A GIS-BASED MULTI-CRITERIA EVALUATION OF
DISASTER VULNERABILITY IN AN URBAN SPACE

Shibuki Hanai

A Capstone project presented in partial fulfillment
of the requirement®or the degree of

Master of Arts in Policy Studies

University of Washington Bothell
School ofinterdisciplinary Arts and Sciences



TABLE OF CONTENTS

1. INTRODUCTION 3
1.1BACKGROUND 3
1.2NATURAL HAZARDS, URBAN SPACE, AND PLANNING 3
1.3VULNERABILITY , RESILIENCE , AND ADAPTATION 7
1.4EVALUATING VULNERABILITY 11
1.5PARADIGM SHIFT IN BUI LDING RESILIENCE 13
1.6RECOVERY VS. MITIGATION 14
2. STUDY AREA 16
2.1S0CI0-ECONOMICS AND DEMOGR APHICS 16
2.2NATURAL DISASTERS AND POLICY 18
3. METHODS AND DATA 20
3.1MULTI OCRITERIA EVALUATION 20
3.2MODEL IMPLEMENTATIO N 21
3.3DATA PROCESSING 27
3.4SCENARIO PLANNING 32
4. RESULTSAND DISCUSSION 34
4.1DISASTER VULNERABIL ITY IN BOTHELL 34
4.2INTERPRETING THE SE NSITIVITY OF THE MOD EL 40
4.3 RECOMMENDATIONS 49
5. CONCLUSION 56
5.REFERENCES 61




LIST OF FIGURES AND TABLES

FIGURES

FIGURE 1: STRESS RESISTANCE ANDRESILIENCE OVER TIM E 7
FIGURE 2: BOTHELL CITY LIMITSA ND CENSUSBLOCK S 17
FIGURE 3: NATURAL HAZARD MAP OF BOTHELL SHOWING THE PAST LAN DSLIDES AND FLOOD 26
FIGURE 4: BOTHELL @5 ZONING MAP 26
FIGURE 5: Z-SCORE OF FEMALE RATIO IN EACH CENSUS TRACKS BLOCK 29
FIGURE 6: Z-SCORE OF MEDIAN HOUSE HOLD INCOME IN EACH CENSUS TRACKS BLOCK 30
FIGURE 7: Z-SCORE OF MEDIAN BUILD ING AGE IN EACH CENSUS TRACKS 31
FIGURE 8: DISASTER VULNERABILIT Y MAP OF BOTHELL (STATUS QUO) 36
FIGURE 9: DISASTER VULNERABILIT Y MAP OF BOTHELL (SOCIAL DIMENSION ) 37
FIGURE 10: DISASTER VULNERABILIT Y MAP OF BOTHELL (ECONOMIC DIMENSION ) 38
FIGURE 11: DISASTER VULNERABILITY MAP OF BOTHELL (BUILT ENVIRONMENT ) 39
FIGURE 12 SCENARIO MAP ( IFESS THAN 9™ GRADEO AS ADJUSTED EVALUAT ION FACTOR ) 42
FIGURE 13: SCENARIO MAP ( $OME HIGH SCHOOL 0 AS ADJUSTED EVALUAT ION FACTOR) 43
FIGURE 14: SCENARIO MAP ( HiGH SCHOOL 0 AS ADJUSTED EVALUATION FA CTOR) 44

FIGURE 15: SCENARIO MAP ( i ¥EBRS OLD AND YOUNG ERO AS ADJUSTED EVALUAT ION FACTOR )45
FIGURE 16: SCENARIO MAP ( i BEBRS OLD AND OLDER O AS ADJUSTED EVALUAT ION FACTOR) 46
FIGURE 17: SCENARIO MAP ( WNEMPLOYMENT RATE O AS ADJUSTED EVALUATION FACTOR ) 47

FIGURE 18: SCENARIO MAP ( €DBG ELIGIBILITY OAS ADJUSTED EVALUAT ION FACTOR) 48
TABLES

TABLE 1: BECCARI G5 CLASSIFICATION SCH EME FOR VARIABLES IN COMPOSITE INDICATOR METHODOLOGIES 23
TABLE 2: EVALUATION FACTORS OF VULNERABILITY AT TH E CENSUSBLOCK SLEVEL 24
TABLE 3: Z-SCORES AND SUMMARY STATISTICS 28
TABLE 4: HYPOTHETICAL CONDITIO NS AND VALUE ADJUSTM ENT OF EACH EVALUATI ON FACTOR 33
TABLE 5: WEIGHT CHANGES TO SOCIAL DIMENSION MAPS 33
TABLE 6: WEIGHT CHANGES TO ECO NOMIC DIMENSION MAPS 33

TABLE 7: WEIGHT CHANGES TO BUI LT ENVIRONMENT MAPS 33



1. Introduction

1.1 Background

The notiors of resilience and vulnerabilitgrerapidly gaining ground in the urban
sustainability and planning literature. The series of recent natisesdters around the world such
as earthquakes, tsunami, and hurricahiglightsthe need for planning around natural hazard
prevention and mitigation ihuman settlements. Historicallgfforts have concentrated on
recovery effortsbutrather tharpublic engagementith emergency plannind.raditionally,
mostpolicy regarding disaster puts emphasis on the impact of natural pheadrnesmotion
has led to the dominance of technical interventions concentrating on prediction okleazard
modifying theirimpact.Catastrophic natural disasters such as Hurricane Katrina in 2005 taught
us a hard lesson that traditional methods of communicating emergency information often fall
shortfrom the goal of reaching everyone in a commufBgtes and Swan 201®ccordingly,
the incorporation of the notions of vulnerabilityanet si | i ence i n citybs eme
and disaster management has become a new frdntiéis study, | employed multi-criteria
evaluation(MCE) method within a geographic infoation system (GlSrameworkto evaluate

the vulnerabilityat of the City of Bothell to natural disasters at the census block level

1.2.Natural Hazards, Urban Space and Planning
Natural hazards such as earthquakes, landslides, volcanic actaiitiefpoding are
geophysical eventhatthreaten lives, property, and other assets of human setiteffFEMA)
After decades of migration from rural to urban space, nearly half of humanity lives in cities. It is
predicted that this figure will skyrocked 75 percent by 2050 (Patrick 2012). Unprecedented

urbanizations creatingnew economic opportunitiebut it is also plaing extraordinary strains



on national and municipal authorititrat strugglego provide themarginalizednhabitants of

these chaotic agglomerations with basic security, sustainable livelihoods, and modern
infrastructure (Patrick 2012)Vhen it comes to natural disasters, today's burgeoning urban

centers will increasingly be on the front lin®aillnerability and exposure to natural hazards is
increasing as more people move into urbanized
grown by 87 per cent. During the same time, the proportion of people living irglooe river

basins increased by 114 per tand on cyclonexposed coastlines by 192 per cent. More than
hal f of the worldbés | arge cities, with popul a
areas of high earthquake risk. In addition to disaster vulnerability, the main drivers oérisk ar
poorly planned and managed urbanization, environmental degradation, poverty and weak
governancéSzlafsztein and Sterr 200Zevy 2015. Disaster vulnerability is reduced as a direct
product of sound development (United Nation International Stratedyisaster Reduction

2015). Poorly planned and managed urbanizations by local authorities, which increasingly occurs
in peripheral zones of marginal habitation, leaves hundreds of millions of people at the risk of
natural disasters (Sanderson, Kayden, ansl 2@16). It is important to realize the importance

and crucial role of disaster management, resilience and knowing the risks and vulnerabilities in
order to bring down the impact of natural hazards in this rapidly changing urban environment
(Sanderson, Kaden, and Leis 2016). It can not only prevent the loss of lives, but also the huge
economic loss which is a result of breakdown of the finest infrastructure (housing, roadways,
physical and social infrastructure etc.), which took many years to be balteWtionship

between disasters and development is indeed very intense. While there is universal acceptance

that disasters can damage, erode and destroy development gains, there is a very limited



recognition of the role that different approaches to dgeént play in creating or increasing
vulnerability.

The level and quality of development and planning to a large extetgrmines the way
in which hazards impageople, structures, and economies (Sanderson, Kayden, and Leis 2016).
There is growing evidece of the intensity and frequency of hazard related extreme events on
cities. It is therefore critical that disaststsouldbe seen through the lensrigk reductiorand
resilienceconstructiorduring theplanning process of a city, rather than jusagesponse to a
oneof f di saster event. I n todayés world of rapi
urbanization, and vulnerability, it is very crucial to embed the concept of resilience into the
development planning of our cities in order to have a swus#ibe developmenDisaster
resilience is thus a desired attribute that cities should passesghout theiplanningand
managemenproceses Systems that increase and incorporate resilience, enable cities to
withstand shocks from mamade and naturalisasterslt is very crucial to incorporate resilience
in planning and development of cityods infrast
giving no time to react or to take immediate mitigation actions. Therefore, resilience should be
mainstramed at the very early stages of development to make the final product strong, robust,
and flexible to withstand shocks and stresses. Resilient cities are able to cope with disaster
situations as they are robust and prepared for any such situation betbogiya(Hayashi,
Suzuki, Sato, and Tsukahara 20IBisaster mitigation plans that incorporate the resilience
concept help cities quicklyounce back to normal functioning orecdisaster passes away.
Before planning to establish a resilient city framelkyove must understand the bagarietyof
disasters such as earthquakes, floods, volcanic eruptions, avalanches, landslides etc. We face

such disastersaused by natural hazardscause we are setting cities dangerously close to



natural hazards due to rdprbanization, and we cannot handle their impact with available
resources anthe way they are intentionally allocatadross the cityhile ignoringgeographic
and societahspect®of the city A focus on disaster resilience in the process of urbamipign
forms a basic backbone structure for a resilient and safe city.

Urban planning allows towns, cities and settlements to be analyzed and planned as a
system comprised of various sectors and institutions (Levy 2015). This is crucial in coping with
interdependencies among failures in lifeline infrastructure in disaster situations. Urban planning
with integrated disaster resilience also contributes to preventing secondary disasters and delays
in the rehabilitation and recovery procéaéile a primary disster is the initial or triggering
event, a secondary disaster is a consequence of the original occyRet H.O.P.E 201)

The planningpracticecan reinforce stakeholder relationships and integration at different levels
and institutional frameworks and partnerships; it also helps address risk reduction and resilience
in a holistic manneacross public and private actors suclpadicularly planners, architects,
engineers, disaster and risk reduction management spisciaiis communitiest is important

to strengthen the legal planning frameworks of risks in master plaarahdsecodes in urban
areas to support resilience. Cities, toyarsd settlements are expanding, and village settlements
are becoming towns aruities. A legal framework within development plans can guide future
planning and integration of disaster risk reduction (UNISDR, 2012less cities and its citizens
have a clear understanding of the risks they face, planning for meaningful disaseduigion
may be ineffective and worthless. Risk analysis and assessmealso@gsential prerequisites

for informed decisionmaking, prioritizing projects, planning for risk reduction measwaed
identifying high, medium or lowisk areas, according their vulnerability and the cost

effectiveness of potential interventions (Hayashi, Suzuki, Sato, and Tsukahara 2016}. A well



maintained database of disaster lossesaarmmprehensive Git® map hazards, vulnerabilities,
the exposure of people and d@ssend capacities will provide the foundatifon theassessment
of risk and vulnerabilitfSzlafsztein and Sterr 2007; Bartholomew 20@8%nninghelps to
include risk and vulnerability mapping in land use suitability in order to plan for a resiliar fut
development. Thigiclusionnot only inculcate awareness about the disastert also makethe
communities awaref the existingvays to minimizeéheimpact of disasters. It enhances their
knowledge about safe zones, mitigation measures, resilient building material to jendsed
other useful knowledg&Vithin this context, strong disaster resilience is a produttteof
integrationofc 0 mmu n i g aadsn@ergeney @reparednesith emphasis on the complex
relationship between human activities and hazardous physical eleistategration is possible
throughout the urban planning proceBsis studyfocuses on the development ofassessable
spatally explicit model to prioritize disaster mitigatiamiteriaby investigaing the multiple

factors that contribute to deteration ofthe resilience o city.

1.3Vulnerability , Resilience and Adaptation

In this study, | define vulnerability as tieability to deal with the resulting hazardous
event, and some risk combined with the level of social and economic liability (Birkmann 2006;
Corbin 2015; Zahran, Brody, Peacock, Vedlitz, and Grover 20@8)erability is a
characteristic of individuals @roups of people that inhabit a given geographic, social, and
economic space. Individuals or groups of people are differentiated according to their varying
position in society into more or less vulnerable population (Birkmann 2006; VCOSS 2014). For
exampe, people and groups that are socioeconomically disadvantaged, such as, poor and
immigrants, are frequently consigned to more vulnerable locafldresvulnerability and

resilience conceptare a measure of translating known everygeycess of the politad and



economic separation of people into a more specific identification of those who may be at risk in
hazardous environments (Cannon 1994). It is not that the victims of disasters were vulnerable to
that hazard, as is demonstrated byrilieing its victm; there are particular characteristics of
different groups of people, meaning some people avoid disaster and otherdbdoausie othe

impact of a particular type of hazard of a given intensity.

Within the disaster risk community, resilience is defined as the ability of individuals,
communities, organizations, and states to adopt to and recover from hazards, shocks, or stresses
without compromising longerm prospects form development (GSDRC 20Mbre specifically,
scholars found consensus on two important points of resiliémseis that resilience is better
conceptualized as an ability or process than as an outcome; Second, resilience is better
conceptualized as adaptability than as stahiBrown and Kulig 1996/97; Pfefferbaum et al.

2005; Handmer and Dovers 1996; Waller 2001). For example, the resilience of system in general
depends on one component or part of the system being able to change or adopt in response to the
changes happenedather components. Therefore, the system would fail to function if that
component remined stable (Adger 20(Hiyure 1lvisualizes stress resistance and resilience over

time. Resilience occurs when resources are sufficient, robust, or rapid to courttereffetts of

the stressor. While resistance is the ideal outcome, the process that produces adapted outcomes is
resilience. Faster the return to folisaster functioning, the greater the resilience. George

Bonanno (2004) characterized recovery as invgharperiod of dysfunction lasting several

months or more followed by a gradual return to-gigaster functioning. On the other hand, he

defined resilience trajectories as something that involve transient perturbations lasting as long as

several weeks invaeing a stable trajectory of healthy functioning.
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Figure 1: Stress resistance and resilience over time

Adaptation is generally perceived to include adjustments in social and ecological systems
in response to actual or expected environmental changes and their irAgagtsition includes
both moderation of harm and exploitation of beneficial opportunitiegshwconsists of both
minimizing the adverse effect of the event and maximizing its potential opportunities in response
to the disturbance (Lei, Wang, Yue, Zhou, and Yin 203%8)ne researchers such as Folke
(2006) and Berkes (2007) tied the concept ohetdbility and resilience with adaptation and
discuss the relationship among them, while some only talk of the relationship between
vulnerability and resilience. The relationships among vulnerability, resilience, and adaptation can
be categorized into theetypes of modalities: vulnerability preference, resilience preference, and
overlapped relationshiggei et al 2014)Current diversified understandings on their
relationships indicate that any single concept of vulnerability, resilience, and adagtatitoh s
not be over emphasized separately from the others, but need to be understood based on an
integral consideration of the three elememtgerefore, it is important to understand how each

modality responds to and cope with impact of the haZaking dsaster risk management as an



example, comprehensive understandings on the internal relationships among vulnerability,
resilience, and adaptation, and their linkage with disaster risk are critical base of scientific risk
analysis and robust strategies (dtal 2011, Lei et al 2014).

Vulnerability preferencéraditionally holds a standpoint that vulnerability is its most
basic and inclusive attribute ofsacicecological systemSES met by an external stress or
hazard. It integrates resilience and adaptatito response capacity under a vulnerability
framework (Gallopin 2006)n this viewpoint, it suggests that reducing vulnerability to hazards
i s the fundament al approach to Resiliemester ri sk
preferencesiews resilence as the key factor moitigating the risk of a SES that was confronted
with outside forces (external stresses) or natural hazard (Lei et al BGdah)sidersesilience as
a response capacity to external shocks or changes, including both #tesimocbping capacity
and longterm adaptive capacity (Lei et al 2014). Finatlyerlapped relationship framework
uses vulnerability focusing on the pilesaster sitation of a system and resilience as process
focusing on the duringand afterdisaster situation of a systemn.this framework, adaptive
capacity depends on scale and place that differs from location to location, among different social
groups and individals over timeNote that in this study, vulnerability emphasizes the situation
of a system and social demographic attributes before a disaster while resilience refers to a
process, mainly focused on the stages of during anedsastter, which helps to leance the
abilities of the system to resist and recover from hazards. Although vulnerability and resilience
defined in this study constitute different but overlapping characteristics, and the vulnerability and
resilience concepts are individually linkeaddbgh adaptability, this study aims to achieve

identification of disaster vulnerable areas and how reducing vulnerability to natural hazards
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contributes to consolidation of resilience towards hazardous events. Therefore, this study adopts

vulnerability préerence framework.

1.4 Evaluating Vulnerability
Despite the factiatthe international community does not establish guidelines on how to

create indicators or system to assess vulnerability and resilience, in the past decade, substantial
attention has been given to the development of tools to measure the vulnerabiignaesi
communities to disasters. In order to quantify these concepts, particular attention has been given
to the composite indices, mirroring their deployment in other fields such as sustainable
development (Beccari 2017). This indicates thatluatingdegr ee of a communi t yo:
vulnerabilityand resilienceo natural hazards requires a clear understanding and definfitign o
as well as an assessable framework that allows us to evaluate the strength of emergency
preparedness of a city with regard to nathieardsBeccari (2017) analyzed 106 composite
indicator methodologies to understand the range and depth of practice. The result of his research
identified five key approaches with the use of hierarchical or deductive indices being the most
common (Beccar2017). The 106 methodologies used total 2298 unique variables, more
specifically, approximately two thirds of the methodologies used less than 40 variables (a
minimum of 2 variables and a maximum of 235 variables). Classification of variables used in
ead methodology is as follows: 34% related to the social environment, 25% to the disaster
environment, 20% to the economic environment, 13% to the build environment, 6% to the
natural environment, and 3% to other indices; However, variables specificallynngas
mitigation effort or preparedness for disasters only comprised 12% (Beccari 2017). A key
obstacle in creating composite indicators is the availability of quantitative data related to the

conceptualization of vulnerability and resilience with respeciatural hazards. Thus, measuring
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resilience and vulnerability in a truly quantitative way still appear to be very challenging
(Beccari 2017).

Thevulnerability perspectivéirst assumes that a disaster occurs when it strikes an
underprivileged populatio Noy and Yonson (2018) argue that there is a new paradigm of
discourse on disaster that disasters triggered by natural hazards have been perceived as unnatural
occurrences brought about by a confluence of societal factossindlidates that different
populations encounter different levels of risk and vulnerability, and the sources of vulnerability
is diverse such as population distribution and social diversity. King (2014)research by
Victorian Council of Social Services (VCOSSimilarly argueghat populations facing one or
more disadvantages are at greater risk of becoming socially more vulnerable in an emergency.
However, it is important to note that not everyone who faces individual disadvantages are
socially vulnerable in emergency situatsaraused by a hazard; even disadvantaged communities
can be resilient and hold unique skills, knowledge and resources they can utilize in the time of a
disaster. Therefore, identification of social causes linked directly with disaster risk would help
identfy those vulnerable (atisk) populations specifically when hazards ocSawveral
literatures on social vulnerability and disaster risk management suggest that the following types
of social vulnerability must be considered: poverty, refugee and migopotations, people with
a disability, young people and children, women, housing quality, people with lack of education
(King 2014; Nivaran 2016; PRB 2011 addition to social vulnerability,cenomic
vulnerabilityand built environmeninterrelating withthe hazard itself and the exposure of
populations and economic systemsas®considered critical factors to determine the resulting
disaster impacts (Noy and Yonson 2018). For example, economic vulnerability and economic

resilience are shaped by thegdee and quality of development governance and features of
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development such as rapid urbanization and inequBlitijt environment and existing

conditions such as geography and geology of study area are also critical vulnerability indicators
as conditiondike eligibility for federal grants and building age directly impact the planning of
mitigation efforts.n applying a GlSased MCE model, determining the weights for this study
that are applied to each evaluation factor relied on the subjective opafitiesEmergency

Preparedness Coordinator from the City of Bothell.

1.5 Paradigm Shift in Building Resilience

Cannon (1994) argues that conventional analysis of disaster considers a direction of
causality that proceeds from hazards through spagi#bility to the impact on society.
Explanation of disaster causality is only possible by understanding the ways in which social
systems themselves generate unequal exposure to risk by making some group of people more
prone to hazards than others. To poehend the relationship between humans and nature, it is
more important to distinguish how human system themselves accommodate people in relation to
each other and to the environment thanto intenget a t ur al systems. Foll owi
argument, Birkrann (2006) stresses that the current trend in promotion of disastiént
societies is a paradigm shift from quantificatfmediction,analysis and modificatiorof the
hazardtself to the identification, assessmeand ranking of vulnerabilitie§ince the 1980s, the
dominance of hazardriented prediction strategies based on technical interventions has faced
challenges by the alternative approach of using vulnerability as the essential for risk reduction.
The growing awareness that modified sosidtems and structures could cause a disaster out of
a situation where otherwise may not have been
understanding that human activity itself has established the conditions for natural hazards to

transform into disastus events had become a common understantimg approach combines
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the susceptibility of people and community exposed with their social, economic, and cultural
abilities to cope with the damage that could occur (Hilhorst and Bankoff, ZDitid)study l@oks

to reinforcing the current conditions in Bothell surroundimgr critical dimensions of a

consistent system of resilience indicatorailnerable populations, critical and environmental
infrastructure, social factors, built infrastructiirelentified by National Research Council (NRC
2012). Although measuring resilience remains a challenge in many cases, making adjustments
that directly influence the way these four resilience dimensions are exposed to natural hazards
benefitscritically for communities to clarify and formalize what the concept of resilience means

and looks like during an emergerfoy them.

1.6 Recovery vs. Mitigation

Jason Barnosky (2015) points out that wunfo

arenat well suited forproblems caused by natural hazards such as extreme weather events with
links to climate change. The United States disaster policy focuses its resources largely on
responding and recovering from natural disasters after hazards occurred (Barnosky 2@i5). Poli
analysts from Department of Homeland Security generally talk about five mission areas:
prevention, protection, mitigation, response, and recovery (Brookings 20015). Given
appropriation based on the possible threads and hazards people face, puldls sfficeeze
resources (people and funding) between these five areas. When public officials deal with
terrorism, prevention part is their main focus. However, preventiod ia primary option in

cases of natural hazards. Instead, focuses are put orhéndar areas (Brookings 2015). In
attempt to build stronger resilience to natural hazards, which requires much attention to
mitigation efforts prior to hazardous events than {eesint recovery and rescue efforts, this

study seeks resolutions thatcoptit es t o safer community that
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and prevents stressors from the natural hazard from reaching to vulnerable populations/areas.
Thus, distinguishing the features and outcomes of recdwens and mitigatiofiocus solutions
becones importantFederal Emergency Management Agency (FEMA) spends much of its time
assisting states and communities after they have been struck by hazardous events. For instance,
FEMA obligated more than 3.2 billion for Hazard Mitigation Grant Program (HMG®Rhe
wake of a major event, emergency manager, firefighters, and law enforcement conduct search
and rescue efforts, then I f the damage i s ser
assistance through its public assistance program, other agsncieas the Department of
Housing and Urban Development (HUD), the Small Business Administration, and the
Department of Transportation provide with recovery assistance (Barnosky 2015). While federal
and statevide policies tend to focus on recovery effortsi t 6 s we | | established
number of actions local communities can take to reduce the impact of natural hazards. For
example, weldesigned building codes can ensure that structures can withstand the damage of
earthquakes or floods; resideditand community safe rooms can shield people from wind and
debris; and homes can be elevated to reduce flood damage. These steps build resiliency against
di sasters. This means t haandleshreeddodcostlyiresgposset o r e
andrecovery efforts.

The review of literature reveals thmportance of integrating the concept of vulnerability
and resilience in emergency preparedness and disaster risk manadfestsmpoints atte
complex relationship between human activities asmbhhdous physical everdad exposethe
weaknesssof the existing risk managememriacticegshatemphasize otechnical intervention
and recovenfocused policieslt also revealed howaocial vulnerabilityis often exacerbated by

the lackof access toasources after a disast@/ithin this context, ltis studyaddressethe
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following general researatuestion: how can the City of Bothefleasure its disaster
vulnerability and implement or prioritize it in their disaster mitigation plarirngpothesize
that cities can prioritize disaster mitigation by identifying vulnerable areas to natural hazards and

evaluatinghe degree of their vulnerability in comparison with other areas of the city

2. Study Area

2.1. Socieeconomics and demograpies

This study focuses on the City of Both@Hgure2). Bothell is a city in Washington State,
along the Cascadia subduction zone, which is an area highly susceptible to various types of
natural hazards. The City of Bothell is located acrosscumties: the norticentral region of
King County and the souttentral region of Snohomish County. The city has evolved from a
logging town to an agricultural community to a bedroom suburb to a balanced city with
residential areas and business centers ity of Bothell 2010)The Emergency Preparedness
department assists the city departments in the development and implementation of the hazard
mitigation plan.Bothell has a population of 43,153 people with a median age of 37.5 and median
household incomef $86,167 Between 2015 and 2016 the population of Bothell grew at 4.72 %
increase and its median household income grew at 5.12 % increase. The population of Bothell
consists of 69.4 % White, 13.4 % Asian, 8.57 % Hispanic, and 0.23 % of the peoplaetl Bot
speak a nofienglish languagel2 % of overall ppulationare65 years old or oldexhile 22.7 %
are younger than 18 years oldales in Bothell hag an average income that is 1.37 times higher
than the average income of female residents, which is $52,973. 6.69 % of the population in
Bothell live below the poverty line, a number that is lower than the national average of 14 %.

The largest living in poerty is female 184, followed by female 284, and then female 3#4.
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In 2016, 66.6 % of the housing units in Bothell were occupied by their owhéth is higher

than the national rate (63.6 %) and the state rate (62.M%ta USA 2016)

Bothell City Limits and Census Tracts
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2.2. Natural disasters and policy

As disaster preparedness has become a popular topic among local anidstabedia
and residents, it is critical to conduct comprehensive analysis of what we need to fmepade
how to do so more effectively in case of a natural disaR&devant literaturesevealed that the
probability of large scale natural hazard occurrence, especially destructive quakes and associated
tsunami damages, still remains relatively higineoffshore of Washington and northern Oregon
than farther south along the subduction zone although many efforts to mitigate the disaster risk
The City of Bothell is not an exception among other cities in the gr8atstle area. In 2014,
Rep. Suzan Del@ne who represents Bothell as well as Kenmore in Congress, sent a letter to the
House Appropriations Committee addressing the need for additional funding in the effort to
mitigate landslide riskBoth King and Snohomish counties where Bothell is located
acknowledge that they are exposed to various natural and unnatural hazards that potentially lead
to disaster and social disfunction (King and Snohomish County 2018). In 2016, Snohomish

County released a statement to reflect on National Preparedness M8nthpnt e mber @A é an

important step Snohomish County residents can take to prepare for emergencies is to understand

potenti al hazards where they | ive, work, and
the effects of natural disasters such as floeds,r t hquakes, or volcanic er
County 2016) . Foll owing the statement, Jason
Depart ment of Emergency Management, (2016) sa

families and homes for natural digas, since even minimum preparation can have maximum
benefito. Al though the number s ofacatastophict s i nd

natural hazardhits the Pacific Northwest region, there is no holistic review of current emergency
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preparedness at local municipal level in the Puget Sound region, including Seattle and its
neighboring cities.

On May 1, 2015, the U.S. Department of hom
Management Agency (FEMA) approved the King County Regional Hazarddddn Plan
(KCRHMP) as a multjurisdictional local plan including the City of Bothell (Bothell Disaster
Mitigation Plan 2010). Meanwhile, the City of Bothell had developed its own hazard mitigation
plan as an Annex to the KCRHMP, which was lastupdatedd une 2010. To meet
requirements for local mitigation plan, the City of Bothell sorted the Hazard Mitigation Plan into
five categoriesPlanning ProcessPlanning AreaRisk Assessmemitigation Strategyand
Plan Mitigation Process and Adaph. In the mitigation plan, the City of Bothell conducted
identification and analysis of the hazards th
vulnerability to future events. It concludes that Bothell experiences the same types of natural and
unnatiral hazards as much of King County and considers the followings as hazards that could
potentially impact the City of Bothelseverewveather, flooding, landslides, earthquakes, civil
disorder, terrorism, fire hazards, hazardous materials, transporato@sterrorism (Bothell
Disaster Mitigation Plan 2010). Bothell has used an adjective desctifitigh, moderate, low)
to indicate its vulnerability to the potential impact of hazards. It is determined by the ratio of
population, property, commerce, iagtructure and service at risk, relative to entire city while
lacking some significant indices such as economic and social aspects of thethig/context,
this study aims to compliment the Bothell Disaster Mitigation Plan by adding new dimensions to
fulfill the inadequacy in its vulnerability evaluatigmocess. Althougkhere are multiple

resources available to residents such as King County Hazard Mitigation Plan website that offers

1 6A High ratingwould indicate a significant impact throughout the entire GitiModerate ratingvould indicate an
isolated significant impact or a moderate impact throughout the entire City, and a Low rating would indicate an
isolated moderate impact in a selected area or a limited impact throughoutthe it ot hel | 2010)
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executive summary of the plan and frequently asked questions by its residents as well as hazard
maps, they do not address local community level emergency preparedness with a detailed
disaster mitigation plan that directly contributes to strengthenin@ndldisaster mitigation.
Thereforethe citygovernmenbf Bothellmust develop capacity to asséssability to withstand

natural hazard and how to improsesilienceto natural hazards.

3. Methods and Data

3.1 Multi -Criteria Evaluation

The use of muitcriteria decision analysis allowed researchers to conduct proper analysis
of risks, an examination of where previous effort had been applied, and a focus on large gaps in
t he i ndust ry oMilti-CritesikEvauatione(d GErig useful guitability problem
such as identifying best location or most likely location of phenomenon, using multiple layers of
information.Typically, decision making on alternatives for risk reduction planning starts with an
intelligence phase for recognition diet decision problems and identifying the olijexg
(Eastman 1999Development of the alternatives and assigning the variable by decision makers
to each alternative are employed to the design phase. The final phase evaluates the optimal
choice by comparigpthe alternative, defining indicators, assigning a weight to each and tanking
them.According to Hester and Velasquez (2013), the newest trend with respect to MCE method
is to combine two or more methods to make up for shortcomings in any single partiethad.
MCE allowsresearcher to analyze a series of variables with ways to rank them from the most
preferable to the least preferabléne main challenge of MCE application in general is to
determine criteria weights. Different researchers are liketyuve different weight on a criterion,
making criteria determination could be time consuming and costly. A traditional weights
approach is allowing decision maker to give his/her preferences with respect to the evaluation
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criteria incorporated into the demn model. Another way of assigning weights is direct
estimation of their relative importancehe outcome of MCE is frequently a set of weights
linked to the variables used indicating the preference of objectives relative to each other
(Musungu, Motalaand Smit 2012)

The integration of GIS into multicriteria decision analysis has gained significant interest
over the lastouple decade&1S-based MCE has been vital in advancing GIScience in two
major fields: spatial decision support and participa®I$. Applicationof GIS to MCE has
frequently been used in producing new information by spatial analysis of existing data and
combination of multiple data sources. Spatial modelling using GIS has been applied when
finding for areas suitable for a specific land use, idgnigf populations that fall into specific
conditions, or for natural resources and/or species of int@iesautcomeof GIS-based MCE is
generally a map depicting locations fulfilling all the conditions set with threshold v&#iuéss,
there are typicey two ways to approach MCE. Firgtl| criteria are converted to Boolean
statements of suitability to make decisions under considerdtns approach is very common
with vector software system but is also widely used with raster systems. Secondatjuantit
criteria are evaluated as fully continuous variables rather than collapsing them to Boolean
constrainsSuch criteria are usually calléactor and varying degrees of suitability for the
decision under consideration. Thus, for instance, proximitgads would be treated not as an
all-or-none buffer zone of suitable locations, but rather, as a continuous expression of suitability
based ora special numeric scale (e..10 0 100, etc.) (Eastman 1999). The process of

converting data to such numeriaes is most commonly callethssification(Voogd 1983)

3.2Model Implementation
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Based on the review of literature, the selection of social, economic, and environmental
variables that correspond to the broader range of definitions of vulnerability becomes important.
More specifically, factors tglaadsstd socabsystdmne 6 s
such as, gender, ethnicity, age, disability, and level of educational attainex@ntommonly
examined to evaluate social aspects of disaster vulnerability. While there are hundreds of
considerable economic factors that inflaes disaster vulnerability, several frequestkamined
factors includes household income, status of employment, and mobility. Built environment and
existing conditions such as geography and geology of study area are also critical vulnerability
indicatorsas conditions like eligibility for federal grants and building ages directly impact the
planning and mitigation effort.

All the data used for this research were gathered from PolicyMap (Poliéy204p)at
the censublocklevel (N=49). PolicyMapoffers readyto-use online mapping with data on
demographics, real estate, health, jobs and more in communities across the United States. It is an
online platform that enables government, commercial;profit and academic institutions to
access data abbcommunities and markets across the US. It is a common destination for
researchers to find the right data for their research, market studies, business planning, site
selection, grant applications and impact analysis. PolicyMap relies on more than bwidred
data sources to collect its data including U.S. Census, Administrative Office of the U.S. Courts,
FEMA, HUD, IRS, etc. A few limitations in collecting data included maintaining consistency of
pre-defined location at censiock level. This narrowedhie range of available data sets and
public recordsA strategy of building resilience involves more than changes to physical
infrastructure. Increasingly, governments and planners are recognizing the importance of social

infrastructure such as demograpbfaesidents themselves, conditions they live in, institutions

2 https://washingtomolicymapcom.offcampus. lib.washington.edu/maps
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that foster cohesion and support (Klinenberg 20&8sor el i ed on Beccari 6s (2
classification scheme for variables in composite indicator methodol@gaete 1)to identify
evaluation &ctors According to the limitations antiese informatiom categorized all the

evaluation factors and dimensions table be(dable 2):

Tabl e 1: Beccari 6s classification scheme for

Classification Hierarchy for Variables in Composite Indicator Methodologies

Environment Category Indicators Sub-Indicators Variables

Examples - full set not included in graphic

-)-| Demography }—)| Age H—)—{ Old Age H Population 65 years and older
—)-| Health }—>| Practitioners H—h{ Doctors
Social }—*—| Education }—>| Attainment H—b{ High Schoal
+| Civil Society }—>| CBOs H—b{ Participation
+| Government }—>| Functioning H—b{ Social Services

Doctors per population

Population 25 years and older with high school diploma

Number registered volunteers

Existence of social safety nets

Services and | Water o a5
Infrastructure :

Population with access to improved waler source

Housing and |
N — - > : Housing H—){ Tenure

H
|
H
|
|
H
o[ Eemomy J>[__aop o[ coppercan]|  com porcas
|
|
H
H
H
H
|

U Population of renters

Unemployment Rate

Economic }*i‘| Labour Market }—P| Employment H—){ Unemployment
->| Livelihoods }—>| HH finances H HH income

+| Geography }—>| Land Use H—){ Agricultural
->-| Environment }—r| Protection H—){ Programs

Per capita income

Percentage of land used for agriculture

Existence and compliance rate to environmental policies

Disaster Hazards
Eal —>| Exposure Flood Hazards Frequency of Flood
and Impacts : :
Disaster ) )
e Hasnence | Community DRR Awareness Proportion of households that trust and know warning system

Human Development Index

Indices }—>| Indices }—>| HDI H—){ HDI
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Table2: Factors used for the evaluation of vulnerability and resilience at the dansksevel

Dimension Category Evaluation Factor County Pre-Defined Locatio
Sex Female King County Census Tract Level
Snohomish County Census Tract Level
Black King County Census Tract Level
Snohomish County Census Tract Level
. King County Census Tract Level
Asian .
. Snohomish County Census Tract Level
Ethnicity -
Non-White King County Census Tract Level
Snohomish County Census Tract Level
American Indians and Alaskan Natives King (?ounty Census Tract Level
. Snohomish County Census Tract Level
Social Map -
. King County Census Tract Level
Population 65 and older -
Snohomish County Census Tract Level
Age -
Population under 18 vears old King County Census Tract Level
P Y Snohomish County Census Tract Level
King County Census Tract Level
Less than 9th grade Snohomish County Census Tract Level
. . . King County Census Tract Level
E Al high school ;
ducation Attainment Some high schoo Snohomish County Census Tract Level
. King County Census Tract Level
High school Snohomish County Census Tract Level
King County Census Tract Level
Unemployment Unemployed people (16yrs-older) Snohomish Counfy Census Tract Level
Economic Map Household Income Median income of a household King ;ounty Census Tract Level
Snohomish County Census Tract Level
. . King County Census Tract Level
Vehicles per Householg Average number of vehicles per household Snohomish County Census Tract Level
_— . _— King County Census Tract Level
Building Age Median building age Snohomish County Census Tract Level
. . King County Census Tract Level
Built Environment Map Rental Occupancy Rat Rental Occupancy Rate Snohomish Counfy Census Tract Level
N . - King County Census Tract Level
CDBG Eligibility Community Development Block Grant Eligibility Snohomish Counfy Census Tract Level
Natural Hazard Map Hazard History N/A Bothell City Level
Zoning Map Zoning N/A Bothell City Level

| implemented the MCE models using a raster GIS framework and map algebra. The

weights were discussed with the Emergency Preparedness Coordinator of the Cihedf Bot

who i s

consi der e dThe weightetatg) rausttndi excead 11 winieh refpriesertsd

100% (e.g. 0.25 = 25%, 0.0833 = 8.33%). As indicated by the expert, the highest weight of 25 %

was assigned to
hi ghest weight

economic di mensi
rateo and

Social DimensiofMCE 1)

faver a

Apopul atd omomwhtohare®o6éibalyedi me |
of 40 % was assigned to
on map; and the highest

il usedithle bliowirgmodegspetifications:

wei gh

1 F*0.0833+ 65yrs*025 + 18yrs*0.0833 + Black*0.0833 + Asian*0.0833 + AIAN*0.0833 + Non
White*0.0833 + HS*0.0833 + SomeHS*0.0833 + 9th*0.0833

Where:
F

Female Population (%)
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65yrs Residents who are 6fars old and older (%)

18yrs Residents who are 18 years old and younger (%)

Black Black Population (%)

Asian Asian Population (%)

AIAN American Indians and Alaskan Natives Population (%)

Non-White NonWhite (Hispanic) Population (%)

HS Residentsvhose highest education attainment is high school diploma (%)
Some HS Residents whose highest education attainment is some high school (%)
9th Residents whose highest education attainment is less ftgrade (%)

Economic Dimensio(MCE 2).
1 Vehicle*0.4 + HHI*0.3 + Unemployment*0.3

Where:
Vehicle Average number of vehicle per household
HH Income Household income ($)

Unemployment Unemployment Rate (%)

Built Environmen{MCE 3):
1 Rental Occupancy Rate*0.4 + Average Building Age*0.4 + COB@ibility*0.2

Where:
ROR Rental Occupancy Rate (%)
Building Average Building Age (year)
CDBG Community Development Block Grants Eligibility (eligible/not eligible)

In addition to descriptive models depicting disaster vulnerability of Bothell crédated
c i tsgcdlseconomic, and built environmearacteristicat the censuklock leve| | mapped
thenatural hazarslin Bothell (Figure3) from 2003 to 201andt h e  reoningynépd-igure4)
in order toprovide more holistic disaster mitigation plan. Multiple existing conditions including
the citydés zoning, floodway, fl oodppgrome n, Kknow
deposits were visualized using ArcGIS10.5 (ESRI 2018) Data were dowwladed from the
city of Bothell website. Zoning units were categorized into twelve groups based on their zoning
description €.g. multiple residential areas were all grouped together regardless of their size). The
environmental conditions are taken into@act when analyzing the level of disaster

vulnerability in comparison with other maps.
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Bothell Natural Hazard Map
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Figure 3: Natural Hazard Map of Bothell showing the past landslides and floods
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3.3 Data Processing

Since the city of Bothell is located within King and Snohomish counties, | prepared two
data sets thatontainthe same variabldsr each section of the city within the corresponding
county Then, | have combined the data sets intoameringthe entire city of Bothell. Finally,
all the data were importadto ArcGIS and joined with the shapefile that captures all the blocks
within Bothell. Due to some census blacks along the city bondg¢ishare its territory with other
cities, all the blocks that share its territo
city limits were included in this study. However, analysis of results focuses on phenomenon
within the Bler{sédagure2d Nextcas theyvariales amtshare a common
measuring unit, their values for each dimension must be standardized. Therefore, before
conductingthe geovisualization process;store$* of the variables were calculatading the
equationbelow:

Z-score = (X-Ww) /,,

Where X is the evaluation factor being calculated; p stands for the mean of the evaluation
factor, and, is the standard deviation for the evaluation factor being calculated, which was
calculated by ArcGI$Table3). For CDBG, eligible is 10, partially eligible is 5, and not eligible
received a score of 1. Z score of Building Age, Rental Occupancy Rate, Household Income, and
CDBG Eligibility were multiplied by-1 to reverse the score as higher scorers for these
evaluationfactors mean less vulnerable, and lower scores indicate more vulnerdkdidgres
were used to standardize measurement units. Once all the variables have a standard unit that can

be compared, raster maps were created based orstt@es to depict eaevaluation factor

3Z-score is the number of standard deviations from the mean a data point is.
4Z-score = (X- W)/,
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spatially. Values of all the raster maps were reclassified into 10 levels using an equal interval
classification scheme. Each map shows the highest and lovgest& values that measure how
many standard deviations below or above thybation mean a raw score is (Figure 5, 6, and 7

as examples).

Table3: Z-Scores and summary statistics

Factor Mean Standard Deviation

Female 50.9228 3.54633

> = 65 years old 11.6904 7.558699
<= 18 years old 22.9186 4.658966
Education attainment: less th@figrade 2.2588 3.157124
Education attainment: Some HS 3.232 2.369392
Education attainment: HS 15.1976 5.771322
% of black residents 2.1894 2.818718
% of Asian residents 14.6148 10.03254
% of AIAN residents 0.7282 1.17713

% of NonWhite residents 26.3372 11.347292
Median building age 1986.7 9.459915
Rental occupancy rate 26.615 20.492759
Median household income 93164.88 22390.52353
Average # of vehicle/household 1.72 0.693974
Unemployment rate 4.8982 2.99115
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Vulnerability to Natural Hazards based on % of Female Residents

Figure 5:Z-Score offemaleratio at thecensus blockevel and natural hazards in the City of

Bothell

29




Vulnerability to Natural Hazards based on Median Household Income
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Figure 6: ZScore of median household incomtethecensus blockevel and natural hazards in
the City of Bothell
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Figure 7:Z-Score of median building age thecensus blockevel and natural hazards in the
City of Bothell
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