economic indicators falldé B8lative to the BAU, the
declines are negligible
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Table 7: CGE Results for Selected Decades for Texas Econaellin® Sector Impacts Associated
with Ike-like Storm Surg&\ent.

2017 2026 2036 2046 2056 2066
Panel A: No Protection 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 B: Protection Relative 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: Economic-wide impacts are presented associated with the Ike-like storm sumgeamgwelling sector with and
without coastal spine protectioisource: Authors.

Sectoral impact associated with Ike-like storm impact on housing are presented in Table 8a and 8b
without and with protection. Order of sensitive sectors is consistent with the order of the &80-y
storm surge. The difference is in magnitude of impacts. Ike-like storm will result in medeicihemical
sector output by 5.9% without protection and only by 0.27% with coastal spine protectiative to

the BAU. The electricity sector output is the second most impacted, shrinking by 4.45%akta co
protection is provided. Prices also increase in these storm sensitive sectors, but the riativislye

small compared to the price responses to the 500-year storm. For example, elegraziyct prices will
be 2% higher in 2066 without coastal protection, and petroleum product pricesariéldase by only 1%.
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Table 8a: Sectoral Impact of Ike-like Storm Surge without Protattrs. 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%
Other Agriculture -1.69% 0.57% -0.32%
Other Mining -3.74% -0.72% 0.18%
Electricity -4.45% -0.89% 2.03%
NaturalGas Oil, Coal -3.65% -0.24% -0.31%
Water and Sewage -2.77% 0.12% 0.43%
Construction -2.11% -0.05% -0.44%
Food, Tobacco -2.98% -0.25% 0.09%
Wood Products -1.12% 0.72% -0.22%
Pulp Paper -2.23% 0.23% -0.04%
Petroleum Products -3.55% -1.18% 1.08%
Chemicals -5.90% -2.30% 0.45%
Rubber Plastics -3.26% -0.61% 0.13%
Non-metallic Metals -2.67% -0.06% 0.10%
Primary Metals -1.42% 0.86% -0.10%
Heating, Air-conditioning -3.40% -0.71% 0.09%
Other Manufacturing -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 indirectsraptet direct shock of surge an
dwelling sector. Source: Authors.
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Table 8b: Sectoral Impact of Ike-like Storm Surge with ProtectisnBAU (year 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%
Other Agriculture -0.08% 0.03% -0.01%
Other Mining -0.17% -0.03% 0.01%
Electricity -0.20% -0.04% 0.09%
NaturalGas Oil, Coal -0.17% -0.01% -0.01%
Water and Sewage -0.13% 0.01% 0.02%
Construction -0.10% 0.00% -0.02%
Food, Tobacco -0.14% -0.01% 0.00%
Wood Products -0.05% 0.03% -0.01%
Pulp Paper -0.10% 0.01% 0.00%
Petroleum Products -0.16% -0.05% 0.05%
Chemicals -0.27% -0.10% 0.02%
Rubber Plastics -0.15% -0.03% 0.01%
Non-metallic Metals -0.12% 0.00% 0.00%
Primary Metals -0.06% 0.04% 0.00%
Heating, Air-conditioning -0.15% -0.03% 0.00%
Other Manufacturing -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 indirectsraptet direct shock of surge an
dwelling sector. Source: Authors.

Economic Impacts to Petroleum Products and Chemical Manufacturing Sectors Only

We now turn to the estimated results when major industrial sectors (petro products and chemical
manufacturing) are impacted in the region by the 500-year storm surge. In particular, we fpreseits
from the scenario when a storm forces 33-day shutdown of plants, translating these shut down days
into output losses (i.e., proxying for direct losses to the sector). We should note that unsiscémario
total direct loss to these sectors is $7.9 billion, 7% lower than the damages sustainediinehing

sector. This damage figure corresponds to approximately 8% of the total output value of tictms de
Texas in 2016. The impacts on petroleum and chemical manufacturing sectors are relatively smaller
within the state as shown by major economic indicators in Texas than the macroecangracts seen
through the destruction of the dwelling sector. One explanation is that in the CGE model, danthge to
dwelling sector is modeled as a decline in capital endowment to households. Reduced capital affects
production output for those sectors that are capital-intensive (e.g. manufacturing sectorgjitroado
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 production output in chemical manufigcind
petroleum products locally as a result of housing destruction, followed by the negatipatgrowth in
electricity as well as heat and air conditioning. We should also note that capital destruction translate
into reduced 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 theecthtal
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factor productivity parameter related to all factors of production (not only to capital)lerdsisuming
the effective capital stock is undamaged

While indirect impacts are relatively smaller in the state, all major macroeconomic indicsiibdecline
relative to the BAU in Texas. Specifically, GSP will be 1.20% lower in 2066 relative tog@iete

the BAU; personal income also declines by 1%. Social welfare is 0.88% lower and net expyprts fall b
approximately 3% (see panel A of Table 9). These are all without factoring in the ngtigféticts of a
coastal spine. Impacts are largely mitigated under the protection scenario; declines in g@jon@c
indicators are in the range of 0.01-0.03% (Panel B of Table 9).

Table 9: CGE Results for Selected Decades for the Texasrag@¢h00-year).

2017 2066 2036 2046 2056 2066

Panel A: No Protection Relative 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%
Government Consumptior  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%
Panel BProtection Relative To BAU

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: Economy-wide impacts are presented associated with the 500-year storrmguageon petro and chemical
manufacturing sectors (resulting in 33-day shutdown of production opejatiith and without coastal spine protection
Source: Authors.

While impacts reflected on macroeconomic indicators are negligible, sector-spefcts in the state

of Texas indicate that outputs decline and remain low relative to BAtheémical and petro products
sector, along with natural gas, oil and coal mining. Employment alsmdgdli these sectors. Prices are
relatively more sensitive to storm surge impacts on these sectors as well (seelDabpl Specifically, we
observe 10% increase in composite prices of the petro products and chemicalsrédathose in the
BAU. This increase is three times larger than the price increase in the sector when these aectors
indirectly impacted from the shock on the dwelling sector. Prices iotladlr sectors fall due potentially

to substitution effects and shifts in consumption patterns post-surge evEné impacts are largely
mitigated with the coastal spine (Table 10b).
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Table 10a: Sectoral Impact of 500-year Storm Surge without Pradacts. 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%
Other Agriculture 0.74% 1.09% -0.10%
Other Mining -0.15% 0.33% -0.17%
Electricity 0.49% 0.98% -0.13%
NaturalGas Oil, Coal -5.97% -0.92% -2.86%
Water and Sewage -0.32% 0.08% -0.60%
Construction -0.82% -0.41% -0.61%
Food, Tobacco 0.55% 1.09% -0.14%
Wood Products 0.40% 0.75% -0.17%
Pulp Paper 0.90% 1.35% -0.09%
Petroleum Products -10.36% -13.92% 9.56%
Chemicals -3.46% -2.25% 0.37%
Rubber Plastics 0.24% 0.85% -0.03%
Non-metallic Metals -0.06% 0.46% -0.38%
Primary Metals 1.06% 1.47% -0.11%
Heating, Air-conditioning 0.37% 1.10% -0.14%
Other Manufacturing 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 indirectdrapthe direct shock of surge on
petro and chemical manufacturing sectors, when plants shut down for 33 days. SathoesA
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Table 10b: Sectoral Impact of 500-year Storm Surge with Protectie 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%
Other Agriculture 0.02% 0.03% 0.00%
Other Mining -0.01% 0.01% -0.01%
Electricity 0.01% 0.02% -0.01%
NaturalGas Oil, Coal -0.12% -0.01% -0.06%
Water and Sewage -0.01% 0.00% -0.02%
Construction -0.02% -0.01% -0.02%
Food, Tobacco 0.02% 0.03% 0.00%
Wood Products 0.01% 0.02% 0.00%
Pulp Paper 0.02% 0.03% 0.00%
Petroleum Products -0.20% -0.26% 0.16%
Chemicals -0.16% -0.12% 0.02%
Rubber Plastics 0.00% 0.02% 0.00%
Non-metallic Metals 0.00% 0.01% -0.01%
Primary Metals 0.03% 0.04% 0.00%
Heating, Air-conditioning 0.01% 0.03% 0.00%
Other Manufacturing 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 presents indirect sectoral impacts of the direct shock of surge @apeichemical manufacturing sectors, when
plants shut down for 33 days. Source: Authors.

As shown in Table 11, the Texas economy-wide impacts of Ike-like storm on petro and chemical
manufacturing sectors are less pronounced. 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%athleréd the BAU in
2066. In terms of sectoral impacts, reductions in output and employment are substareidligad. For
example, in terms of the output value, the most sensitive sectors are petroleunb%0), Biatural gas,

oil, and coal mining (-0.5%) and chemical manufacturing (-0.23%). Prices are subgdgasntl
responsive to such insignificant changes in production output. The coastal spine fulltesitige

impacts of surge events on petroleum and chemical manufacturing sectors, assuming thegiwel
sector is unaffected

38



Table 11: CGE Results for Selected Decades for Texas Econo#ilgg)ke

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: Economy-wide impacts are presented associated with the lke-like stgerirapeact on petro and chemical

manufacturing sectors (resulting in 33-day shutdown of production opejatiith and without coastal spine protection

Source: Authors.

Table 12: Sectoral Impact of Ike-like Storm Surge without Pratacvs. 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%
Other Agriculture 0.06% 0.09% -0.01%
Other Mining -0.01% 0.03% -0.01%
Electricity 0.04% 0.08% -0.01%
NaturalGas Oil, Coal -0.50% -0.08% -0.23%
Water and Sewage -0.02% 0.01% -0.05%
Construction -0.07% -0.03% -0.05%
Food, Tobacco 0.05% 0.09% -0.01%
Wood Products 0.03% 0.06% -0.01%
Pulp Paper 0.08% 0.11% -0.01%
Petroleum Products -0.85% -1.18% 0.74%
Chemicals -0.23% -0.14% 0.02%
Rubber Plastics 0.03% 0.07% 0.00%
Non-metallic Metals 0.00% 0.04% -0.03%
Primary Metals 0.09% 0.12% -0.01%
Heating, Air-conditioning 0.03% 0.09% -0.01%
Other Manufacturing 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 indirectsropthe direct shock of surge on
petro and chemical manufacturing sectors, when plants shut down for 33 Slaysce: Authors.
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Economic Impacts when the 500-Year Storm 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 and shows the full magnitude of changes in the
Texas state economy as well as the economies of other states and the entire U.S

d £ <[ '*W Aloo % % E}/AEJu § 0C 609 0}A E Jv 1i00U BSo 3]1iv B} 82
considered, and the impact is mitigated to a 2.06% decline with a coastal protection scenari

Furthermore, there is a substantial social welfare loss associated with storm surge, which also lingers
over the long-term, indicating a decline of 7.6% without a coastal spine as opposed tae tgcli

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 (export-import). The declinegrpoet

value is due to a rise in prices of goods that are heavily traded intranationally and inbexadbti(e.g.,
petroleum, chemical products) and further underscores the dependence of the state on these major
tradable goods (Table 13)

Table 13: CGE Results for Selected Decades for the Texas Economy.
Total

Per Capita GDP Total . Total Government Net Social
Income Consumption Investment : Export Welfare
Consumption

Panel A: No Protection Relative 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 B: Protection Relative 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: Economy-wide impacts are presented associated with the 500-year storrmguageon dwelling, petro and chemical
manufacturing sectors (resulting in 33-day shutdown of production opejadiomnultaneously with and without coastal spine
protection Source: Authors.

In terms of sectoral impacts in Texas, we should note that all aggregate sectors experience adverse
shock due to the 500-year surge events as indicated by declines in output relative to thedtios

(Table 14a). The petroleum products and chemical manufacturing sectors are the most sd¢asitiv

storm surge events, which is not surprising given 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 spse doe
not fully mitigate negative impacts of storm surge events in the long-term, the itumignof 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 500-year Storm Surge without Pradacts. BAU (year 2066).

Sector Output 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%
Other Agriculture -4.05% 2.63% -0.99%
Other Mining -10.26% -1.72% 0.36%
Electricity -11.52% -1.51% 5.69%
NaturalGas Oil, Coal -15.28% -1.57% -3.70%
Water and Sewage -7.83% 0.43% 0.69%
Construction -6.50% -0.50% -1.77%
Food, Tobacco -7.68% 0.26% 0.12%
Wood Products -2.74% 2.76% -0.77%
Pulp Paper -5.34% 1.89% -0.20%
Petroleum Products -19.01% -16.76% 12.81%
Chemicals -18.69% -8.63% 1.59%
Rubber Plastics -8.67% -0.97% 0.33%
Non-metallic Metals -7.34% 0.25% -0.06%
Primary Metals -2.97% 3.81% -0.39%
Heating, Air-conditioning -8.95% -1.00% 0.12%
Other Manufacturing -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 indirectdrapthe direct shock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down fay33Sdurce: Authors.
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Table 14b: Sectoral Impact of 500-year Storm Surge with Protectie BAU (year 2066).

Sector Output 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%
Other Agriculture -1.31% 0.47% -0.25%
Other Mining -2.94% -0.56% 0.14%
Electricity -3.48% -0.68% 1.57%
NaturalGas Oil, Coal -2.97% -0.20% -0.30%
Water and Sewage -2.18% 0.09% 0.32%
Construction -1.67% -0.05% -0.36%
Food, Tobacco -2.32% -0.17% 0.06%
Wood Products -0.87% 0.58% -0.17%
Pulp Paper -1.72% 0.21% -0.04%
Petroleum Products -2.97% -1.18% 1.00%
Chemicals -4.79% -1.91% 0.37%
Rubber Plastics -2.55% -0.46% 0.10%
Non-metallic Metals -2.09% -0.03% 0.07%
Primary Metals -1.08% 0.71% -0.08%
Heating, Air-conditioning -2.66% -0.53% 0.06%
Other Manufacturing -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 indirectdrapthe direct shock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down fay33Sdurce: Authors.

The direct and rippling effect through interconnedtsectors and intra-, inter-national trade result
in about 1.1% loss in U.S. GDP without a coastaksphe magnitude of impact is mitigated with
protection and the GDP decreases by 0.28% in tleesprotection scenario. Social welfare is also
lowered by 0.92% relative to the BAU and 0.24% aitrand with protection, respectively. While
Texas experiences a decline in net exports, forgh#re nation there is an increase in net exports
relative to BAU during the first decade @B2026) following a surge event both with and withou
a protection, which then start to decline in thelli@wing decades (Table 15).
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Table 15: CGE Results for Selected Decades for the U.S. Economy

Per Total .
Capita GDP Total . Total Government Net Social
Consumption Investment : Export Welfare
Income Consumption
Panel A: No Protection Relative 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 B: Protection 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% -091% -0.21%
20.66 -0.08%  -0.28% -0.24% -0.30% 0.02% -0.90% -0.24%

Notes: Nation-wide impacts are presented associated with the 500-year storm su@ye onpdwelling, petro and chemical
manufacturing sectors (resulting in 33-day shutdown of production opejadiarultaneously with and without coastal spine

protection Source: Authors.
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To translate these percentage changes into actual dollars, in Table 16 we report natidiBX values
for macroeconomic indicators in the year 2066 in level terms (e.g., GDP, qotnsounper capita

income, and net export, consumption, investment welfare (in 2016 prices) associated with the three
scenarios (i.e. BAU, without coastal protection, and with protection), and corresponding losdiee rel
to the BAU.

Table 16: Impacts in Levels for Texaslthe U.S. Economy in 2066.

No . No. Protection- Protection t
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
Per Capita 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 Exports 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: Macroeconomic impacts in levels are presented associated with the 508leyeasurge impact on dwelling, petro and
chemical manufacturing sectors (resulting in 33-day shutdown of productioatapérsimultaneously with and without
coastal spine protectigrexcept for income, other economic indicators are given in billions of US Dollaty@eglues are
reported in parenthesis. Source: Authors

As for the immediate and the long-term impacts on other states, the model results indicatehiiat

some states (primarily neighboring) experience positive GSP, income and welfare growth due t
potential substitution of inputs of production and labor outmigration, 30 states,mdtiding Texas

itself, will havealower GSP in response to a surge event in Texas. Immediate responses as reflected 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 majdhieysthtes

will experience welfare loss in 2066 if the coastal spine is not constructed (see Figure 7). The spine
substantially attenuates effects spatially and in the long term. Figures@2lin Appendix C depict
state-level GSP and welfare in 2066 with a coastal spine, and income responses withouhaiuhstal
spine are presented in Figures C3 & C4. Sectoral responses (output value and prices) can be viewed in
the companion Atlas.

44



Figure 5: 500-yr Storm Surge without a Coastal Spine, Impact®17 2GSP)
Notes: Percent change in GSP by states relative to the BAU GSP levels in 2017 without a neastlssimiwn. Source:
Authors.
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Figure 6: 500-year Storm Surge without a Coastal Spine, Impa@966 (GSP).
Notes: Percent change in GSP by states relative to the BAU GSP Rgfsiithout a coastal spine are shown. Source:
Authors.

Figure 7: 500-yr Storm Surge without a Coastal Spine, Impact6&® 2Welfare).
Notes: Percent change in social welfare by states relative to the BAU social vesidsen 266 without a coastal spine are
shown. Source: Authors.
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Impacts of Ike-like storms as reflected on selected macroeconomic indidatdrX and US are presented
in Tables 17 and 18, respectively. Both tables report results without and with coastal otebexas
GSP declines by 2.7% in 2066, welfare is 2.6% lower, and net export fallshyrdébthat in the BAU if

no coastal protection is provided. The nation is almost insulated from gpding effects of the lke-like
storm on the communities in Galveston Bay in Texas. While in the no potexse the U.S. economy
shrinks, the declines are substantially margih&dtably, the coastal protection almost fully mitigates the
impacts on the U.S. economy. This is partially because the petroleum andcehamanufacturing sectors
do not sustain damages when coastal spine is factoeddinect damage assessment. Responses in terms
of GSP, income and welfare across other states in 2066 relative to thefAlépicted in Appendix C
Figures C5-

Tablel7: CGE Results for Selected Decades for the Texas Economy (lke-like Storm).

2017 2066 2036 2046 2056 2066

Panel A: No Protection Relative 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: Protection Relative 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: Economy-wide impacts are presented associated witlkeéHike storm surge impact on dwelling, petro and chemical
manufacturing sectors (resulting in 33-day shutdown of production opejadiorultaneously with and without coastal spine
protection Source: Authi.
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Table 18: CGE Results for Selected Decadethe U.S. Economy (Ike-like Storm).
2017 2066 2036 2046 2056 2066
Panel ANo Protection RelativeBAU

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 BProtection RelativeatBAU

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: Economy-wide impacts are presented associated wittke¢Hikeé storm surge impact on dwelling, petro and chemical
manufacturing sectors (resulting in 33-day shutdown of production opejadiarultaneously with and without coastal spine
protection Source: Authis.

The sectoral impacts of the Ike-like storm in Texas presented in Table 1Gtsdtadve chemical sector
production value declines by 6% and the outputs of electricity, petroleatural gas, oil and coal mining
sectors all fall by nearly 4%, without a coastal spine. Prices on petroleum psoihecby 1.82% without
a coastal protection and electricity sector prices go up by 2%. Impacts gedylamitigated with the
coastal spine protection.
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Table 19: Sectoral Impact of Ike-like Storm Surge Without anthWirotection 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%
Other Agriculture -1.63% 0.66% -0.33% -0.08% 0.03% -0.01%
Other Mining -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%
NaturalGas Oil, Coal -4.12% -0.33% -0.54% -0.17% -0.01% -0.01%
Water and 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%
Wood Products -1.09% 0.79% -0.23% -0.05% 0.03% -0.01%
Pulp Paper -2.15% 0.34% -0.05% -0.10% 0.01% 0.00%
Petroleum Products -4.37% -2.35% 1.82% -0.16% -0.05% 0.05%
Chemicals -6.12% -244% 0.47% -0.27% -0.10% 0.02%
Rubber Plastics -3.23% -0.54% 0.13% -0.15% -0.03% 0.01%
Non-metallic Metals -2.67% -0.02% 0.07% -0.12% 0.00% 0.00%
Primary Metals -1.33% 0.98% -0.11% -0.06% 0.04% 0.00%
Heating, Air-conditioning -3.37% -0.62% 0.08% -0.15% -0.03% 0.00%
Other Manufacturing -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 indirectdrapthe direct shock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down fay33 Source: Authors.

Extension

Economic Impacts with the Sea Level Rise (SLR)

Surge impacts are expected to by exacerbate with the SLR (Frumhoff et al., 2007).tufe tap
magnifying effects of SLR on Texas and regional economies, as an extensilso wimulated the CGE
model incorporating the effects of SLR.

Specifically, surge inundation maps associated with the different proxy storms imatngoSLR for the
year 2080 were generated with the ADCIRC model, which were overlaid with the plant locaiberstify
the firms that will potentially be inundated under future SLR. To assess damages to resstemtiures,
the inundation maps with the SLR were inputted in the HAZUS-MH model. In the HAZ®eadH
building counts for different types of dwelling category were updated gusine predicted number of
housing units in the year 2080. The average value by each dwelling typeheer@assigned to these
projected number of new units to estimate respective losses to dwelling sector in 208Tgbée 13).
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Table 13: Housing Damages under Future SLR in 2080.

Scenario Housing Damages ($million
No Protection 500-yr 2080 +SL 31,883.92
Protection 500-yr 2080 +SLR 6,092.87
No Protection 100-yr 2080 +SL 18,803.34
Protection 100-yr 2080 +SLR 3,699.55
No Protection 10-yr 2080 +SLF 2,616.50
No Protection Ike-like 2080 +S| 234.72

In order to assess output losses for the 33-day shutdown of petro products and chemaizafacturing
plants we followed the framework described in Section 2.1. Specifically, ihisgasned that the number

of actively operating plants will be unchanged (i.e., there will not be new entrantiseinndustry);
however, the number of inundated plants increases because the spatial extent of inemadth SLR is
much largerWhile the effective number of plants were assumed to be unchanged, we assumed that the
output produced by each plant will grow at the same annual ghowate asthe overall industry growth

rate as solved in the BAU scenario. It was also assumed that the output loss in 203ategseith the

SLR will grow at the same rate of the industry output growth rate.

In order to project the output losses for the year 2080 under SLRiystean the recursive dynamic CGE
baseline scenarigthe business as usual (BAU) scenario (assuming no SLR) from 2016 ¥ac@?0Btain

the annual output growth rates for the major industries for Texas. Based on the annual outputs solved i
the CGE baseline scenario, annual output growth rates were calculated. These annual greswitera

used to compute output losses for the year 2080 respectively for petro ymtsdand chemical
manufacturing sectors if plants are shut down due to SLR-induced storm sutget(msses for the
starting year 2016 and ending year 2080 are presented in Tple

50



Tablel4: Major Industry Output Losses for the Year 2080 with SLR.

BAU scenario (billions of 2016 $)

2016 2080
Petro products 35.99 318.34
Chemical manufacturing 62.48 1,506.31

Output losses (billions 2016 $)
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
500-year 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 the modeling approach discussed throughout, industrial output lossestfotgum products

and chemical manufacturing sectors were incorporated into the CGE model by chseajing parameter
associated with total factor productivity. The appropriate scaling parameter segected until the
simulated output losses solved in the CGE model matched the expected losses (as shown in) Table 14
the same year 2080.

Aulo EOoCU ]38 A e eepu 3Z 8 %E}% ESC u P o ZBup ZI0A[SZ %3IZ A}
endowment in Texas. The share of the property damage relative to the baseline dwelliagiaathe

state was calculated using the property losses (see Table 13) divided by thimglwealle 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 500-year stornB88-day plant shutdown) scenarios under SLR as an example and report
impacts for selected economic indicators and for all the states foyé&as 2080. It should be noted that
unlike the model results presented without SLR, the economy-wide impacts under SLR reflect immediat
effects only in the year 2080. Results in Table 15 and Table 16, respestiv@lyeconomic impacts from
output losses in petroleum and chemical manufacturing sectors and impacts from prajzentages (with
protection and without protection). Results from the model where all sectors areillgmeously
impacted are shown in Table 17.
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Compared to the BAU scenario in 2080, Texas GSP declines by approximataty2D30as a result of
SLR-induced storm surge impacts without structural protection, for both the scenarioaultigut losses
are incorporated (500-year storm) and the scenario when property damages as&leced. The impact
on the national GDP is also similar between the scenario when output lossesamgoirated (-0.384%)
and the scenario that captures only property damages (-0.343%). When structural motéctnot
factored in, the impact on consumption is slightly larger from property damages, wilacts from
output losses are larger on per capita income and net exports. Turning to Tabladypresents results
from the model incorporating both industry output losses and property darsageler SLR in the year
2080, GSP decreases by 4.5% in Texas without structural protection. f&e isymitigated to -0.63%
with protection. Similarly, results suggest that structural protection significamilygates negative
impacts on consumption, per capita income, and net exports. Although the @a&timpact is generally
small, the impacts of SLR-induced storm surge on net exports without proteetidrto be larger (-3%),
compared to the BAU scenario without SLR in the year 2080.
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Table 15: Regional Economic Impacts from SLR Scenario (33-DaysRlg#down 500-year Storm%
Change Relative to BAU Scenario in 2080).

. . Net Export
Gsp Consumption Per Capita Income (Export-Import)
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 SLR-Induced Property Dar(B@@year Storm, %
Change Relative to BAU Scenario in 2080).

. . Net Export
Gsp Consumption Per Capita Income (Export-Import)

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%
Ml -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 Losses (33-Day $tatdown) and Property

Damages under SLR in 2080 (500-year storm, % change relative to BA&riscn 2080).

. . Net Export
GSP Consumption Per Capita Income (Export-Import)
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 A: Detailed CGE Model Description

The main features of the recursive dynamic inter-regional computable generalbeiguili(CGE) model
used in our analysis and data construction are described in this appdriddxmodel is based on the
modeling framework of Rausch and Rutherford (200&hich calibrates the model to the IMPLAN state-
level accounty and the static regional modeling applications of Sue Wing (2007)

Producers

Each of the 35 industries is assumed to be a profit maximizer where output is producec asingtant
returns to scale technolog¥ror each sectgrin regionr at timet this can be expressed as:

3lysakcBivashcadubay adcad LR, (B.1)

where -y 4 3 ax 4 280d #¢ 4 v aBgscapital, labor, and intermediate inputs, respectively && represents
autonomous technological change which improves total factor productivityested Cobb-Douglas-
constant elasticity of substitution (CD-CES) functional form was adopted in tldel.nBy nesting
production functions, the model can account for different elasticities of substitutidhinvihe same
functional form Figure A-1 below displays the nesting structure of the production sector.

KLEM MiLem= 0.6
KL M.=1
EM Mu=0.7 i
K L

Yavle %m

Mi Y YYX M PRP NGD OG

Figure A-1Nesting Structure in the Production Sector.

As shown in Figure A-1, the top nest of the CD-CES production functiost€afsa Cobb-Douglas
aggregate of value-added (i.e., capital (K) and labor (L)), and a CES aggregatgyf and non-energy
materials (M) inputs with an elasticity of subst&y } vkimnp of 0.6 between the KL and EM aggregates
The second tier separates the EM aggregate into an energy composite and a non-energglsnateri

Ju%}e]3 U }8Z ~ PPE P & + AJ3Z o0 +&]V3 of 0.6 apd 03] Egsddtively
The non-energy materials composite includes the 27 non-energy materials listedble 1 The energy
composite includes coal mining I, petroleum refining and product®)Pfatural gas distribution (NGD),
oil and gas extraction (OG), and electricity (ELE).

Output in each producing sector is allocated to the domestic, intranati@mal,international markets
assuming a constant elasticity of transformation (CET) functional form where the elasticity of
transformation between products allocated to these three markets is assumed to hetiees paid by
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purchasers of industry output include a tax on production calibrated to bmack data and the prices of
capital and labor purchases by industry include taxes on capital anddédmcalibrated to benchmark
data.

Consumers

The consumer sector is modeled as a utility-maximizing representative consumedethags utility from
the consumption of commodities, is assumed to supply labor inelastically sathe iowner of capital
stock The household sector in each region receives income from the employment of labor dtal. cap
Therefore, private income in regiorat timet can be written as:

;éaé‘!- L. a4& - aac (B.2)

where ;. denotes labor income from supplyih@units of effective labor, andKdenotes capital income
from supplying<Sunits of effective capitalVLis equal to:

;-aad 2.aacdmac (B.3)

where 2 .represents the wage rate received by households. The relationship between labor di@man
supply is described belawSis a function of the working age populatioR@P) and an index of labor

quality @9; i.e.,
Saal 2120 (B.4)

In each region, household income is allocated between consump@¥gp.and savingss). In this
model we use a simple Solow growth model formulation with an exogersavings rate @ jto
determine private savingss );

Sal Quaal iaak 8 %% (B.5)
The household savings rate is chosen to mirror the observed rates in the benchmark data set.

Household utility is a nested CES function of consumption goods financledusghold income net
savingsThe nested structure adopted in the model is shown in Figure A.2

FHEO Mueo= 0.3

YYY X Othens

Food Housing M = 0_J]:_nergy ther,

mOYYYX R b vyya B YYY

Figure A-2.

Household utility, therefore, is a CES function of a food composite good, a @asnposite good, an
energy composite good, and 13 other (i.e., non-food, non-housing, and non-eneaylg g
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Government and Taxes

In the model, the government has two major roles: to collect taxes and to purchase commaoditigs
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 Cobb-Douglas utility function of the 35 commodities where govetranesumption
shares are derived from benchmark data

Capital, Investment, and Labor
Capital stock in a given regiomt timet in the model is the accumulation of region-specific investment
net depreciation; i.e.,

-3ak 'S F U-aac2E %4 (B.6)

Total investment by region in a given year in the model is determined by householdss&gng
described above, following the Solow growth model formulation, household savingsxegeneusly-
determined share of household incomEhis share is set to follow the 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 indbé m
through the use of a composite CET-CES fundfiapital is allocated across industries in a given region

e lv J(( & v < ]v ]v peSE] [T dastEity-ofdfansféanstian of capital across
the different industries is assumed to be one so as to preserve the benchmark industry-specific capital
shares The CES aggregation of capital across regions is assumed to be Leontif, thus limiting the mobili
of capital across regions in a given year. Investment final demand is distributed to the individual
investment goods sectors through fixed sharé@,é,éq%rived from benchmark data:

2 % 5 stagale b 2 Bkt (B.7)

wherePS; is the supply price of investment gobah regionr and VIl is total value of investment.
Total investment in regionat timet, 4 4 (herefore can be written as:

04y .avs , Uay
hal taabaadchaaac (B.8)
Similar to capital, labor is also assumed to be imperfectly mobile across industries and regigngeim
year. As with capital, a CET-CES function is used to allocate labor to the 31 industries based otoreturns
labor and to aggregate labor across regiortse elasticity of transformation is assumed to be one; thus,

labor is allocated to industries to preserve the benchmark values shares of Tigoelasticity of
substitution is assumed to be zero, thus limiting the mobility of labor across regiengiven year.

Intra- and International Trade

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

353éé|é¢#4dJX&Uaé§g®/Ua§ag (B.9)

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 good is assumed 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 intra-national trade price oflgoatthe
price of foreign exchange. The numeraire in the model is assumed to be the price of foreign exchang
thus, prices in the model are relative to the overall international goods price.

Markets

The economy is in equilibrium in peribevhen prices clear the market (i.e., supply 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:

3Gash Av#oay BalhadachadBiuadcuaakA U TU YU (Bi20)

where QS equals the total supply of goddn regionr at timet; Ajj is the inter-industry demand for
goodl by industryj; G, is the final demand for goaddby the consumer sectok; : is the final demand
for goad | by the investment sectofG,, is the final demand for goddoy the government sector; and
Xrt is net exports of good

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

without foresight, investment equals savingse., 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 investmerniDomestic prices relative to the price of foreign exchange adjust

to hold the current account balance at its exogenously determined level.
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Appendix B: Impact Sector Aggregation and Plant Shut-Down Days

Table B-1: Impact Sectors Aggregation.

CGE Sector IMPLAN - NAICS NAICS 2012
Name BEA Code IMPLAN Description 2012 6-digit

Petro Products 156 Refined petroleum products 32411 324110

157 Asphalt paving mixtures and blocks 324121 324121

158 Asphalt shingles and coating materials 324122 324122

159 Petroleum lubricating 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 baS|c_ inorganic chemical 32518 325180
manufacturing

, : . 325193,

165 %‘nelzfgizf"?rgan'c chemical 32519 325194,

g 325199

166 Plastics material and resin manufacturini 325211 325211

167 Synthetic rubber manufacturing 325212 325212

168 Artn‘lmal and synthetl_c fibers and 30522 325220

filaments manufacturing

169 Nitrogenous fertilizer manufacturing 325311 325311

170 Phosphatic fertilizer manufacturing 325312 325312

171 Fertilizer mixing 325314 325314

172 Pesticide ar_1d other agricultural chemical 32532 325320
manufacturing

173 Medicinal and botanical manufacturing 325411 325411

174 Pharmaceu_tlcal preparation 325412 325412
manufacturing

175 In-vitro dlag_nostlc substance 395413 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 305612 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'lc 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 single-family
residential structures

Construction of new multifamily
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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Table B-2: Shut-down Days by Texas Plants.

: # of shut- # of days # of days at
Company Location Year . reduced
down days restarting .
capacity
Exxon 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).



Appendix C: Additional National Impact Figures

Figure C-1: 500-yr Storm Surge with Coastal Spine, Impa@666 (GSP).
Notes: Percent change in GSP by states relative to the BAU GSP le\G8wiith28 coastal spine are shown. Source: Authors.

Figure C-2: 500-yr Storm Surge with Coastal Spine, Impa@666 (Welfare).
Notes: Percent change in social welfare by states relative to the BAU social vesiédseéri 266 with a coastal spine are
shown. Source: Authors
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Figure C-3: 500-yr Storm Surge without Coastal Spine, Impac866 (Income).
Notes: Percent change in income by states relative to the BAU income levél§ with@ut a coastal spine are shown. Source:
Authors

Figure C-4: 500-yr Storm Surge with Coastal Spine, Impa@866 (Income).
Notes: Percent change in income by states relative to the BAU income levél§ witRCa coastal spine are shown. Source:
Authors
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Figure C-5lke-like Storm Surge without Coastal Spine, Impacts in 2066 (GSP)

Notes: Percent change in GSP by states relative to the BAU GSP leve8wiith2Qit a coastal spine are shown. Source:
Authors.

Figure C-6lke-like Storm Surge without Coastal Spine, Impacts in 2066ofime).
Notes: Percent change in Income by states relative to the BAU Income levél witBOut a coastal spine are show®ource:
Authors.
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Figure C-7: Ike-like Storm Surge without Coastal Spine, Impac966 (Welfare).
Notes: Percent change in social welfare by states relative to the BAU social welfarenl@®&6 without a coastal spine are
shown. Source: Authors.
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Appendix D: Communicating Findings througébvidased Mapping and
Visualization

To extend our analysis efforts, we have develdpf a purpose-built
web interface that serves to communicate the economic results. Our
web-based dashboard illustrates the impacts of storm surge for a variety
of scenarios, linking them to a host of direct and indirect economic
impacts at local, regional and national scales. Analysis results and
contextual information can be visualized through a series of displays
including two webmap cards and summary charts

Scenarios included for the end user to view include:

Storm size

Landfall in 2016 or 2080, the latter of which includes projected
land development

The presence or absence of coastal spine

Current or projected sea level rise

Web maps

Results of the scenarios above are displayed on two maps which can be

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 selected storm surge scenario, inguglther residential damages
or estimated storm surge. The second map displays national economic impacssaté &evel. Clicking
the tab in the top right

allows the end user to

altternate 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.
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The U.S. map also has a slider
at the bottom of the map
which allows the user to
change the year in which they
are interested and
demonstrating spatial
variation over time. Users can
also change which economic
indicator they are displaying
using the view drop down,
and can also 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.

Charts

In addition to the web-maps, three types of charts are displayed based
on the scenario, including local damages, average surge depth and U.S.
impacts The local damages chart provides an estimate of damages given
storm size and future scenarios. This chart is dynamic and changes as the
user zooms in or pans directionally, allowing the end user to gain
additional understanding of how damages vary at an aggregate level
across Galveston Bay. If the end user is more interested in surge depth,
they can chose to view the average depth for structures that were
flooded and the number of structures flooded in an area. Like the local
damages chart, the graphic is dynamic and allows the end user to zoom
and pan around Galveston Bay. Finally, the impacts chart uses the U.S.
level dataset as the focus and leverages the economic analyses. This
chart shows changes in economic indicators with and without a coastal
spine. Multiple economic factors can be graphed including GDP, median
income, changes in gas prices, insurance prices and housing prices.
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Directions

The local and US maps have
different directions to help

the user navigate the website.

These can be found in the
lower righthand corner. A
second tab is available to
show either the national or
local webmap as well.
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Additional information is available by clicking the info buttons which provideaiso .
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Chapter 2 Bvaluating the Hfects of aCoastal Soine on Hood Insurance
Premiums

Wesley E. Highfield and Jaimlyn Sypniewski

Executive Summary

A coastal barrier system has been proposed to protect the Houston-Galveston Regiothér adverse
impacts of storm surge, due to both the recent disasters and an increased undengfaridhe impact of
future events along the Texas coast. Previous evaluations have examined many directiesnt in
economic impacts related to the establishment of a coastal barrier system Jemilee impacts on flood
insurance have yet to be explored. To address this gap, we spatially and stitisticdyzed the effest
of a coastal barrier on flood insurance policies and premiums that woulddiegbed 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 in Harris and Galveston
Counties, would experience a reduction in 100-year 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 insurance coverage of over $8 billion dollars.

Under a 100-year storm surge scenario, over 3,000 coastal 100-year flood insuranes polici
would be protected to less than 1 foot of inundation.

An additional 14,149 high-risk flood insurance policies would be protected completely t@atec
from a 100-year storm surge.

In the most conservative insurance scenario, nearly $5 million dollars in premiutdsbeou
saved annually by residents while still maintaining the same flood insurance coveragkeewith
presence of a coastal spine

Additional scenarios suggest that total annual premiums in the coastal Houston-Galveston area
could be reduced by 21-28% while still maintaining the same flood insurance coverage.
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Introduction

Communities surrounding Galveston Bay have some of the highest flsodhite rates in the nation.
Under the 2015 Homeowner Insurance Flood Affordability Act (HIFAA), Nationaliiacahce Program
(NFIP) premiums are being increased up to 18% a year until reaching actuatatirates (FEMA, 2014).
On the aggregate, this may be a sound approach to solvency for the NFIP, yet risingsilmadce rates
are increasingly felt at the local level, especially in coastal communities with agindapops and
infrastructures Fl}} (ve U 0]l 8Z %oE&}%o}e } § 0 *%]v U uC E 3
effectively removing it from the regulatory floodplain or reducing fltseod risk, which may in turn
substantially reduce flood insurance cadtéith this in mind, our overarching goal is to is to estimate the
financial burden of NFIP policies with coastal, surge-based flooding risk in the h@est@ston region
and determine the range of flood insurance premium savings to homeownée &ical level if a coastal
spine was constructed. This study evaluates the potential effects of National Flood besiargram
(NFIP) premiums, including the reduction of flood insurance rates for residehts @alveston Bay region
under 1) existing, baseline conditions and 2) with a coastal spine. Weadgvexisting Advanced
Circulation (ADCIRC) storm surge model outputs to establish flood insurance @qbosure and the
corresponding reduction in exposure given a coastal spifefurther demonstrate likely changes in flood
insurance rates through two separate approaches under four different scenariteriis and Galveston
Counties.

Background

Coastal Texas and Hurricane lke

Texas has over 400 miles of coastline that has historically attracted peopledustry to take advantage

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

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

the annual hurricane season, which lasts from June to December. The Texas coastal regien 4860

square miles of land vulnerable to flooding induced by hurricane rains and storm surde=dirency of
hurricanes along any 50-mile segment of the coast averages about one storm event exegeais.

Annual probabilities of a storm event range from 31% in the Sabine Pass Redlét o the Matagorda

Region (Roth, 2010). The warm waters of the Gulf enable storms to rapidly grow in sizrdessity,
substantially increasing their ability to inundate areas with storm surges of 20 faejtwer while causing

severe directflood€E o § uPe v Jv]E § }viu] (( 8+ 8Z S o]JvP & (}E& C
large-scale storm surge event occurred in 2008 when Hurricane lke, the primarytdatallye proposed

A 11 U_ u ov (o00}vsZ dA&E-+ }+sdv E ' 0ATe3}wadidvv]W wAHvVP }
and 84 deaths (Stoeten, 2013). Ike was followed by Hurricane Harve¥ira®@ preceded by Hurricanes

Gustav, Dolly, and Rita, as well as Tropical Storm Eduardo. Each of thesesttack the upper Texas

coast within a three-year span. Devastating storms such as Hurricane Ike and Hurricane Hagvey hav
plagued the Texas coast for centuries, claiming thousands of lives and plaemdewning strains on
communities, families, and individuals (Roth, 2010)

Hurricane lke made landfall on the east end of Galveston Island as a category 2 star@arythmorning
of September 13, 2008 (see Figure 1). Having decreased in intensity frolegargad to a category 2
storm along its path over Cuba, many U.S. Gulf Coast residents would not have guessed théinat the
Ike would be the third-costliest hurricane in U.S. histdmnywelve fatalities in Galveston and Chambers
Counties are directly attributable to lke (Berg, 200Bhe 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 costmst behind
Hurricanes Katrina and Andrew, respectively (Berg, 2009).

Figure 1. Path of Hurricane lke and Resulting Estimated Storm Surge.
Source: Authors.

Despite its maximum sustained winds of 110 mph in the Galveston area, lke is kioogfonits immense
storm surge The maximum high-water mark recorded by FEMA wa$i1ll o} § }v }o]A G W v]ve
This surge event caused severe damage to structures and communities on Bolivar PeninsegtorGalv
Island did not receive the equivalent surge on the Gulf side, yet itsvagglr mark values still ranged
(E}u ii; Stheifiedult of a surge 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 early start to rising wdtex iegion (Kraus

v >]vU 1iideX "8}EuU *uyEP PE §]}v (JE SC%A & THEE] *uE]R 00°+3557
2% days (Kraus and Lin, 2009). Notably, the elevated area of Galveston Island locatedheeteadvall
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incurred less damage, especially compared to areas adjacent to the City of Galveston thatitheut
dune or seawall protection (Kraus and Lin, 2009; Highfield et. al., 2014).

A Brief History of the Coastal Spine

dz ~/1 ]I _ ~« &]PUE& ibartier caie€pt}Séoyiding coastal protection against damage
from hurricane storm surge to the Galveston Bay Area. In 2008, the waves and stoenpadgced from
Hurricane Ike alone destroyed 60% of homes in affected coastal communitiesnétimated property
damage cost of $5 billion ($25 billion total) (Davlasheridze, €@l6). The most prominent contributing
factor to the damage caused by lke was a storm surge that was able to enter Galveston Bay, where
hurricane winds continued to amplify its damaging effect. Twenty lives l@steand Hurricane Ike was

still far from the worst-case scenario: had lke tracked 20-40 miles farther to the sesithtlie resulting

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

The protective barrier being proposed is envisioned as an approximately 100-km long spamstailong
Galveston Island and the Bolivar Peninsula. The spine would connect a series alfssaad fortified
dunes/levees along the coastline to retractable navigation gates locatedtiattte mouth of Galveston
Bay and San Luis Pass. The intent is to limit the damaging effects caused by stoentsuing Galveston
Bay by blocking a portion of the surge at the coast (Ruijs, 20h&) proposed coastal spine would not
only suppress the storm surge, but is also argued to considerably reduce uncertaintyid@ne surge
forecasts for the area protected by the spine (Stoeten, 2013), in addition to redpoipgrty losses,
decrease precautionary shutdowns, and reduce output losses for industrial plantagberidize et. al.,
2019). The idea is certainly not unique, as comprehensive storm surge protedtastriucture systems
have proven effective in protecting coastal communities prone to hurricamenssurge and resultant
flooding both in the U.S. and internationally.

Figure 2. Conceptual Design of a Coastal Barrier System,igimgsof the Existing SeawalRoposed

Dikes and Floodgate.
Source: Authors.
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From a benefit-cost ratio perspective, a coastal spine is economically fedgiblenost recent research
indicates a 70% reduction for the 500-year surge event, leading to an avoided loss db @iéo for
residential structures and a total savings of about $12 billion for all occupancy categoriexaéiglufis
reductions are also seen for the 100-year surge event, where damage among all occupancy classes is
reduced by over 56%, avoiding almost $6 billion to property damages (Davlasheridze2€x1 2).

The National Flood Insurance Program

C (® 3Z u}*3 }u% E Z ve]A v A] 0oC Ju%o uvd (}EuU }( G}} u]s]P :
the household level takes place through the National Flood Insurance Program (NghRIdHi

E}EuUuvVv v &} CU TifiieX dZ E&/W A« & 0]+Z v iGo®}}}%e@YA] G}}
residents and businesses. Although private sector flood insurance is increasingly available,ttheome

NFIP is still the primary 2] o (}E& % E}A] JvP G}} Jvep®E v &8} E ] vSe v pue]v
AE]S]vPU 8Z E&/W Z « }A E 16Uiii % ES3] % S1V@}}IQuun(SIve %} pA 1E& |
in force
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determine actuarial rates. The result of this analysis is the Flood Insurance Rate Map (FIRM), which
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chance of being reached or exceeded by flood waters in any given year. A combination of hydrologic and
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far more complex and uncertain process that relies on simulation models, namely the the hydradynam
Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model and, more recently, the Advanced

]E& po S]}v ~ [/Z e u} oX dZ GCvu] vSUE }(ovVve]vGpuyv C } S o
frequency based on historical storm surges, still water elevation levels, and models of wave generation
setup, overland propagation, run-up, and overtopping. Also, factors such as tides, erosion,séing exi
structures (e.g., seawalls and other barriers) must also be considered (FEMA, 2017).

dZ » }u3% pudeU }3Z E]JA E]Jv Vv } 8 oU E %d€EatidntGwhighv & D [¢ &/ZD
floodwater is anticipated to rise during the base flood (i.e., 100-year flood or s dlevation),

(FEMA, 2017). While frequently misconstruedresmeasure 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 low-risk

areas are denoted by B-, C- or X-zone designations (see Table 1). Areas designated aarXjadges

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 areas that are considered low to moderate risk due to protection by levees or other structural
features. Shaded X-zones premiums are typically near the preferred risk policy cost.

Flood zones AE and VE are considered high-risk, and correspond to what is commonly refesréubto
100-year flood, or areas which have a 1% chance in any year of encountering. Zfned\E is the
traditional 100-year or 1% flood zone, while zone VE carries the same flood pitgldait with the
addition of wave action resulting from storm surdgesurance costs in AE and VE flood zones carry
higher annual premiums with much more variability, depending on the age, foundatieratyg

elevation of the structureFor example, in Harris and Galveston counties, the average flood insurance
premium for structures located in the AE-zone is $905 per year. This value is, however, highlg vari
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(standard deviation $1013); structures built prior to the establishment of FIRMs (pre-FIRM) have
premiums of nearly $1000, while structures built after the establishment of the FIRM (pos}-&haM
assumed to a higher standard) have an average annual premium of $f@6tures built in VE-zones,
and thus subject to storm surge carry even higher premiurhe average flood insurance premium of

VE rated structures is $1083, with average pre-FIRM VE rates of $1440 and average post-FIRM VE rates

of $900.
Table 1: Definitionof FEMA Flood Zones (adapted from FEMA, 2017).

Moderate to Low-Risk Areas

Area of moderate flood hazard, ygs oo C $Z & SA v 3Z o]ulde }(
BandX  #iirCc @& (0}} X elve E o0} pe &} <]PvE + (0}}
(shaded) e & - %oCE}§ S C o A . (GE}U iiil’(; E (O}} U }CE °Z

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

E }(u]vl]uo (0}} Z1 E pep 00C %] 8 }v &/ZDe o

Cand X Zone C may have ponding and local drainage problems that don't warrant a detailigd
(unshaded) or ']PV §]}V ° . (O}} %0 0 ]VX\ '}V Yy ]' SZ E S &
& (o0}} Vv % E}S § C oA (E}uilirC & (o}} X

High-Risk Areas

AE Areas with a 1% annual chance of flooding where base flood elevations are provided.

High-Risk Coastal Areas

Coastal areas with a 1% or higher chance of flooding and an additional hazard assoc
Al3Z +3}EuU A A <X dzZ+« E -« Z A 109 Z v }( (o}} 1lv
mortgage. Base flood elevations derived from detailed analyses are shown at selecte
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 Countiesilhexperience a
reduction in storm surge as a result of a coastal spine. The study areas in these tMieoepresent
the primary impact of the proposed coastal spine as they will be directly affected mn&swection and
potential flood mitigation effects, while containing nearly all impadt#dP policiesn order 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 inondatim two ADCIRC
runs that simulate a 100-year surge event. one modeled run that allows surgepéetithe study area
unimpeded from any barrier,andong&Z 3§ S | « Jvs§} uvs (6] *S}EU *puEP EE] E
2 above. The 100-year event was selected since current regulatory flood insuralce yses this
recurrence interval as the regulatory trigger for insurance purchB$dP policies were then spatially
joined to the two ADCIRC runs, creating measures that provided estimated surgationnwith and
without the presence of a coastal spine. Any NFIP policy located in an area thatsteatexha decrease
in surge height was included for further analysis, effectively isolatingmrilcies impacted by a coastal
spine. Figure 3 (below) outlines our study area; areas in green indicate decreasegimandation as a
result of a coastal spine in Harris and Galveston Counties.

Figure 3. Study Area for Harris and Galveston County Insuramzdyais
Note: Areas in green are those that will experience some level of surge reductime: 3othors.
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Methods

Rating Change Scenarios

Following the establishment of our study area, we then developed a set of four scetmagbit NFIP
policies into new rating zoneJhese four scenarios represent the most likely changes in NFIP policy
ratings should a coastal spine be constructed and certified to protect again€t-gehd surge event. To
determine changes in flood insurance costs with a coastal spine in place, we used these four soénarios
%}S v8] o E&/W & S]vPe
the dataset without any modification.

The first scenario is the most conservative and risk-avémshis scenario, we assume that VV-zone rated

Z VP ¢ 8§} lu% E thPsd rates that are obsenjadin E § ov

policies that experience a decrease inthe 100- & *uEP 38} i[ JE& 0 o=

from V-zones to A-zones. This scenario keeps existing policieshiigtiresk flood category, but removes
§Z S3ZE S }( } 30 AA

(see Table 2).

The second scenario takes a slightly more lenient but still quite consexvagiproach to NFIP zone
changes|In this scenario, V-zone rated NFIP policies in locations that have had 100-ygaleuals
reduced to zero inundation are shifted into shaded X zorfésod zones which are considered moderate

$1}v ]( *HhEP A S E o A o

risk due to structural mitigation featureblo other policy rate changes are made.

. sffneshif® }( $Z )
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Table 2. Scenarios Used to Analyze Changes in Floagldnse Rating Based on Flood Zones.

Scenario Description V-Zone  A-Zone Shza:)dneed X X-500 Zone  X-Zone
Noe 0]V _
Baseline Predicts current No Change
insurance rates
100 yr surge Shits o marense.
1 reduction in V-Zones No Change No Change No Change
- - A Zone from V-
P} « 8} 0 ¢ S
Zone
100 yr surge Shifts to
2 reduction in V-Zones Shaded No Change No Change No Change No Change
P} « 8} i[U
100 yr surge Shifts to Receives
3 reduction in V-Zone Shaded X increases No Change No Change
. A-Zone
D i[U o0 =} from A-Zone
100 yr surge Shifts to Receives
4 reduction in V-Zone A-Zone X-Zone No Change No Change increase
D i[U-Zomes =0 from A-Zone

In our third scenario, we begin to shift two zon&srst, and similar to the first scenario, V-zone rated

e }( *MEP A]3Z 3Z5Z.%ohe to]the%r-pone. E
Second, we now also shift A-zone policies into the shaded X-zone if tiree4palicy location has a surge
reduction to zero feetThis scenario is an expansion of Scenario 1, with the assumption that the A- to
shaded X-zone shift also represents a reduction in coastal flooding in areas that weiuglye not

%}0] ]+ 3Z 8 ZA i[}E 0 oo

expected to have wave action
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The fourth and final scenario is perhaps the most liberal of the. feimst, we shift V-zone rated policies

to the A-zone if the policy location experienced a reduction in surge depth of less thanaindlie

same approach taken in scenarios 1 and 3. Next, we shift A-zone rated policies that show complete
protection (surge reduction to zero feet) from 100-year surge events with a coastal spinevintisk,

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

Data Analysis

Building on the four flood insurance rate change scenarios outlined above, we thzaa data through
two approachesThe first approach simply uses the mean policy premium for each floadtac@ubstitute
changes in flood insurance premiums as a result of a coastal spine reducing stormaigsgeapngs. For
example, a pre-coastal spine V-zone rated policy that exhibits a surge mdattess than one foot may
after the coastal spine may have its rating shifted to the A-zone. In this case, we sthdrawtan V-zone
policy premium from the total of all V-zone rated policies, and add\aone rated policy at its mean
value, increasing the total of all A-zone rated policy premiuftie advantage of this spatial analysis-
driven mean-substitution method is that it retains all of the raw flood insaeapremium values no
modeling errors are introduced. The disadvantage, however, is that the mean-substitutioraappoly
takes into account the flood zone location of the policy, it doesconsider many of the characteristics
used to assess or that drive flood insurance rates.

To address this shortcoming, we also took a second, statistical regression-based appreatimate
changes in flood insurance premiums. For this second approach, we measured afswitéables to
predict annual flood insurance premiums by estimating Ordinary Least-Squares regrasdiels First,

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 insurance. ahigble was further log-
transformed to approximate a Gaussian distribution. Second, we measured a hastepfendent
variables under the categories of cost factors, discounts, elevation and flood zones (see Table 3).

The cost factors examined consisted of the total replacement cost and total insurareragevT he total
replacement cost is a whole dollar estimate of the value of the insured buildingoagded by the
insurance policyThe total coverage is the total of building and content coverage, and Vaniesthe
replacement coverage due to the maximum coverage amounts allowed by the IFIR.residential
policy, the NFIP caps building coverage at $250,000 and contents ce\ar&j00,000, non-residential
building and contents coverage is capped at $500,000 for each coverageBtytpetotal coverage and
total replacement values were calculated and log-transformed before entering the model.

There are also several elements that can reduce insurance premiums. The variables exarttired in
S P})EC ]Jv op §Z %}0] ] [ Z"™ % ES] 1% 3]}v o WRWU 3Z 3D Ac3dJveR
pre-FIRM statusThe CRS level refers to the Community Rating System (CRS), which is a votanttwe in
program that recognizes and encourages community floodplain managementiastitiat exceed the
minimum NFIP requirements. The greater the CRS class, the greater the insurance premium didcount wil
be, up to a maximum of 45%. We included the CRS scores of each policy as a seriesafvadighles,
ranging from no discount (non-participating) to a 25% discount, the mariim the study arezElevated
buildings are also rated at a discount relative to stmbgrade construction. An elevated building is
(1v C & D <Ungthathas rio basement and that has its lowest elevated floor raised above
PE}uv o Ao C (}Juv 3]}v A oo*U «Z E A 00°U %}Z230 %o [Ew U 5%&]109] VR
each policy (yes/no) was entered into the model as an indicator vari@ib&e pre-FIRM status also drives
individual flood insurance rates. A p&&/ZD ] ¢SEN SPE J- (1v C &D o« A pljo ]

83



construction or substantial improvement occurred on or before December 31, 1974eforebthe

effective date of an inf] o &o0}} /vepE v Z & D % ~&/ZDeX_ /v }3Z E A}E +U -
prior to the development or implementation of the flood insurance mappind eating systemPolicies

rated as pre-FIRM were entered into the model as an indicator variable.

Table 3. Variables, Summary Statistics and Sources Us&tadict 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
500-year Zone 0.06 0.23 FEMA FIRM
Shaded X Zone 0.0007 0.03 FEMA FIRM
X Zone 0.0600 0.24 FEMA FIRM
post-FIRM 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 also an important determinant of a flosdrance rate. Typically, this form

of elevation is measured as the first-floor elevation (FFE). The FFE in relatiorb&s¢hiood elevation

on a FIRM is critical to understanding how much, if any, water will be takday 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 structuwesnbabeen
surveyed, and no database of elevation certificates exists. As a proxy, we incorporatedgheAteive
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 traditional ground elemaind is roughly equivalent

to FFE for most slath-grade structuresHAND values were previously calculated by and downloaded
from the National Flood Interoperability Experimehttps://web.corral.tacc.utexas.edu/nfiedatd/ Each
E&/W %}0] C A ¢ «% 5] ooC i}Jv 38} ]88, E o A HIFUYVA ouZ BowdoyC[E ,
into the model

The primary variables of interest, flood zones, were allocated to each flood insurahcg Fhe most

recent effective flood insurance rate maps for our study area were downloaded andlgpaterged from

the FEMA Map Service Center. Each flood insurance policy was then spatially joined to theFifeked

to determine its floodplain zone designatiofhe zones included in our analysis are described above in
Table 1. Finally, we also included fixed-effects for community membership basleel BEMA community
definition, to control for any additional mitigation activities that ynaccur at the community level and

other unobserved heterogeneity. The regression-based analysis was performed on the same sub-set of
policies that demonstrated a decrease in storm surge reduction. An initial regressdaei was estimated
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using the variables described above, and baseline flood insurance rates were piddbatethis model
Following the baseline prediction, we then substituted observations into different fimmes using the
factors described in the four scenarios, and predicted flood insurance premiums for each scenario.

Results

Descriptive

The results of our initial spatial analysis of NFIP policies indicated that 31,411, of A0%FIP policies
in Harris and Galveston Counties, would experience a reduction in 100-year storm surge as a result of a
coastal spine (see Figure 4).

Figure 4. General Locatiorf dlFIP Policies that Would Experience a Reduction in Storm Suage &
100-Year Event.

Source: Authors.
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These policies are all located in areas that are directly adjacent to the Gulf of Mexico, GaRagi@r
along Clear Lake/Creek and the Houston Ship Chanmel31,411 NFIP policies that will experience some
level of storm surge reduction represent over $41 million dollars in annual premiume bgmesidents,
with total coverage of over $8 billion dollars without protection. Ove¥o/of affected policies occur in
the A-zone, which has an annual policy premium of $1,167, accumulae$2& million dollars per year
in premiums and has total flood insurance coverage of $5.7 billilardorhe other high-risk flood zone,
the V-zone, has 4,919 policies that will experience some level of surge pootewith a mean annual
policy premium of $2,719, over $13 million in annual floeslirance premiums and nearly $1.3 billion
dollars of flood insurance coveragehe remaining moderate- and lossk zones, including the 500-year,
shaded X and X-zones, account for the remaining 3,799 NFIP piblati®gould experience a reduction
in storm surge Even these low-risk flood zones account for $1.8 million in annoadl finsurance
premiums and have $1.1 billion in covered assets. Mean annual po#ayiums for these zones range
from a high of $526 in the 500-year flood zone to $326 in the shaded X zone (sed)Table

Table 4. Summary Statistics for NFIP Policies that WoulceEgpce Storm-Surge Reduction with the
Establishment da Coastal Spine

Flood Insurance Premiums

Flood Total Mean Median Std. Dev. Total Coverage Policy
Zone Counts
A $26,490,806 $1,167 $588 $2,048 $5,776,615,00C 22,693
\Y, $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 coastal-spine protected 100-year surge for Nkl variable, both

overall and across zones (see Table 5), but follows the risk structure of existingdiwsd Zhe largest

average change in mean inundation is for policies located I} V-« U A]3$Z u v E « }(v Eo
which affects nearly 5,000 policies. This result is not surprising, as these policiesased lo areas most

at risk from storm surge.

Policies in the A-zone sees the secomdl» § E ¢ Jvu Vv *S}EU *pyEP § 0oXodA[ v P ]
which would have experienced rising water in the event of a storm surge, but witboutith reduced)

wave action. The largest impact in affected policies comes from this zone, with 28@E®3policies

benefitting from a reduction in storm surg&he third flood zone in order of flood risk is the 500-year

flo} 1}v U AZ] Z]e o0} E vl SZ]E Jvu Vv «3}EuU +puEPR EEIUDid]¥%v}od TXX[
The final two zones of low flood risk, the shaded X zone (23 pokeidshe X-zone (1,813 policies), show

minimal decreases in mean storm surge feds]}v § 1X00[ v TXI[U E *«% 3]A oCX
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Table 5. Mean Change Inundation from Base Levels (Without Protection) to Coastalrfgpievels
(With Protection) for a 100-Year Surge Event by 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 the level of NFIP polieyipms and asset exposure that may

be changed with a coastal spine in place, more spatially-explicit results wertateddoased on the four

scenarios outlined in Table 2 using two approaches: mean-substitution and regrbasieth. The mean-

substitution approach retains the raw annual policy premiums, shifting policies dme 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 subtracted from the total premium for thateaand the mean premium for

§Z v AU }JE "% E}S & U_ (o}} 1I}v ] S} BZ The}@gsoltef@edduu (}E SZ
scenarios are then compared to the baseline, or unprotected, flood insurance figures.

As previously noted, the mean substitution approach has a disadvantage in that iakes into account

the flood zone location of the policy, and does not considerdaditige other characteristics used to assess
flood insurance ratesThis limitation was addressed through the use of a statistical regression-based
approach to estimate changes in flood insurance premiums. The estimated regresgiehdescribed

above achieved an adjusted & 0.49. All independent variables described above in Table 3 behaved as
expected and were significant at< 0.001 (see Appendix.Aegression diagnostics did not yield any
*]Pv](] v3 A]}o 8]}veX /§ «Z}uo vis U Z}A A% §Z]13vidv uE%E ]-30
the raw premium values by approximately 50%. This was not wholly unexpectaddasfits of this type

of data are notoriously difficult and do not yield highvRlues While this is not ideal for comparing the
aggregate policy premiums predicted from the regression model to the raw, mean-substipndoriums,

the percent-changes from the scenarios analyzed with the regression-based approach aferstifitive

when compared to the predicted regression baseline and percent-changes calculated in the mean-
substitution approach.

Scenario 1

In this conservative scenario, V-zone rated policies that experience a decrease intige 1@8- cpEP S} i[
or less were shifted from V-zones to A-zones. Notably, this scenario keepscidispotgardless of their

change in flood zone, in a high-risk flood category. Under this scenarianeiim-substitution, 3,184
(65%) of NFIP policies in thel\v E %E}S S S} 0 ¢ SZ v i[ }( *S}EuU *uEP v
traditional 100-year flood zone (A-zone) without wave actibhis scenario results in nearly $5 million

dollars in annual flood insurance savings to homeowners, a 13.45% reduct®odb&e 6) from the

baseline. Comparatively, the regression-based approach resulted in a comparatively sithitdion of

12.35% compared to baseline (see Table 7).

87



Scenario 2

Scenario 2 shifts V-zone rated NFIP policies in locations that have had 100-yedegeig reduced to

zero feet of inundation into shaded X-zone rated policies, or ratings intendexdderate-risk areas due

to structural mitigation features such as levees and dams. The calculated changes usirgubstantion

under this second scenario show that 2,619 (53%) V-zone polices are fully proteatestdron surge as

a result of the coastal spine, which shifted the same amount into shaded X-zone policies with an average
annual policy premium of $32@ 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 6ggFéssion-based
estimates for Scenario 2 yielded a 12.42% reduction (see Table 7).

Scenario 3

The third scenario shifts policies into two zonest Mt %0}0] ] » 3Z § Z i[ }JE o0 «+ }( *uEP A
spine were shifted to the A-zone, while A-zone policies that had a surge reducip i[ A E u}A ]Jvs§}
the shaded X-zonén this scenario, mean-substitution again resulted in 3,184 V-zone policieseem

from the high-risk coastal zone, while 14,189 A-zone policies were shifiedhe shaded X-zondhe

overall effect of these policy re-ratings decreases the total annual policy pnertoy nearly $14 million

dollars, or a 49% decrease in total annual premiums (see Table 6). This was thereighetidn of all

scenarios across both methadkhe regression-based estimated reduction was 28.81%, still over double

that of the previous two scenarios, but not nearly as ambitious as the mean-substituted red(sg®n

Table 7).

Scenario 4

The fourth scenario follows the same decision logic as Scenario 3, except A-zone raied i@t show
complete protection from 100-year surge events are moved into the X-{@mepposed to the shaded X-
zone) Results from the fourth scenario pick up on the relatively higher-cost of X-zdiceepa@ompared

to shaded X-zone policies, which may be artificially. [dhis scenario yields the same 3,184 policy
reduction in the V-zone, decreases A-zone policies by 51%, and atii§ pdlicies to the X-zone. In total,
Scenario 4 decreases annual total flood insurance premiums by $7.4 milllarsda 21.8% reduction
(see Table 6)The regression-based figure also converged on a similar estimate of a 23% redwion (s
Table 7).
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Table 6. Changes NFIP Policy Counts and Total Premiums across Four Scendifidsanl Zone Changes Using the Mean-Substitution
Approach Policy Rating Shifts are the ResultaCoastal Spine Causing Decreases in 100-Year Surge Inuntetiels.

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
X-500 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%

Table 7. Changes NFIP Policy Counts and Total Premiums across Four Scendifidsanl Zone Changes Using the Regression-Based
Approach Policy Rating Shifts arthe Result d a Coastal Spine Causing Decreases in 100-Year Surge Inuntlatiels.

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
X-500 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 100-year storm surge event as a marker for flood insurance exposure iggadlicant 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 isfiial analysis show that over 31,000
NFIP policy holders 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 nskgdfiood insurance

policy purchasesBased on their proximity to the coast, V-zone policies show the largest dedrease
inundation, yet over 22,000 A-zone polices also have reduced storm kwgje. All told, our analysis
indicates that $8 billion dollars of NFIP insurance coverage would haveededungye risk with a coastal
spine.

Additional scenario-based analysis extended the specificity of these estimates and prprathedhie
ranges of flood insurance reductions. Based on our analysis, even the most conservatiagesgirovide
substantial insurance savings to coastal residents on annual. Is&siearios 1 and 2, which only affect
high-risk flood zones with wave action, still decrease annual insurance cosliiyd, a consistent figure
across both estimation approaches. Scenarios 3 and 4, which provide the sameflpvalection for
high-risk flood zones with wave action, but also extend to more trathilidlood zones, showed higher
reductions, realistically ranging from 21-28% per year

The probability of each of these scenarios coming to fruition should a coastal lspioenstructed is
difficult to judge Scenarios 1 and 2 are likely the most feasible, as they do not affect any eighrgsk
flood zones, but remove the threat of wave acti@cenarios 3 and 4 are not unrealistic, but they are
naive with respect to riverine and pluvial flooding that may still occdt-rones. Given the proximity of
the A-zones analyzed to coastal waters, storm surge threats are likely the most l[erehabe of flooding,
but other freshwater sources may still be present. On the whole, the most likely scémarimix of the
four provided in our analysis.

One important aspect that needs to be considered is that each of the four scenarios willltill al
residents to retain flood insurance at the same coverage lémdiact, our analysis assumes that each
current policy holder renews their policies, with some benefitting from lower annual jpiremas a result
of decreased storm surge. Although the purchase flood insurance is one important characteflsticl of
mitigation and resilience, there will undoubtedly be a decrease irdfiosurance take-up rates should
high-risk 100-year flood zones get re-zoned to moderate and lower risét #ones In this case, the
mandatory flood insurance purchase requirements for residents in A- and V-zones with febackéed
mortgages would no longer apply, some proportion of policies ldidapse, 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 X-Zone -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 above Drainage -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 3. Public Perceptions of Mastal Protection in Texas: Andings
from aSurvey of Harris, Galveston, & Chambers Gounties

Ashley Ross

Contributors: Sandra Lee and Ted Driscoll

Executive Summary

In recent years, scientists, policymakers, and elected officials have been calling for eeloensjve

coastal storm surge protection system for the Galveston Bay region. Howe&erdo pu 0] [¢ % E %S]}v |

this mitigation strategy has not been assessed. This chapter summarizes the fifdimgéirst survey to
systematically evaluate public perceptions in Chambers, Galveston, and Harrige€adirthe coastal
spine. A total of 2,300 phone and online surveys were completed. The constro€the survey sampling
frame and estimates of the survey weight ensure, within a reasonable amount otistdtimcertainty,
that the results are representative of the larger tri-county population.

The key findings of the survey include:
Widespread public support for structural and non-structural rgiition to address the risk Texas
coastal communities face from natural hazard®lultiple mitigation strategies were evaluated,
ranging from levees and elevation to land use regulations, and all of there supported by over
70% of the respondents in each county.
Overwhelming public support for the coastal spine or lIke Dikkgpproximately 73% of the
respondents surveyed said they support the construction of the coastal spine.
Public preference for shared responsibility for financing the st spine. The majority of
respondentst 55% - believed that both government and port industries should be responsible for
financing the coastal barrier system. Two-thirds of respondents also supported some ftype o
public tax, including sales and hotel tax, to raise revenue to construct the coastal spine.
A coastal spine will reduce risk to homes and provide job securitysimme. 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 sartienAltigi
about 40% of Chambers and Galveston County respondents said their job would beemors s
33% of Harris County respondents said the same.
Environmental concerns related to the lke Dike remai®ver 65% of Chambers County
respondents expressed concern about the consequences of the Ike Dike on the environment.
About 58% of Galveston County and 50% of Harris County respondents are equally concerned.
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Introduction

On September 13, 2008, Hurricane lke made landfall on Galveston, Texas. The steun7/dadsaths

and placed overwhelming strains on communities, public services, and housetieliMA, 2008).
Property damages associated with the storm are estimated at $30 billion, making Ik& tostéest U.S.
tropical cyclone on record (NOAA, 2018). The broader economic impact of Ike, inttheceigty region

of Texas most affected by the storm, is estimated to be $142 billion in losses (TEEX, 2009)

The severe destruction caused by Hurricane Harvey in 2017 is a reminderotdstl communities in

Texas remain at risk. Harvey was largely a rainfall event, but it is a stark remindeothasatge could

devastate communities and cripple the state and national economies. More D@00 Texas homes

are at risk of storm surge damage in the event of a Category 5 hurricane (Gioréddi8). Approximately

25%}( SZ v S]}v[e % SE}0o pu v Uul}E& SZ v Z o( }( ]S i S}(w oS %o E} -
Galveston Bay (Scranton, 2016), and an environmental disaster in the forntiafsnlf gallons of spilled

oil and chemicals is possible (Graham, 2017).

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

think of these plans? What are their policy preferences and attitudés® chapter summarizes the
methodology and findings of a survey, conducted May through July,20esidents in the three county
area most invested in the coastal barrier system: Chambers, Galveston, and Harris Counties.

Survey Sample and Methods

d} e oo 5Z % O] [* %o E %S]}ve }( } 3 0 %o @E}S JFEA ¢ A]S]P-ERyv 3
by the Center for Texas Beaches and Shores researchers and administered by theddiablResearch

Institute at Texas A&M UniversityThe survey was administered by phone May 11 through July 16, 2018

and online August 24 through September 27, 2018 to residents in Chanthalkgeston, and Harris

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

1). According to the U.S. Census Bureau, 4.76 million people live in these thrtie€0o

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

Source: Authors.

A total of 2,300 surveys were completed, including 805 phonevigess and 1,495 online survey3he
phone interviews included 142 responses from Chambers County, 251Gatweston County, and 412
from Harris County. A total of 90.7% of the respondents (N=730) took theysuiav cell phone while 9.3%
(N=75) took the survey on a landline phone. Of the 805 interviewspteted, 32 were conducted in
Spanish. Due to availability of respondents, the online survey was condudieith dfarris and Galveston
Counties. A total of 365 online surveys were completed by GalvestortyOmsidents, and 1,130 surveys
were completed by Harris County residents.

Methodology

The phone survey sample was probabilistic, using random digital dialwgthe online survey sample
was quota-based, drawn from a panel of respondents provided by Qudlffies.phone survey sample
was selected using dual frame sampling, which includes landline random digfitad delephone and cell
phone samples. According to the most recent estimates available from the Nahi@adth Interview
Survey, 52% of adults are now wireless only (2017), meaning that theyt thave a landline phone. An
additional 15% of the population is wireless-mostly, meaning they accept ma#tafitheir calls on their

2 The number of observations for the analyses presented in this chapter egbthen 2,300 due to missing
data for specific survey items.

3 Qualtrics partners with numerous providers that have proprietary panels athessation, incorporating
participants from online communities, social networks, and websites offaktyParticipants are offered a variety
of incentives to increase the diversity of sample frames, includingdtiimited to cash, points, and donations to
charity. Participants go through rigorous quality controls before being includedyisample.
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cell phones. This sampling strategy takes into account these broader tegiwadlshifts and assures a
representative sample of the local population.

The phone survey response and cooperation rates, calculated using Formuia Arfrerican Association

of Public Opinion research, were 5.3% and 22.8%, respectively. The response rate of the sun@iwas 5
meaning 5.3% of all calls to eligible respondents resulted in a completeglysdihe cooperation rate was
22.8%, meaning that 22.8% of the calls made actually made contact with an eligible despand
resulted in a completed interview. Low response rates on cell phone samples are largely expddted as i
increasing difficult to contact potential respondents. The cooperation rate iseimange of what might

be expected on this type of survey.

The online survey sample matched available Qualtrics panel participants witBdh§is Bureau data for
age, race/ethnicity, and educatidrQuota-based surveys are increasingly being used to reach participants
online. While participation is improved, the reliance on quota sampling, rather thadom sampling,
means it is not possible to calculate margins of error for the data that peaaicheasure of precision.
However, nonprobability, quota-based surveys offer valid measurementsariiple selection and
weighting make adjustments that create a representative sample (Kennedy et &), 3déps have been
taken in this study, pre and post survey administration, to adjust the online satoplaake it
representative of the population of Harris and Galveston Counties.

The phone survey data were weighted to approximate the most recently awajaiglulation estimates
from the U.S. Census Bureau. For these data, estimates from the 2016 American Comnmueityfdsu
the adult population (18 years and over) in Harris, Galveston, and l@hanCounties were usedhe

sample weight is calculated by taking the inverse of the probabilityahandividual respondent would
have been selected in the final sample. This weight is based on the population ofulfity dovided by
observed sample within the countylv 131}vU §Z A ]P Zigerdtivelyd hdjust sample
estimates to population estimates on education, race, and age. The phone sueight results are
provided in Appendix B.

Additionally, a weight to apply to the merged phone and onfinevey data was created using accepted
techniques for combining probability and nonprobability samplesr@dr et al., 2017). First, the
probability (phone) and non-probability (online) samples were mergerthe same data file. Second, a
logistic regression predicting membership in the non-probability sample wasictew! Third, the inverse
of the probability was used to create initial weights for the non-probalsiiywple. Fourth, the data was
weighted, or» (E | _to match population estimates for each county.

The combined weight results are provided in Appendix C. All analyses of these data, as preserged in thi
chapter, include the combined weight so that the sample statistics are generalizabie @edentative
of the tri-county area surveyed.

4 Data included estimates from the 2016 American Community Survey for the adulaiopy(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 didadteespast
decade. Survey respondents were asked to indicate if they experienced negative imhetsgicoperty,
finances, and health due to Hurricane Ike. Respondents were also askeddatéendamages suffered
from Hurricane Harvey to personal property. As shown in Figure 2, the majority of theyssamnple
responded that they had experienced damages from either or both Hurricanes Ike and Harvey.

Figure 2. Map of Hurricanes lke & Harvey Damages across Sample Area.
Source: Authors.

Coastal Mitigation in Texas

Coastal communities face multiple natural hazards that put people and progertgk. Hurricane force
winds, storm surge, and flooding present sudden onset hazards. Coastal fldagiagjcular, is the most
costly, disruptive, and life-threatening hazard, whose negative impacts are only ingresactent study
estimates that more than 500,000 Texas homes are at risk of storm surge dam#ge event of a
Category 5 hurricane (CoreLogic, 2018). Sea level rise and beach erosion, partittiterlypper Texas
Coast in the area of Galveston Bay and Galveston Island, also threaten commercial and aé sickadi
as they alter the ecosystem services provided by the environment and pose flabdeadgs (Yoskowitz
et al., 2017; Ravens and Khairil, 2007)

To mitigate the risk coastal communities in Texas face, both structural@mdtructural strategies have
been pursued. Structural mitigation can be found across the tri-county area in timedfojetties, groins,
and levees. The most recognizable is the seawall constructed in Galveston Islandeat@®@@Hurricane
that protects approximately nine miles of the east end of the island (Hansdl).28on-structural

mitigation features environmental alterations or policies that reduce risk. Thesglmdune and beach
restoration projects across Galveston and Bolivar Peninsula as well as marshti@ssoaround the
Galveston Bay. This also entails politteregulate land use.

As shown in Figure 3, the survey assessed public support for a range of protective features anéstrategi
intended to reduce natural hazard risk to coastal communities. These represent both structural and
nonstructural strategies, including some of the features being studied by tBeArmy 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 strategies assessed, the most support was observed for property elevation
(85.44%), elevated infrastructure (81.70%), seawalls and levees (8lar@gonservation of wetlands
(80.50%). Another 77.23% expressed support for rehabilitation of sand iNessly 30% of respondents
opposed zoning ordinances, and 28.62% did not support honyeobts! An additional 24.5% also
opposed the use of retention basins.

Figure3. Public Support For Structural and Non-Structural Mitigation $#gies.
Source: Authors.

Support for mitigation strategies varied among the three counties sampled, as sholabl& 1. The
environmental strategies, including sand dune rehabilitation and conservation ofmastl were most

supported in Chambers and Galveston Counties with abant 8 & % }v vSe ¢ C]JVvP SZ C "eu%
Ju _ JE Mep%e%}ES 0} SSlighily kesstiabeyt BEn-4B t respondents from Harris County

support sand dune rehabilitation. There was also variance in seawall support with 8&%#rigf Galveston

County respondents supporting this protective strategy, compared to 81% of Chambéfsiars County
respondents.
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Table 1. Variation in Support for Mitigation Strategies acrddsunties Sampled.

Chambers Co. Galveston Co. Harris Co. Range

Structural Property Elevation 74.87%
Seawalls & levees 81.06%
Elevated infrastructure 83.72%
Retention basins 64.51%
Non-structural Sand dune rehab 88.93%
Conservation of wetlands 86.11%
Zoning ordinances 71.80%
Home buyouts 74.35%

E}S WW E VEP }( & *%}v VEe §Z § VeA Ee "ep%o % }EES (PNE _

85.33%
84.97%
83.09%
75.15%
84.93%
83.53%
71.15%
71.33%

85.54%
81.16%
81.59%
75.99%
76.57%
80.24%
70.44%
71.36%

10.67%
3.91%
2.13%

11.48%

12.36%
5.87%
1.36%
3.02%
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It is notable that the majorityt over 70% of respondentsin Chambers, Galveston, and Harris Counties
supported all of the strategies posed. This demonstrates widespread buy-in to take initiatives, across the

public and private sectors, aimed at protecting communities and restoring caasiay/stems.

Support for the Coastal Spine

AMv o 8Z MLl A e % E}%}e U ]85 Z e E Av }83Z cp%%}ES v E]3] ]
representatives, policymakers, and the general public. No polls, to our knowledge, have systgmatical
assessed public awareness or support for the coastal barrier system. The survey asked respondents

guestions to evaluate both awareness and support.

AMEA C E *%}v vie AE I W™ (JE 7 QUEZA} €3 w0 2% Ev }XE /I ]I
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highest in Chambers County with 74.17% saying they had not heard of the lke Dikeed¢eooilthe

coastal spine was highest among Galveston County respondents with 35.25% saying tHesahdvod

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 read the following description of the

KA E ooU 6iX619 & %o0] ~v}_ U 11X6069 « ]

coastal spine:

surge.

Texas leaders are considering the mnstruction of a caastal spine. Also known as
the "lke Dike," the coagtal spine would connect a series of sea walls and sand
dune barriers along Galvegon Idand's coastline to a retractable gate locatedon
Galvegon Bay. Geographically, Galveston Bay connects the Houston-Galvedon
areato the Gulf of Mexico. In the event of a major hurricane, the coastal spine
will proted the Houston-Galvegon region from a potertially devastating storm

&}00YAJVP 8Z ¢« E]%E]IV I( ZZ /1 ]I U Q%% }ES (JEUE A o oo oo C
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overwhelming majority expressed support for the Ike Dike. Respondents from Galveston and Harris
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support the ke Dike in Chambers County.

Chambers 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
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Notably, Harris County respondents were the most ambivalent about the issue: 17.61% gaid the
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and Chambers County respondents, respectively, said the same.
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Source: Authors.

Support for Specific Features of the Coastal Spine

In addition to generalized support for the Ike Dike, specific features that have beeoggwfo comprise
a larger coastal barrier system were also evaluated among a subset of the ghorey respondents
(n=400). These features included the extension of the seawall, proposed to exparuttéet wall east
along Bolivar Peninsula and west to the San Luis Pass. Also evaluated veasfeuplarge retractable
gate at Galveston Bay, a small navigation gate at Clear Lake, and a rentplsueround the East End of
Galveston Island. Support for raised coastal highways and sand dunes, propoge&aleaston Island
and Bolivar Peninsula, was also assessed.

Support for specific coastal barrier system features is reported in Figure 5. Raised coastayighd
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the small navigation gate at Clear Lake (37.32%). Lessthan-ghg-E (& *%}v VvSe ¢ ] §Z C *U%?
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ring levee (30.35%) and seawall extension (40.34%), indicating lack of awareness dfdteges.
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*U% % }ES_ S§Z o EP & W6EstorsBay arf the navigation gate at Clearlake. Chambers
County respondents were particularly oppose@6.21% of Chambers County respondents, compared to
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Figure 5. Public Support for Features of the Coastal Barrier 8yste
Source: Authors.

In sum, survey responses indicate widespread support, but also lack of awareness of, the ke Dike.
Specific features of the coastal barrier system did not garner as much support, suggesting that there
may be knowledge gaps, perceived competing interests (i.e., gate at Galveston Bay versus Clear Lake),
and divisions among subgroups of the community that oppose and support specificsiealhe map

shown in Figure 6 demonstrates that support for the coastal spine, while generally high, is variant across
the counties surveyed. More research is needed to assess this variance.
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Figure 6. Map of Average Coastal Spine Support across Zip Go&=snple Area.
Source: Authors.

Risk Perceptions Linked to Support for Coastal Spine

A preliminary analysis was conducted to explore the connection between support forrisgwction of
a coastal spine and natural hazard risk perceptions. A number of research studies havehiturisk
perception is a major predictor of adoption of various types of hazard adprstsfi Risk perception,
(v * "% }% 0 [+ A% 5 3]}ve Ius $Z % E} ]0]53C GAJEEZ}vy WIEGE v
A vs }( *% ]J(] 1v8 ve]S3C 3§ % ES] po E %o o(LindAlll 2a13), indchfesv %o E ]}
perceived danger of personal consequences due to natural hazards.

Consistent with past research (Brody et al., 2017), the survey measured risk as perceivelperson
damages from a severe flood in the next ten years. A risk perception factor score was createdsérom

of five survey questions that asked respondents to indicate the likelihood aifidbd next ten years will
cause: 1) major damage to property in your city; 2) deaths and injuriesdpl@ in your community; 3)
major damage to your home; 4) disruption to your job that prevents you from working5jpdigruption

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

°dzZz E}v Z[s 0% Z (}E $@796, irdjc@ing arflaccgptable level of internal consistency.
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Figure 7. Map of Average Risk Perception across Zip Codes in SAngae
Source: Authors.

A bivariate ordered logistic regression was estimated to assess the effect of risk perceptions @m supp
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 opposisbown in Figure

8 (predicted probabilities are shown as dots and 95% confidence intervals as bars). The predicted
probabilities indicate that an individual with the lowest perceived risk has .&8%2 likelihood of
expressing strong support for the lke Dike; in contrast, an individual with the highest perceived ask has
44.37% of the same. The results show 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 folloted:rtomber of observations = 2,145;
coefficient for risk perception variable = 0.407; and standard error for risk perceptiablear 0.055.
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Figure 8. Predicted Probability of Support of Coastal Spin@ssIRisk Perception Values.
Source: Authors.

This preliminary analysis demonstrates that flood risk perceptions are driver of support for the
construction of the coastal spine. It is limited, however, in that it does not measues o#k perceptions
relevant to coastal communities (i.e., storm surge) or control for the vaffiaeters that may influence
opinions on the issue. Future research should more comprehensively analyze the individekites of
support for the lke Dike, including disaster experience, political ideology, honerehip, distance to the
coast, and socioeconomic status.

Perceptions of Financng the Coastal Spine

Financing large scale infrastructure projects requires public buy-in. To assess thdipascegsidents of
Chambers, Galveston, and Harris Counties hold about financing the proposed coastaleggaondents
were asked if government on various levels or industry should be resperisibpaying for the coastal
spine. As shown in Figure 9, 55.48% of respondents expressed that both government andystries
should finance the proposed structure, while 19.42% and 17.68% held federal andystaienment,
respectively, responsible. Responses across the three counties sample demonstrateddigthce, with
the exception that more respondents in Chambers and Galveston Counties indicatechment and
industry should be jointly responsible: 64.33% and 62.08%, respectbadtlyboth parties should finance
the construction of the coastal spine.
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Figure 9. Public Perceptions of Financing the Coastal Spine.
Source: Authors.

Since taxes are often used to pay for public infrastructure projects likedlhstal spine, respondents
were asked to express preference for taxes to raise revenue for the construction of the coastal spin
Specifically, respondents werekasl what type of tax they would support. Response options included:
‘broperty taxes, ‘sales tax, ‘hotel tax, ‘a new tax for this purpose ‘a mix of these U Vv dofv't
support any taxes for this purposeResponses are shown in Table 2.

Table 2. Public Support for Taxes to Finance the Coastal Spine

Chambers Co. Galveston Co. Harris Co. Overall
Property Tax 6.55% 4.74% 9.36% 9.03%
Sales Tax 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 respondehtdVhat type of tax would you support to raise revenue for the constructic
}(SZ '} S 0 *%]v M_

A third of respondents indicated they do not support taxes to raise revenue for the coaskal Sigiarly
an additional third expressed that they support a mix of property, sales, hotel, anefotax to support
the coastal spine. Preferences for property, sales, and hotel taxes to raise revenue for ttad spias
were mixed across the three counties. Sales tax was most preferred by Harris Countylexdpd9.67%)
while hotel tax was preferred the most by Galveston County respondents (8.71%). Rrizpes were
supported by 9.36% of Harris County respondents; only 4.74% and 6.55% dft@aked Chambers
County respondents, respectively, supported property taxes to finance the coastal spine.
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Perception of Consequences of the Coastal Spine

The primary reason for building the coastal spine is to protect the three countiesetimHind it from a

storm surge event. Over 575,000 people live in low-lying areas adjacentvestal Bay (U.S. Census
Bureau, 2017). The Bay area has a robust economy based on aerospace, petrahardicnaritime
industries. It is home to the largest petrochemical complex in the U.S. and thedsklecgast in the world.

The refineries along the coast are responsible for approximately half of the wptio% SE} Z u] o
manufacturing and approximately one-third of the 3]} \petroleum refining and processing capacity.

This sector employs over 15,000 people and contributes approxim@éelillion to the local economy
through taxes, payrolls, purchases and capital expenditures. In addition, there are threéeghuorts in

the Bay Area: the Port of Houston, the Port of Texas City, and the Port of Galveston.drteseriribute

a total of $277.6 billion in economic activity to the state of Texad, smp channel-related businesses
generate over one million jobs throughout Texas. The region also has t8d}v[e SZ]E o EP S u &E
comprised of over 7,000 recreational boat slips, and there is a robust fishinghatitish industry in the

area

The survey assessed public perceptions of the benefits of the coastal spine. Specifically aretspoace
asked if building the coastal spine would make them feel that their hismatless risk to disaster impacts
and that their job is more secure. Figure 10 displays the responses byycdinet majority of Galveston
(56.10%) and Chambers (52.78%) County respondents believed their home is akjeks8B% of Harris
County respondents said the same. Fewer respondents felt that their job is more secure asfrésailt
coastal spine. Nearly 45% of Chambers County respondents said they feel thiirnmve secure,
compared to 39.10% and 32.94% of Galveston and Harris County respondents, respectively.

In addition, the survey evaluated perceptions of failure of the coastal spine. $phgifhe survey asked:

~NYA Jv Ev E Qhysic&stéucture like the coastal spine has the potential to fail, meaning

13 ulPzs v} AYEI v ]+ <8 E }Eonge@ waE highedtdamidng Chambers County
respondentst 0AX0OA9 « ] 8Z C A E ~}v Ev 0}  }E ~.BBHAZadd }v Ev
59.33% of Galveston and Harris County respondents, respectively, expressed the same.
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Figure 10. Public Perceptiong the Benefits d the Coastal Spine.
Source: Authors.

Concern for the negative environmental consequences of the coastal spine were also assessadl. Se
environmental groups in the area have raised concerns that the construction of the coasmlasi
operation of its gate structures will have unintended environmental consequenicEsese include
changes in water flow, salinity, sediment transport, and restricted movement for larval and adulewildli
*% ] *X /v o]v A]8Z 3Z Jeep o & ] C VA]J]E}vu v3 0o P@E},p%eeU 3Z
concerned are you that the construction of the coastal spine may damage the surroundiiige and
} 8§ 0 VA]JE}vu vEM_ KA E ooU AIXABG9 }( E *%}v v3«E J+}8ZAC &4 E ~
lv. &v . }US SZ Ju% S }( SZ } S 0 *%]v }v §Z UdB]VZ]RZ ¥ S5 0
levels of concern were observed among Chambers and Galveston County respohdé&n% and
58.07%, respectively, compared to 49.91% of Harris County respondents.

Galveston County residents have expressed concern about the coastal barrier systemehds éeyond
environmental threats. The research team attended two public forums to assess the scopieerf ci
concerns in the county focused on the lke Dike. Four major issues emerged in theserggnforums:
1) uncertainty regarding financing to support long-term maintenance of the structutbgZpotprint of
the extended seawall would cover many businesses and large parts of the ch@8pneicertainty
regarding communities on the outer edge of the storm barrier; and 4) consrudf the coastal spine
on Bolivar Peninsula will create accessibility issues for some neighborhoods.

UA U (}JE £ u%o W dZ ' 0A «8}v  C &}uv S]IvVXWIIP 10A &C X V& BRheu E£IX } uA&S S %o
bay/issues-facing-the-bay/
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The survey results indicate that respondents in the tri-county area are both cogoizthe benefits of
the coastal barrier system as well as unintended consequences on the natural sysepublic forums
showed that residents are also concerned about the implementation of the infrastructure pamjelct
how it may disrupt social and economic activities, particularly on Galveston Island arat Behinsula.

Caclusion

This chapter summarizes the findings of the first survey to systematicallyag¥gublic perceptions in
Chambers, Galveston, and Harris Counties of the coastal spine. The survey reveals thavttiespisad

lack of awareness of the coastal spihapproximately 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 support ryofoordeneral
coastal mitigation strategies but specifically for a coastal barrier system. Approkmn¥8e of the
respondents supported, to some degree, the construction of the coastal spine.

Despite widespread support for coastal protection, the survey reveals that there are chalientpes
implementation of the coastal barrier system. First, such a regional project nmalahde varying
community interests and concerns. The survey results indicate the highest Iéwslpport for the lke
Dike was found among Galveston and Harris County respondents while Chambetg i€spondents
were more divided in opposition and support. About 17% of ChamBersity respondents expressed
opposition to the coastal spine, compared to approximately 14% and 9%wwdsBal and Harris County
respondents, respectively. This underscores the variance of community interests and caxeamisas
individual experiences, values, and perceptions. Preliminary analysis presented in thisrchapte
demonstrated flood risk perceptions are connected to support for the coastal spindnigtikr risk linked
to greater support. Future research should further unpack the drivers of support, likely bapeaximity

to the coast as well as other socioeconomic factors.

Second, financing the coastal barrier system will require public and privatenbdyre majority of
respondentst 56% t believed that both government and port industries should be responsible for
financing the coastal barrier system. Approximatelpthirds of respondents supported some type of
tax (i.e., sales, hotel, property, new) to support the coastal spine. Although, suppdexftype varied
across county with Galveston County expressing the highest preference, among the thréeszdon
hotel tax while Harris and Chambers Counties were more supportive of sales taxes.

Third, the environmental consequences of the coastal spine remain a concern among coastal cgmmunit
residents. While over 50% of Chambers and Galveston County respondents said thibgifelebme

would be at less risk as a result of the coastal spine, over 50% of respondents also expoessed

about the unintended consequences of the lke Dike on the environment. Addressing thess s,
alongside the widespread lack of awareness among the public about the coastal spine ncodgd
community engagement in meaningful ways that not only reduce the risk faceddstal communities

in Texas but also increase their collective community resilience.
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Appendix A: Survey Questions

Q1I'm going to list ways that coastal communities can manage the risk posed by natzaatibaFor

each one, please tell me - how much do you suppo@at?struction of seawalls and levees;
rehabilitation of natural sand dunes; conservation of wetlands; elevation of infrastructure asuch
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 you
community?Zoning ordinances to guide development; buy-outs of homes flooded neuliipes; higher
elevation requirements for homes in flood-prone areas. [Response options:tdsupport, support a
little, support some, support a lot.]

Q3Before today, have you heard of the Texas coastal spine or Ike[Résgionse options: yes, no, |
JVIS IvIAX.

Here is a brief description of it. Texas leaders are considering the construction of a coastallspin
known as the "lIke Dike", the 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 Houston-Galveston area to the Gulf of Mexico. In the event of a major
hurricane, the coastal spine will protect the Houston-Galveston region from a potentially devastating
storm surge.

Q4How much do you support or oppose the construction of a coastal spine in [Resg@nse options:
strongly oppose, oppose, somewhat oppose, neither oppose or support, somewhat supupbrt,
strongly support.]

Q5Who do you think should be responsible for paying for the construction of the proposed 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 sjftesponse options:

property taxes, sales tax, hotel tax, a new tax for this purpose, a mix of these, | d@otrisapy 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 west at San Luis Passgadrbdt

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 highways. [Response options: do not support, support a little, support some, supgoit a lo

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 enjoy the 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 options: Biking and hiking trails; bird watching; fishing camps; mgusgraces; marina.]

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 impad? *%o}ve }%3]}veW C U v}U / }v[§ IVv}A
to say.]

Q10Would the construction of the coastal spine make you feel that your job is more sgespdnse
}%3]}veW C U v}U / }Vv[3 IV}IA v}uPZ 8} « CXe

Q11How concerned are you that the construction of the coastal spine may damage the surrounding
marine and coastal environmenfRResponse options: not 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 dojésponse options: not concerned, 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 flood that causaier. M
damage to your city? Deaths and injuries to people in your community? Major damage to your home?
Disruption to your job that prevents you from working? Disruption of electrical, telephone, and other
basic services[Response options: not at all, small extent, moderate extent, great extent, very great
extent.]

Q14Thinking back to 2008, what impact did Hurricane ke have on your... Home and personal property?
Job? Household finances? Physical health? Mental and emotional higzdfonse options: negative,

some negative and some positive, positive, no impact, no applicable because | did notHariea

then.]

Q150n a scale of 0 (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

Comparison of Population, Unweighted and Weighted Sample
Estimates for Chambers, Galveston, and 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, Non-Hispanic 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 and Online Survey Weight

Comparison of Population, Unweighted and Weighted Sample Estimates for Gmeand 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
3510 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, Non-Hispanic 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 21.3 437 251 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 4: Omission of aWestern Dike Section in the Likely USACE
Tentatively Selected Aan Leadsto an Increase in Sorm Surge, Inundation,
and Hood Rsk throughout the Houston-Galveston Region

Bruce Ebersole

Background

The Ike Dike coastal spine concept was first proposed by Dr. William Mervals A&M Galveston
(TAMUG), following Hurricane lke in 2008e Ike Dike concept significantly suppresses the hurricane
storm surge that can impact the Houston-Galveston region. TAMUG researchers andratiiabhave
been examining performance of the Ike Dike concept for a number of ydagresently envisioned, the
TAMUG Ike Dike concept is comprised of three sections (see Figdreniddle section extends from the
western end of Galveston Island, across Bolivar Roads pass, to High Island at the northerastef
Bolivar Peninsula; it includes a large storm surge gate system that spans BoliwksA western section
extends from San Luis Pass to Freeport; it has a smaller storm surge gfat@ sy San Luis Pagmn
eastern section extends from High Island north to Winnie; it incl@ade=y small surge gate on the Gulf
Intercoastal Waterway.

Figure 1 Current Alignment of the Ike Dike Coastal Spine Concept ProptsetdAMUG and its

Research Collaborators.
Source: Authors.
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The middle section in Figure 1 is quite similar to the coastal ghatewas recommended by the Gulf

Coast Community Protection and Recovery District (GCCPRD, Ph&6yombination of middle and

eastern sections is quite similar to the coastal spine alignment that is included mailte A for the
Houston-Galveston region, as proposed inth&X*X @GuC }E %+ }( VP]v &Ee ~h® <« ' 0A »
Coastal Texas Stud§lternative A appears to be the likely USACE Tentatively Selected PlarNG&P)

that both the GCCPRD and USACE coastal spine alignments omit the western section sty In Fi

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 entgpehtiteast storm

surge into West and Galveston Bagce storm surge enters the very shallow bays, hurricane-force

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

higher surge levels on the down-wind sidehe specific areas around Z Cls % E]%Z EC AZ] Z
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 emttiyeiriiays; the

eastern section to a far lesser degrééu]es]}v }( A 3 Ev « §]}v ]* I]v 8} o AJvP A

it significantly compromises the performance and effectiveness of the Ike Dike cdmgeplowing a

substantial amount of water to flow into the bays prior to hurricane landfall

Omission of the western section increases flood risk to most, if not all, areas of tletoAaGalveston
region that are fronted by the coastal spirtdoes so through the following two mechanisms: 1) allowing
the hurricane surge forerunner to propagate through San Luis Pass into the bthyes diays leading up
to hurricane landfall, and 2) allowing the peak storm surge to flank the westetof the coastal barrier,
]Jvid] ooC A] ~ v >p]e W e+ v 37 v Adnd, as thethurridane 8gpoaackégs ahd makes
landfall Adverse impacts due to forerunner propagation and storm surge flanking can btastial for
communities and industries in Brazoria and Galveston Counties that ring WigsinBluding all of
Galveston Islandmpacts can extend into Galveston BRysing sea level will exacerbate adverse impacts
e} 18 Al83Z o AJvP 8Z ~ | }}E_ }% vUGaKes)uRFiIgnhBalgses, apfeS}v
results derived from them, which led to conclusions regarding the adverse impacts assowmitited
omission of a western section, are described in more detail below.

> AJvP A~ | }}E_ }% Vv 3} t 5 v ' 0A ¢3}v uCy JU%ESE}ulees %o @BJUE
proposed by the USACE as part of the Coast#Te ~3u C[s 035 Ev S]A -GINBESEZ ,}ue3S}v
region We recommend that the USACE closely examine the adverse flooding that arises chissiom

of a western dike section and re-evaluate the decision to not inctudestern dike/gate section in the

likely TSP

118



Investigative Approach

To examine the impacts of omitting the western section, storm surge sironfatvere made for two
different alignments of a coastal spirtéach alignment had a different combination of the dike sections
shown in Figure 1 The TAMUG Ilke 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 sections), but withestewn sectionThe crest
elevation of all dike sections considered in the surge simulations, for bigtimants, was 17 ft, NAVD88

A set of eight hurricanes were simulated for each alignment using the USACE Noastiahg System

(which includes the ADCIRC storm surge mo8et)ulations were made by staff at the U.S. Army Engineer

Z+ EZ v A 0}%u v Vv3 E[* } «5 0"~ ,C E po] » >C @ S}E U-A]RZ
at Jackson State Universityimulated hurricanes were selected from among historic and hypothetical,
idealized storms that were considered in the FEMA RiskMap study which was most recently @erform

for the Texas coasf summary of the characteristics for all eight simulated hurricanes is provided & Tabl

1.

Table 1 Characteristics of Simulated Hurricanes.

Storm Central Maximum Forward ,\FAQZS;;S:(;_ 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 18 100-yr, San Luis Pass
Storm 027 900 113 11 22 500-yr, 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 10-yr, Galveston Bay
Storm 033 930 100 11 26 100-yr, Galveston Ba
Storm 036 900 112 11 22 500yr, Galveston Bay
Hurricane lke Track
lke 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 twie adsired
locations, as indicated in Table 1, for the without-project conditfone set of hypothetical storms was
selected to replicate 10-yr, 100-yr and 500-yr water levels along thesweshoreline of Galveston Bay
and into the upper reaches of the Houston Ship Chanftedse are the areas with the highest potential
for economic damage and lossdssecond set was identified that replicates the 10-yr, 100-yr and 500-yr
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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 amountofws E SZ § vS (s SZE}UPZ SZ }% v ~ | }}E_

of the western dike section. The most intense hurricanes (having 900 mb mintewinal pressure) are
those that closely replicate the 500-yr water levels; the less intense hurricanes (lza9&@or 975 mb
minimum central pressure) are those which closely replicate the 10-yr water Iéuelgcane Ike was
selected because of the high surge forerunner and peak surge it created in the Houston-Gdhezgtom
and its relatively recent occurrence

Simulated hurricanes followed one of the four tracks shown in FiguGe@ere, land falling hurricanes
that have impacted the Texas coast, historically, have generally approachedheosoutheast, like
Hurricane Tracks 1 and 3 and the track for HurricaneQkeasionally they have approached from the
south, like Track.Hurricane Harvey approached from the south

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

Simulations were made for each storm identified in Table 1, for each of the two coastal spinecalig
(with and without a western section), and for both a present mean sea level (§AMD88) and a future
sea level scenario that is 2.4 ft above present sea level (3.3 ft NAVID@8Yuture sea level is the level
projected for the year 2085 using the USACE methodology and assumingraretiate rate of sea level
rise.

The modeling approach that was employed reflects the current state of engineering practich,daleis
not include the effects of hurricane 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 fresiconuf

a western section of the coastal spine: 1) surge forerunner propagation through-gated San Luis Pass,
2) increase in peak surge elevation and inundation in both West and GaivBats caused by storm
surge outflanking the western end of the coastal spine in the USACE AlternativeflyeBce of sea level
rise on increased peak surge and inundation associated with flanking, and A)eretatits 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 Aalamber of figures are utilized
to illustrate the adverse impacts on flood risk throughout the Houston-Galvesfion that arise from
omission of the western section

Hurricane Surge Forerunner Propagation through San Luis Pass

Major hurricanes that traverse the Gulf of Mexico, and eventually approach the north easis can
generate a significant hurricane surge forerunn@he combination of the curved shape of the
Louisiana/Texas continental shelf in the northwest corner of the Gulf and thdasiteind field about the
eye of an approaching hurricane is conducive to formation of a wind-driverufioner. The forerunner is
forced by far-field winds that circulate in a counterclockwise direction abouhthidcane eye while it is
still far offshore in the deep GulSuch far field winds blow from east to west to southwest over the
Louisiana and north Texas continental shelMdgese winds tend to force an eastwest movement of
water along the shelf which is turned to thlaght _in the northern hemisphere by the Coriolis force, and
stacked against the Louisiana and north Texas coastli@s }@E]}o]s (}JE ]+ +¢} ] 8 A]sz 8z
rotation. This stacking of water across the shelf and against the shoreline is called Ekrapnaged-this

is the physical process behind formation of the wind-driven hurricane surge foreruThe surge
forerunner begins as a forced wave that advances along the northern Gulf shelf from easittaith

the advancing storm; but then, after landfall on the north Texas coast, the foreripropagates as a
free wave southward along the south Texas continental shéis along-shelf propagation of the surge
forerunner was first shown for Hurricane lke by other researchers.

Hurricane lke produced a sizable forerunrieine surge forerunner is experienced at the coast as a slow
steady rise in the water surface elevation which begins while the hurricane eye is wedlreffslays
before landfall The rate of water level rise begins to accelerate as the eye moves across the continental
shelf During lke, the water level increase began several days before landfall and reachestsarea
amplitude in excess of 6 ft above the seasonal mean sea level at the Galveston F¥aisivweelve 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 Houst@@h&hipel with little
attenuation.

As observed during Ike, the forerunner can propagate into the bays via thep#idsésOnce, closed, a

storm surge gate system at the much deeper and more hydraulically effic@inmaBRoads pass will

eliminate subsequent forerunner propagation into the Bays through this particularidassever, leaving

§Z N~ | }IE_ }% v A v >ule W eeU 0 ]38 «Z J0ou3A%EU W A}odCe EFojmo ]«
some propagation of the forerunner into West and Galveston BBlys issue was examined using the

simulation of Hurricane Ike, for both present and future sea levels.
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Figure 3 shows the simulated surge forerunner elevation for Hurricane Ike, at a snap shot in time, twelv
hours before landfall, when the eye (yellow dot) is still situated well offshsréhe open coast near San
Luis Pass, the amplitude of the forerunner surge reached an elevation of 5.3 ft above theat@asan

sea level approximately twelve hours prior to landfall

Figure 4 shows the change in simulated water surface elevation with time for Hurricarad two
locations: the first inside West Bay (upper panel), midway between San LuanBake City of Galveston;
and the second roughly in the center of Galveston Bay (bottom panel)

Figure 3 Snap-Shot of the Water Surface Elevation Field Associated with theitne Ike Surge
Forerunner, Twelve Hours Prior to Landfall. The Position of ithericane Eyés Shown as the Yellow

Dot. Wind Speednd Direction are Showras Black Vectors.
Source: Authors.
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Figure 4 Water Surface Elevatiomithe Center é West Bay (Upper Panel) and Center Of Galveston

Bay (Bottom Panel), With and Without a Western Section, for Hurriedke, Present Sea Level.
Source: Authors.
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The thin orange dashed curves in both the upper and lower panels of Figure 4 show thesuédee
elevation time series for the TAMUG Ike Dike concept, which has a western closure. Sdwtitinn blue
solid curves show the water surface elevation for the coastal spine alignment like the USAGCEivdtern
A that has no western sectiofihe thick black curve shows the difference between the orange and blue
HEA «V ]38 <p vs8](] *8Z ZvP Jv A S E ~uE( 0 A}V %opv B X% XA
impact of having no western section.

WE]}E 8§} Z}uE iid6 }( 8Z +]Jupo 3]}vU 38Z o | " J(( aEfoverunnepEA « E
propagation through San Luis Pa®éithout the western section, in West Bay, the forerunner surge
elevation steadily rises to maximum amplitude of 2.9 ft, 12 hours befordfall Results indicate some
attenuation through the shallow San Luis Pass, from an amplitude of =3 fthe open coast to an
amplitude of 2.9 ft inside West Bayn Galveston Bay, the forerunner also grows steadily in the days prior
to landfall and its amplitude reaches 0.7 ft, evidence of forerunner propagdtam West Bay into
Galveston Bay; although additional attenuation occurs as the forerunner prtggaftam West Bay into
Galveston BayResults for the Upper Houston Ship Channel, not shown here, are nearly identical to those
shown for the center of Galveston Bay. Once inside Galveston Bay, there is little attenuatien o
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, everywienarsl2
before landfall.

As also seen in Figure 4, around hour 1060 of the simulation, thet eff@mitting a western section on

peak surge is an increase of approximately 5.2 ft at the central West Bay locati@mancrease of 1.5

ft at the central Galveston Bay locatiod Z A E- (C 8« }( v }% v~ | }IE_}v % |
inundation inside the bays are discussed at greater length in the next section

The Hurricane Ike simulation for future sea level shows that omission of the western skeetdmto

similar results for surge forerunner propagation into West Bay as obtained for the presarével; a

slightly higher hurricane forerunner surge of 3.1 ft twelve hours gadandfall, 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 peak surge is 2 ft (also an increase. OVtbtkig

Al 3IE . 1% vU EJ]JvP ¢ 0 A 0 %% E V30C E p ¢ BAE}BS R IEI3VIV I
efficiency of, the surge forerunner from West Bay into Galveston Blaig leads to higher forerunner

surge and peak surge values in Galveston Bay. The effects of higher future sea lesek surge and

inundation inside the bays are discussed at greater length in a subsequent section

Influence of Flanking of the USACE TSP Coastal Spine by the Storm Surge

Without a western section of the coastal spine, as the hurricane eye approaches |amdfadls the

forerunner development period transitions into development of the peak sutbe, storm surge

continues to propagate into West Bay viaSanLuisP v. 3Z v }A E &}o0 S[* /0o Vv =+ A 00 }v
becomes inundatedEven for relatively frequent hurricane events, omission of the western section leads

to inundation within communities on western and central Galveston Islanahdation that would be

avoided with a western dike section in pladée adverse effects of flanking are much more widespread

for more severe hurricanes
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The effect of surge flanking is illustrated below using both peak surge maps awl@iion mapsColored

shaded contour maps of peak surge depict the peak storm surge elevation calculated at extoy Im

the «S}EuU *pEP u} o]ecomputhdorjaledomain, without regard to when the peak surge

elevation occurred during the simulatiohhese peak surge maps do not represent snap shots in time. To
JOOUsSE § SZ +% 5] o AES v3 }( Jvuv 3J}vU 157 Al13Z VEAMSZIpS | A 3
surge map is superimposed over a background satellite image to create an inundation map

Pairs of maps are presented in figures below. The map in the top panel of eaghdigmws the peak
surge map, or inundation map, for the lke Dike coastal spine concept Which western section; and,

the map in the bottom panel shows results for the alignment that is similar to the USteDiathle 1
alignment, which omits the western sectidheak surge and inundation maps are shown for three of the
storms listed in Table 1: Hurricane lke, Storm 023, and StormT09 simulation of Hurricane lke
produced a peak surge of approximately 10 ft NAVD88 at San Luis Pass and atbdlh\B88 at the

City of GalvestorStorm 023 is a hypothetical hurricane that produced the 100-yr water level at San Luis
Pass of 14 ft NAMEB; and Storm 019 is a hypothetical hurricane that replicated the 10-yr water level at
San Luis Pass of 7 ft NAVD88, a much more frequent.event

Figure 5 shows peak storm surge maps for Hurricane lke, for present sea level, with (&bpgrah
without (bottom panel) a western sectioResults clearly show that the peak surge is much higher in West

C A]8z 8z ~ | }¥@e.indéases in peak surge are greatest near San Luis Pass and they
decrease from west to east within West B#ithout 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 settiereffect of leaving
8Z N~ 1 }YE_}% VIV % | cpEP ES v 3} 3Z 15C }("' oAPBIVU AZ E
higher without the western sectiondZ Jv G + Jv % | spEP A]3Z 82z ~ | }}E_ }%o
to West Baylncreases also are evident in Galveston Bay; however, the magnitude of the incrpasd
surge is less in Galveston Bay than it is in WestHsak surge differences in Galveston Bay, approximately
1 to 1.5 ft in most places, are slightly smaller than differences at the City of Galveston.

125



Figure 5Peak Surge Maps for Hurricane Ike, Present Sea Level, fdkéBike Coastal Spine Concept
Having a Western Section (top paneljéan Alignment Similara the Likely USACE TSP that Does Not

have a Western Section (bottom panel).
Source: Authors.
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For Hurricane ke, present sea level, some of lowest-lying areas on western Gabstatonclosest to
West Bay are inundated even with the western section in place (top panel in Figitevw@ver, without

the western section, inundation of terrain surrounding West Bay is much midkespread; and, western
Galveston Island is nearly completely inundated (circled region in the bottom panel of &jgure

Figure 6 Inundation Mapsin Near San Luis Pass, for Hurricanedke Present Sea Level, for the lke
Dike Coastal Spine Concept having a Western Section (top panel) addigmment Similar to the
Likely USACE TSP that Does Not have a Western Section (bottom panel)

Source: Authors.

Figure 7 shows inundation maps for Hurricane lke, present sea level, for eastern Galsiestdisome
of lowest-lying areas on eastern Galveston Island and a community on tkte side of West Bay are
inundated even with the western section in plattowever, without the western section, inundation of
the circled eastern Galveston Island communities is complete, multiple communitieg oioith side of
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West Bay are inundated, as are parts of the City of Galveston, including the airpahidszecled areas
in the bottom panel of Figure 7).

Figure 7 Inundation Maps in Eastern West Bay, for Hurricane Ike and EneSea Level, for the lke
Dike Coastal Spine Concdpaving a Western Section (top panel) and an Alignment Similar to the
Likely USACE TSP that Does Not have a Western Section (bottom panel)

Source: Authors.
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Figure 8 shows peak surge maps for Storm 023, present sea level, with a westienm &ep panel) and

without a western section (bottom paneResults show that the peak surge is, again, much higher in West
C Al3z sz ~ | }\@ain, h%dsseen for this and all the storms that were simulated, the

increases in peak surge are greatest nearer San Luis Pass and they decrease from wet Westst

Bay Without the western section, peak surge at the west end of Galveston Island isghét lthan the

peak surge with the western section in pladéthe City of Galveston, the peak surge is 1 ft higher without

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 WeteBkysurge differences in

Galveston Bay are comparable to the differences at the City of Galveston, approxithdtteéty many

places, less along the western side of the Bay.
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Figure 8 Peak Surge Maps for Storm 023, Present Sea Level, for the ke DikéaC®pse Concept
having a Western Section (top panel) and an Alignment Similar to thellZiksSACE TSP that does not

have a Western Section (bottom panel).
Source: Authors.
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For Storm 023, present sea level, some of lowest-lying areas on western Galveston Islesickald/est
Bay are inundated with the western section in place (upper panel of Figuido@)ever, without the
western section, inundation of terrain surrounding West Bay is much modespread and western
Galveston Island is completely inundated (see the circled area in the bottonhqfdfigure 9)inundation

is more severe for Storm 023 than for Hurricane W&thout the western section, a LNG complex near
Freeport is significantly inundated as are the petro-chemical complakegy Chocolate Bayou; both
facilities are circled in the bottom panel of Figure 9.

Figure 9Inundation Maps Near San Luis Pass, for Storm 023 and PresenteSeh for the Ike Dike
Coastal Spine Concept having a Western Section (top panel) and annddigt Similar to the Likely

USACE TSP that does not have a Western Section (bottom panel).
Source: Authors.
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For Storm 023, present sea level, some of lowest-lying areas on eastern Galvestmislarundatel
with the western section in place (see top panel in Figure Hyvever, without the western section,
inundation of the indicated eastern Galveston Island communitiesngtaie, multiple communities on
the north side of West Bay are inundated, as are parts of the City of Galvestimalimg the airport (see
the circled areas in the bottom panel of Figure 10).

Figure 10Inundation Maps in Eastern West Bay, for Storm 023 and PresentL$eal, for the lke Dike
Coastal Spine Concept having a Western Section (top panel) and anmdigt Similar to the Likely
USACE TSP that does not have a Western Section (bottom panel).

Source: Authors.
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relatively frequent, weaker hurricane events, like Storm.(8t®rm 019 was selected to replicate the 10-

yr average recurrence interval water level at the entrance to San Luis Pass, a water level of D§8NAV

Figures 11 and 12, show the increase in inundation that occurs for Std@npfEsent sea level, with the

ANl 33E Y% v ~S}% %o v 0ee v SZ N | }}@Figures}ll and 1PSshpw tbe v Oee
differences in inundation for western and central Galveston Island, respectively.

Figure 11Inundation Maps for Western Galveston Island, for Storm 019 and Present Sea Level, for
the Ike Dike Coastal Spine Concept having a Western Section (toplpané an Alignment Similar to
the Likely USACE TSP that does not have a Western Section (bottom panel).

Source: Authors.
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Figure 12Inundation Maps for Central Galveston Island, for Storm 019 and Present Sealléor the
Ike Dike Coastal Spine Concept having a Western Section (top panel) aAtigsaiment Similar to the

Likely USACE TSP that does not have a Western Section (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 Houston-Gaivesfion, both with

and without a western sectianLow-lying areas and areas with low topography gradients are most
susceptible to increases in sealeve)A A EU o AJvP §Z ~ | }}E_}% v ]v E =« + §Z
of the most vulnerable areas to flooding as sea level rissisle from those areas around West Bay where

flooding and inundation is exacerbated by sea level rise, there also are am@masd the periphery of

Galveston Bay which experience exacerbated inundation for the future sea level scenario as a
consequence ofleavih 82 ~ | }}E& _ }%o Vv
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For example, for Hurricane lke and the future sea level scenario, a number of atfea€ity of Galveston
are exposed to inundation, which otherwise, would not be inundated with the avastection in place
(see the circled area in Figure 13).

Figure 13Inundation Maps for the City of Galveston, for Hurricane Ike and Future Sea Level Jer t
Ike Dike Coastal Spine Concept having a Western Section (top panel) aAtigsmment Similar to the

Likely USACE TSP that does not have a Western Section (bottom)panel
Source: Authors.
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There also are similarly affected areas along the western shoreline of GalvestdroB&iurricane ke,
and the future sea level scenario, parts of the town of San Leon, adjacent todditiBay, are inundated
(circled area in the bottom panel of Figure 14) which would not occur witlhwiistern section in place
(top panel of Figure 14)

Figure 14Inundation Maps for the Town of San Leon, for Hurricane Ike andiFeiSea Level, for the
Ike Dike Coastal Spine Concept having a Western Section (top panel) aAtigsgiment Similar to the

Likely USACE TSP that does not have a Western Section (bottom panel)
Source: Authors.
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A similar influence is seen along the east shore of GalvestorFBayurricane Ike, and the future sea

level scenario, the town of Oak Island is inundated (circled area in the bottom panglicd E5), which

would not occur with the western section in place (top panel of Figude Wath rising sea level, the
A Es (( 8« }( o A]JvP 8Z ~ | }hGEreskbsted/to West Bay.E o C

Figure 15Inundation Maps for the Town of Oak Island, for Hurricane Ike and Future Sea Levethéor
Ike Dike Coastal Spine Concept having a Western Section (top panel) aAtigsiment Similar to the

Likely USACE TSP that does not have a Western Section (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 supgretsim surge
propagation into the bays, all the storms in Table 1 were simulated for a third cepstalalignment that

is shown in Figure 1@ his alignment is quite 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 theemidd
section, which extends from the west end of Galveston Island to High Island.

Figure 16 Alignment of the Coastal Spine Similar to that Recommended by tiCBRD.
Source: Authors.

To quantify the additional storm surge that enters the Houston-Galveston regiantthaving an eastern
section, the peak surge field for the alignment that is similar to the coastal spinelédcin the likely
USACE TSP (comprised of middle+eastern sections), which was discussed previaushommdin Figure
17, is subtracted from the peak surge field for the alignment shown in Figure 16 (middtensmdii).
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Figure 17 Alignment of the Coastal Spine Similar to that Recommended by thACKS in the Coastal

Texas Study as Part of Alternative A, the Likely TSP, for the Houston €aivesgion.
Source: Authors.

Results are shown in a series of figures below, Figures 18, 19 anlde26 is one figure for each of three
storms, Hurricane lke (Figure 18) and the two hypothetical storms which be&tatepl the 100-yr and
500-yr water levels within Galveston Bay, Storms 033 (Figure 19) andF@fi6e 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 the increase in peak surge that occurs without a
western section of the coastal spine concept; and the bottom panel shows the incrgasakisurge that
occurs without an eastern section

Results for all three storms show that the western dike section provides much greaterifib@eduction
benefits throughout both West and Galveston Bays than does the eastern dike séldtiereastern
section primarily provides peak surge reduction benefits in the vicinity efethstern dike section;
whereas, the western section provides peak surge reduction benefits throughout the Houston-Qalvesto
region that lies behind the coastal spine, even communities located along the easternirshakl
Galveston BayResults are quite similar to those for the simulations made for present sea level.
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Figure 18Increase in Peak Storm Surge Arising from Omission of the Western @ig@08 (top

panel), and Omission of the Eastern Dike Section, for Hurricane lke re&ea Level (bottom panel)
Source: Authors.
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Figure 19Increase in Peak Storm Surge Arising from Omission of the Westdd@a Hection (top

panel), and Omission of the Eastern Dike Section, for Storm 033, FueseLevel (bottom panel)
Source: Authors.
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Figure 20Increase in Peak Storm Surge arising from Omission of the Western Ri&#o8 (top panel)

and Omission of the Eastern Dike Section, for Storm 036, Future Sea Lexttbifb panel).
Source: Authors.
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These observations are primarily due to the fact that high storm surge conditions devetoplatation

of the eastern dike section much later during the storm, just before landfall. Farfikiw around the
eastern end of the coastal spine at High Island, in the absence of an eastern section, commérises at
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 force winds that blow from east to west a#tireston BayVater

that flows around the eastern end of the barrier and into the eastern portion of the fBays into an
area where water levels are already significantly depressed, creating minimal influenaabrsyrge
levels at locations in the bays away from the eastern secthereas, in the absence of a western

e 3]}vU ¢3}EU *PpEP ¢35 JoC % E}% P 3 « SZEWRIVBZA|}% €Z" WER
forerunner several days before landfalflow into the bays continues while the storm transits the
continental shelf, and approaches and makes landfall, as storm surge builits extitrance to San Luis
PassFlanking flow around the western end of the barrier in the likely USACE TSP occuradbrlanger
duration and it influences peak surge levels throughout both bays.
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