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Abstract

Floods are becoming more frequent and the magnitude of direct consequences, relating to
destruction of critical infrastructure and loss of life, has highlighted the importance of flood
management. This thesis proposes a new methodology to quantify thet ohpaedicted

and historicflooding events on emergency services. The approach moves beyond simple
flood inundation mapping by accounting for the relationship between flood depth and
vehicular speed. A case studss presented for Calgary Alberta, whebe depths of a
predicted 108/ear flood and an historic 2013 flood evemtremodelled. The methodology
appliedgeographic information systems (GIS)ftood depthmapping, utilizing digital
elevation models (DEMs), flood extents, and hydrological ddtadFdepths weréhen
assigned to links comprising the road network, where the maximum vehicle speed was
calculatedas a function of the standing depth of water on a Tiinle flooded network was

used toderiveservice areas fageveraltypes of emergencyservices (emergency medical
services (EMS), fire, and policdbllowing targeted response timése resubk quantified

and locatd theresidential and wi populations that no longer miethe targeted response
times. During both flood scenarios, EMS wdoeind to have the greatest uation in
accessibility, with 23% to 4% of residents and workers, respectively, not served. Fire
services were seeiw be more resilient with only%8 to 9% of residents and workers,
respectively, not served. The results fmlice services were similar to fire services.
However, the former have a greater range of response times, meaning these areas represent
those that are completely isolated during both flood events. Overallprtmosed

methodology quantifiedulnerable ppulationson a partially degraded netwokkhich can



be used to develop evacuation plaarsl @énergency response strategies, minimizing

disturbances in the tveork and the number of peopl&excted.
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Chapter 1: Introduction

In Canada, floods are the most common natural hazard and also among the costliest
(Public Safety Canada, 20)9dahe increased frequency of flooding events in recent
decades has been linked to rapid urban expansion and changes in precipitation patterns
cawsed by anthropogenic climate charfgi@abayashet al., 2013Katz et al., 2002y ogel
et al., 2011; Yang et aR015;Kundzewicz et al., 201%unkel et al., 1999; Nirupama and
Simonovic, 2006Peterson et al., 20p&Climate change scenario projections for Canada
estimate an increase in temperatures between 4.9°C £ 1.7°C and 6.6°C = 2.3°C by 2050,
depending on different emission scenarios (IPCC, 2013; Poesch et al.,, 2016). This
warming, which iprogressingmore rapidy in Canadahanin other parts of the world, is
accompanied by increases in precipitation (Westra et al., 2014), streamflow (Novotny and
Stefan, 2007), snowmelt (Pederson et al., 2011), and extreme flooding events (Vincent et
al., 2015) Floods most commnmdy occur when rivers or streams overflow their banks due
to excessive runoff following rainfall eventdistorically, developmenn close proximity
to waterwascrucial for survival, due to thecces®f drinking waterwatertransportation
and fertileland for agricultire (Elshorbagy et al., 2018 other regionsresidingnear
waterhasmore aesthetic, culturak recreational value (Kummu et al., 201lk).Canada
human occupancy on floodplains is a historical phenomenon that will likely perthst in
future because of the extensive urbanization that already exists and the poor understanding
of flood risk maps (de Loe, 2008; McClearn, 2019)banization increases the rate of
runoff as the removal of vegetation and sodcibases areas of water atge. The
significant reduction of infiltration leads to higher flood peaks and volumes, even for low

1
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durationrainfall eventfWestra et al., 204). The United Nations (UN) statéisat 55% of

t he wor | ddascurrpndypiving ia trbao areas, which is expected to increase to
68% by 2050(United Nations, 2018)North America is no exception as it is one of the
highest urbanized regions the world,with 82% of its population living in urban areas
(United Nations, 2018)Critical infrastructure, which refers tvansportation networks,
protection serviceguch as police or militajycommunity services, government servjces
and utility networksis crucial to the furtmning of cities(Sharma et al., 2008pisruption
from floodng to such infrastructure puts the health, safety, secarityeconomic weH
being of individuals at riskas observedin New Orleansfollowing hurricane Katria
(Pistrika and Jonkman, 20Q09nd southern Alberta, due to heavy rainfall and snowmelt
during the spring of 2013The migration of people from ruréb urban areas amid the
growing frequency of natural disastemagnifiesdifficulties in assessing risk and managing
appropriateemergency respong&mith et al., 2014Price and Vojinovic, 2008)n order

for cities to become more resilient to flooding, consequences relating to risk (@flife

et al., 2013;Jonkman et al., 2009property damagé.ee and Kim, 2017Brody et al.,
2007 Sande et al., 2003and failure of infrastructuréSingh et al., 20185ohn, 2006;

Jongman et al., 201&)ust be minimized (Hammond et al., 2013).

In Canada, transportationfrastructura s essenti al to the coun
and social interactions(Public Saéty Canada, 2019b Reliable transportation
infrastructure is vitato the functioning oimodernsocieties as peopblnd businessgdan
their everyday lives with the assumption to travel and transport goods between different

places (Mattson, 2007ln Canadathe road network is the dominagpe of transportation

2
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infrastructure forfacilitating the movement of people, gogdand servicegTransport

Canada, 20185uch network havecortinued to expand, becomimgcreasingly complex

in response to urban devetopnt and growing populations urban areashesenetworks

provide access to worledication, businessnd recreationwhile acting as vital lifelines
connecting i1isolated communitiesAs nsoairatl y @
relianceon thenetwork and expectation @6 performance grows, so do the consequences

of net wor k fail ur e (Hibtarigal events havedsholyrd that toad, 20
networks are vulnerable to natural disasters, such as earthGakeg and Nojima, 2001

Cho etal., 200)), floods(Coles et al.2017, Novak and Sullivan, 2014; Yin et al., 2016;
Suarezt al., 2005)forest firegDimopoulou and Giannikos, 20Q4nd hurricane@Horner

and Widener, 2011; Chen et al., 2008)etwork falures and disruptions threaten
opportunities for people to receive medical care and other critical se(Vaealius and

Mattsson, 201p These unpredictable evertisocauseothersevere consequenaesdating

to the road network, such ascreasedtraffic congesbn, cancellation of tripsand
inaccessible destinatioffSuarez et al 2005) It is important tostudy these consequences

as they aff ect angteeeqriomydViethodsaand dgcisibn supg ®ols

allow planners and policy makers to makgargal assessments during threats to facilities

and infrastructure (Taylor and DO6Este, 200

The detrimental effects of floodirend their increase in occurrence has highlighted
the need for more effective flood manageméheviousstudies have sought assess
potentialflooding impacts.Such sudies have focused on emergency evacudidsnih
and Stopher, 2004Church and Cova, 2000risk of inundated links (Yin et al., 2016),

3
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network resilien@ (Yucel et al., 2018)accessibility loss (Sohn, 2016), flash floods
(Balijepalli and Oppong, 2014), satisfying demand (Jenelius et al., 2006), socio economic
impacts (Taylor and Susilawati, 2013ahd measuring the relative importance of linkih

respet to their systenwide contributionto traffic flow (Novak and Sullivan, 2014).
Koenig (1980) identified accessibility as a key concept in urban and transport planning,
referring to the ease of opportunities for interaction or exchange. It provides a sound tool
for evaluating lhe effectiveness of transport plans and policies, especially at a disaggregate
level, when considering cost and benefits derived by users, environmental effects,
accidentsor indirect effects on land use (Koenig, 1980). The structure and capacity of the
urban transportation network directly affects the level of accessibility, which is crucial to
urban planning and emergency response (Zhu and Liu, 200vn a disaster occurs, not

all links will respond the same way as some will have a greater impactwaorkédlows
relative to others. It is also important to acknowledge that when a link is disrupted, it does
not necessarily medhatit completely fails. The ability to plan for and manage the impacts

of network degradation allows for cities to remain @gtadduring unpredictable events

Public Safety Canada helps Canadians and their communities protect themselves
from emergencies and natural disasters through the development and implementation of
policies, plansand a range of programs (Public Safegn@da, 201€). The approach to
emergency management is based on four related areas: prevention and mitigation,
emergency preparedness, responding to emergency events, and recovery from disasters.
Prevention and mitigation are the efforts to reduce impeictlisasters an@ssociated
financialcosts. Emergency preparedness refers to the efforts taken prior to an emergency,

4
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which include planning and testing of emergency management arrangements. Responding
to emergency events provides assistance before, gdusin after disasters by first
responders, such as medical professionals and hospitals, fire departments,apdlice
municipalities which warn and evacuate communiti®ecovery from disasters are the
efforts to recover fromraergencies and tireconsegences This thesisaims to address
two of these areaprevention and mitigatigmnd emergency preparednddapping flood
extents allows for affected populationshi® located and quantifieBeoplecan then take
precautions to minimizéamageo their popertiesand evacuate to areas where they are no
longerat risk. In regards to emergency preparedness, flood maps reflecting e¥ents o
specified magnitude provide insight ¢éimose most vulnerablfor officials. ldentifying
potentially affected populations can be usedattbcate serices and resources in more
efficient ways. Additionally, taking action in these two areasdirectly optimizes
responding to emergency eveatsthere may bfewer pegle who mayneal assistance
during adisaster This can also make the recovery processe effortlessas therisk of
individuals and damage properiesmay be reduced or preventéaplementing strategies
before adisaster occurs is the best way to miiziebothdirectimpacts, relating to personal
injury or property damageand indirectimpacts, such as disruption to public services or

economic activitiespf flooding eventgYin et al., 2016).

Thegoal of emergency servicestgsprotect and save ligeby responding safely and
quickly. Longer responstmes mayresut in more losses, indicating inadequate service
(Indriasari et al., 2010Quickerresponsdimes maysave mordives and propertieBom

casualtieand damage®enser urban networks improves accessibility but for emergency

5
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services, specific targets must be mdterefore, emergency facility locatiamd response
problems are typically modeled under time or distance const(&iokes et al. 2017; Novak
and Sullvan, 2014;Shiomi et al., 2011; Yang et al., 2006he threat ohatural disasters
such as floodings also enhanced duettte concentration of peopielarge citiesplacing

more people at riswhen resources are limiteSeveral studies haatemped to identify
vulnerable populations durinflooding events by integratinggeographic information
systems GIS) with accessibility modellingd.g.,Coles et al., 2017Green et al., 2017;
Indriasari et al., 2000Using a network analysis, GIS allows &arvice areas to be derived
while taking into account road accelarriers and network attributes, providing solutions

to preventand respond to the$l®oding disastersA network service area is a region that
encompasses all accessible streets, witi@rspecified impedance. Many studies have used
GIS to determine service areas for multiple purposes, including recreation (Oh and Jeong,
2007), health care (McLafferty, 2003; Yang et al., 20@6¢ transit planning (Mavoa et

al., 2012). Identifying seree areas is a simple and straightforward approach to implement,
which can be executed around any location on a netWRatarding emergency planning,
these locationare typically emergency facilities, such as EMS stations, fire stations, police
stationshospitals, or health clinic¥his studyuses the capabilities of GISitaproveupon

the current service area methdgsconsidering barriers of different magirdes depending

on flood depth The spatial capabilities provided by Gkerves as apowerful tool for
decision makersyho are responsible fone safetyof lives, propertiesand environments

during floodingdisasters
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Despiterecent efforts to evaluatbe effectivenessf road network during flooding
assumptions in the dev@iment and application impattie accuracy wherassessing the
consequencesThis research evaluates the accessibiityemergency serviceduring
flooding events, which can be modelled ugimg partial or completdegradatiorof links.
The methodology augments previosiidies where links in the network werther
considered flooded ta thresholdvhere travelvasprohibited anywhere along the link or
the linkwasnot affected by flooding at aflColes et al., 201 7Green et al., 2017; Yin et
al., 2016). This study uses a&quation derivedy Pregnolato et al. (2017) to analyze
partially operatingroads along with those completely failjras a function of water depth
To apply this in theontext of accessibility odelling, GISis usedo generate service areas
of emergency servicedhe maximum speed a@mergency vehicles isalculatedwith
respect tahe depth of water om network link illustrating more realistic conditions and
providing better estimates of areas that can and cannot be reached within targeted response
times. This paper focuses on urban cities prone to floodingse areas axailnerable to
climate change as they dikely to experence both the influencef river discharge and
surfacerunoff. Due to the close proximity of rivers and water bodies, Calgary, Albhesa

selected as the case study.

The remainder of this thesis is organized as follows: The following chapter reviews
literature regarding relevant concepts: trip simulation, flood mapping methods, and the
importance of emergency response strategies. Chapter 3 describes the main objectives of
the research by integrating flood mapping, network analysis, emergency response, and
accessibilitymodelling Chapter 4 provides some historical context of the study area,

7
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Calgary, and why it is relevant to flooding. In Chapter 5, the methodology in deftivirag
inundation maps is presented. The steps in determining flood extents @thd dee
explained, followed by how this data is used to create flooded road networks. Chapter 6
presents the results based on two flooding events: a predictegedf0lood and a
recreation of the historic 2013 Alberta flood. The thesis concludes witdpté&h7,
explaining how this research contributes to existing studies regarding accessibility

modelling and inundation mapping, as well as the limitations and assumption
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Chapter 2: Background

Transportation researeh extensive anéncompasses mauysciplines but the aim
of providing better transportation systems and services has continued to be an important
area(Sun and Yin, 2017)This study focuses on emergermgnning and responsas the
reoccuring floodsin Canada hae highlighted the need foresearch in this fieldThis
chapter defineanportanttermsused,vulnerability and accessibilityasthese concepts are
not only valuablein modelling network changedut alsoservesgreat importance in
measuring soal impacts. To address theseonsequences of flooding, current maps,
equationsand modelsvereevaluated in order to determine the best techniques that can be
feasibly appliedn this study.By focusingon theseareas, the performance oétworks
wereanalyzedbased on the failure of componerds well as the wider social impacts on

those served by the network

2.1.Vulnerability

Vulnerability is a commonly used tetimassess the impaeisd damagesf flooding
on the road network (Jenelius and Mattsson, 2015¢c8ali al., 2012Taylor et al., 2006
Chen et al., 2035.u et al., 2015Balijepalli and Oppong, 20)4This concept habeen
heavily discussed in the literature, but the definition varies between authors. Many suggest
that there is no single definitiomitable for vulnerability, but it is defined based on the
context of the eventOne of the most accepted definitions was introduced by Berdica
(2002) who suggested vulnerability in the road transportation system is the susceptibility

to incidents that caresult in considerable reductions in road network serviceability. These
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events can be unpredictable and range in severity caused by weather, physical failures,
traffic accidents, planned road works terrorist actiongBerdica, 2002)Other studies
haveassociated vulnerability with the concept of riskall et al., 2003Nicholson and
Dalziell, 2003. The termfiriskd0 ¢ o0 n t aonmpohents:tieoprobability of an event
occurring and the consequences arising due to the event (Kasperson et al.Th@88).
definition wasfollowed by Jenelius et al. (2006), who identified criticahdlinks in terms

of link importance and local exposure, based on the increase in generalized cost of travel
for journeys indegraded networks. Chen et al. (20480 agree with this as network
vulnerability was quantified based on the probability of sea levelEisgh et al(2009)
consideed both the probability of the natural hazard and the indirect consequences, such
as the changes in travel time and dis& to determine route choice effedtging link
failures Other authors defirEflood risk using physical based modelling, considering flow
analysis hydraulic modellingand precipitation(Balica et al., 2012Afshari et al., 2018;
Karmakar et aJ.2010) However, it has been acknowledg®at including the probability

of failure in vulnerability introduces difficulty when trying to estimate the probability of

rare events, such as natural disasters (Sarewitz et al., 2003).

From a different perspectivepad network vulnerability analysis can be defined as
the study of potential degradations on the network and their impacts on society (Jenelius
and Mattsson2015. Taylor and Susilawati (2012) defined network vulnerability relating
to the consequences faflure of some component on the network, such as a link or node,
irrespective to the probability of failure. Even if the probability of a component failure is
low, the social and economic impacts may be sufficiently large, suggesting that the low

10
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probabil ty of occurrence may not offset the cc
Taylor, 2001). Sarewitz et al. (2003) also adjtleat the concept of vulnerability should

be independent from probability as probabilities of extreme events are difficstinate

and are constantly changing. Understanding and reducing vulnerability does not demand
accurate prediction of extreme events as it can be evalbgtémtusing on the social
disruptions during the aftermath dlisasters The authors agree that tlwencept of
vulnerability should be viewed separately from risk as this tresasyzedvulnerability

with concerns to the consequences instead of probabilities. Here, consequences refer to the

partial and complete failure of links and populations withoaéss to emergensgrvices.

2.2.Accessibility

An early and wetknown definition of accessibility was defined by Hansen (1959)
as the potential of opportunities for interaction. Similarly, Niemeier (1997) defined
accessibility as the ease with which desiredtishations may be reached. These broad
definitions can be narrowed to be contsgetcific and include relevant factors, such as time
constraints and travel modes. Geurs and Wee (2680dlpin accessibility extensively,
consistingof four components: landse, transportatioriime, and individual.Paez et al.
(2012) defind accessibility as lieg comprised of two componentbe cost of travel and
the quality/quantity of opportunitiesMany authors view vulnerability as reduced
accessibility (Taylor et al., 2006; Chen et al., 2015; Sohn, 2026). definition of
accessibility is most similar that byColes et al. (2017) who quanéiél accessibility based

on the coverage of emergencygpendersin this paper, we measuraccessibility base

11
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on the populations that wergerved by emergency services dispatched from known

locations.

The accessibility of road networks has been a growing research field over the past
few decades, for transgation planning, urban planningnd emergencynanagement
O6Sul | i van e tdthadoal of &ng afsport sydt@sthe aceess to facilities,
where they evaluatkthe transport system as the effectiveness of delivering people to
desired facilies. Many studieghat measum accessibility use well-developed indices,
such as the Hansen Accessibility indexsame form of it (Chen et al., 20150 and Pag,

2011; Taylor et al., 20Q6Lu and Peng (2011) improved on the Hansen AccessibilitiInde

by accounting for the population of each travel zone with respect to the entire population
of the study areaSohn (2016) derivitan accessibility index to incorporate the distance
decay effect and the volume of traffic influence on the transportagittvonk. Novak and
Sullivan (2014) creatka measure for evaluating the accessibility provided by each link
with respect twide reldtienshlptoralkeinergescy sivieerfacilities in a
roadway networkLu et al. (2015) uskan accessibilifbased methodology to evaluate the
networkwide impacts of infrastructure degradation based on the increase in travel cost,
destination attractiveness, and traffic congestion. Chang (2010) dlefinaccessibility
performance measure to determine the titmiakes to restore rail accessibility back to
normal following a disaster. Bono and Gutierrez (2011) ¢olakt reduced accessibility
following earthquakes by removing disrupted road segments and disconnecting roads
where therewere point disruptions.While these methods areseful for accessibility

analysesthe outcome focusl®n theeffectsof the networkanddid not provideimpacts on

12
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the populationMiller (1999) states that transportation quiéng should focuspecifically

on the changes in accessibijias it determines the winners and losers in a given scenario.
Thiswasdemonstrated b@oles et al. (2017who developed a method that coupfood
modelling with network analysis to evaluate the accessilnfitemergency respondeis

care homes and sheltered accommodation. Similar to Coles et al. (2017), this study
evaluatesthe accessibility of emergency services during flooding events using GIS
However, we consider the entire population of the city atstef focusing on elders living

in support homes. This study alsaproves on the previous methodology by allowing for

travel on partially flooded links.

2.3.Emergency Response

Evaluating network degradation in combination with emergency services is a
growingfield of interest as the connectivity of road links is vital for emergency vehicles to
have access to residences and other populated areas (Chen et al., 2015; Coles et al., 2017;
Novak and Sullivan, 2014; Albano et al., 2014). Shiomi et al. (201 t)arsgccessibility
based index to evaluate the vulnerability of road networks to natural disasters to determine
optimal allocation of medical facilities. Viswanath and Peeta (2808yghtroutes for
emergency services that minimiz&gavel timeand maximizedhe population covered.
Unpredictable natural disasters and the geographic variation in population provides the
need for analysis and planning of emergency access. McLafferty (2007) defined need as a
mul tidi mensi onal concept tehstics, behaviorsarads e d 0 |

environmentsn which they live and work. Populations are not spreaghlgvacross the
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Earthdés surface, af f ect i n galsddiffez in age,yendee s s t o
and economic status, which affects their need perciic services (McLafferty2007).

Sene (2008) emphasizghat emergency response during floods should have special
arrangements made for the dependent population (elderly and children) and those disabled.
These populations may not be ablphgsicallyensure their own safety, making them more
vulnerable. Colest al. (2017)lso recognized this arahalyzed the vulnerability of care

homes and sheltered accommodation, based on targeted response times of emergency
services. Their results statk the response time to each care home and skelter
accommodatiorand he number of locations not meeting the thresholds. However, the
capacity anchumber ofoccupants could differ drasticallgesulting witha greater number

of elders impactetbr some locatioa Albano et al. (2014gstimated total populations at

risk andthe proportion of children and elderly during flooding events. Simgilénls thesis

seeks to address not only the total number of people affected by flooding, but also quantifies
the number of dependerdffected defined by those ages 19 and under andrébabove.

The method differs from Albano et al. (2014) as they distributed populations

homogeneously within census areas.

Smith et al. (2019) compar&d meter (m), 90 m, and 900 flood exposue maps,
where a decrease in resolution resulted greate overestimation of populations within
flood inundation zone§ histhesisprovides high resolutiopopulation distributions as the
residential population is assigned to residential lands within census(Brs)s while
work populations are assigned toaoercial lands within censasea Accounting for the

work population, which the authors hayet to identify in the literaturerovidesvaluable
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insightson where workers are during the dapereforeyesults from this studguantifies

the number of people affected from flooding, during any time of the day.

2.4.Flood Network Modelling

Peopl e &an bescampemiged when vehicles traveling on inundated Iassls
traction or becombuoyant (Shah et al., 2019). When modelfiogds, a critical threshold
is typically usedby researcher determine if the road is flooded to a depth where cars
can no longer salfg travel Shah et al. (2019) developed safety guidelines for vehicle
stability on flooded surfaces based on experiaeand analytical data, where small
passenger, large passengerd large 4WD vehicles cannot navigate in depths greater than
0.3m, 0.4 m and 0.5 m, respectivel{ther authors modield the effects of flooding on
the network with reduced capacity (Chenal., 2015; Bajepalli and Oppong, 20}4
Balijepalli and Oppong (2014) uskistorical data to identify links prone to flooding during
two scendps. The first scenario reflectead minor fbod, where flood prone links were
redued by a capacity &¥0%, whilethe second sceria represented moderate size flood,
where flood prone links wemeduced by a capacity of 50%imilarly, Chen et al. (2015)
simulated 6ur flooding scenarig caused by sea level risghere capacityvasreduced for
all flooded links in the networkScenario one represedthe base case, where the network
wasnot degradedscenaridwo, threg and foureducel theflooded linkcapacitiedpy 50%,
99%, and 100%, respectively. However, both studies assumed that all floodeadneks

affected the same way in these scenafibsreforethe guidelines provided by Shah et al.
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(2019) can be utilized to model floods in a more realistic astyavel on flooded links is

based on the depth of water.

Based on the characteristics of diffet types of vehicles and forces acting upon the
vehicle during a flood, many authors hagplied a threshold &0 centimetergcm) to
restrict travel on flooded link§Kramer et al., 2016; Martinedomariz et al.,2017;
Pregnolato et al., 2017; Yin ak, 201§. However, when roads are inundated at depths less
than 30 cm, theyre assumed toperate normallyQoles et al., 201 %Green et al., 2017;
Yin et al., 2016 Chen et al., 2005 The effectsof flooding on road links is viewed as
binary, where 30 cm defines flooded links, preventing travel, while anything lesthétan
does not affect links at all.his assumptiomay underestimate travel timas depths less
than 30 cm may force vehicles doive at reduced speeds. Another assumpiged by
researchers prevents travel on all linkiéhin predicted flood extentsendering them
uselesgSuarezt al., 2005). However, this does not necessarily mean the link is inundated

to a magnitudevhere t is not operationafhstravel may be allowedt a lower speed.

When links in the network become flooded, theg aot all affected the sanaad
should not be treated that way. Floods will hawgreater impact on specific links in the
network, based ofocation and elevation. Pregnolato et al. (2017) developed a-depth
disruption function, derived byeviewing andcombining data from experimental,
observationg and modelling studieghat models the relationship between the depth of
standing water and wele speedThis equationallows fora more realistic treatment of
inundated links as they can be analyzed partiallstead of restricting travel completely

Singh et al. (2018) used the equation by Pregnolato et al. (20@iéntdy critical links by
16
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calculatingthe reduction irspeed across the network gy a flood.Similar to thisthesis
10-yearand 100year flood maps were initially overlaid on the road network to determine
flooded links. Vulnerable road segmentsere classified based on the magnitude of
reduction in average maximum speed, while resilient restsdefinedasthose that

not change in speed. Thikesisalso usesthe depthkdisruption functiondeveloped by
Pregnolato et al. (2017) as the maximum speedny link in the network can be calculated
based on the standing depth of waldris is applied in the context of emergency services
as emergency response routes are simulated based on the siavglgne from a station

to a destinationThis imgoves omprevious methodahere routes with the shortest distance
are assumed to have the shortest responss,taae&mergency vehicles are not required to
obey speed limit§Albano et al., 2014). Even though this is true, the depth of water on a
link still has the potential to reduce the speed of emergency vehicles as they are not immune
to the drag and buoyancy forces caused by water tmtwork failures, either full or
partial, should mirrp reality as much as possible or elssgative impacts may ndite

captured.

2.5.Flood Mapping Using GIS

The development of rastbased flood models combined with high resolutiagital
elevation models¥EMs) and multispectral images makes it possible to accurately model
historicaland predicted flooding eventSlultiple approaches for flood mapping dxis
the literature, differing upodata inputssuch as elevatiofand use, probability, rainfall

andgeomorphic characteristicsuch achannel geometry and flopAlbanoet al., 2014;
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Elshorbagyet al., 2017 Brivio et al., 2010; Youssef and Pradhan, 20Irithe context of
emergencylanning GIS software can provide improvements to warning, evacuzdion
response by optimizing emergency vehicle routes and locating emergency eespons
facilities (Karmakar et al., 2010; Chakraborty et al., 2@3es et al., 2017; Green et al.,
2017 Indriasari et al., 200)0McCarthy et al. (2007) found that models of inundation extent
were useful to emergency responders when planning for evacuations ongledidire to
allocate resources8rivio et al. (2010gpplieda simple approactsing GIS technique®
estimate flood extemstwith a DEM and satbte image Flood extentsvere determined
using a least accumulative caistance matrix where river cellgere assumed to flow out

of the river channel to reach flooded arsaswnon the satellite imagé.ike the methods
used inthisthesi8r i vi o et appréaéhrequira(th2 6ain® dataputs but dd

not output informatiombout the depth of the flood each cell.

Rennd et al. (2008) developed a quantitative topographic algorithm ¢edight
above nearest drainage (HANBDYm a DEM The topographydata provided by a DEM
can define where water will accumulateaimareabased on flow direction and speddl
grid points belonging to the drainage netwavkre zeroed in height and used as a
topographic referencé&lshorbagy et al. (201®eveloped derrain descriptor similar to
HAND called elevation above nearest draindgBND), executed through ArcGIS. Pixel
values in a DEM represent altitudes relative to local drainage instead of the mean sea level.
Flood hazard maps were developed for all of Canada twmparameter&£AND and the
distance from nearest drainage, thezmntal distance from the nearest drainage network.

Schnebele et al. (2014)mulated a historic flood usireg30m DEM and a 3.2 nsatellite
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imagecollected on the dapf a flood Supervised classification was then used on the
satellite image to identifwater pxels. Corresponding pixels theDEM with a height les
than the mean river heighiuring the floodwere set toflood pixels to approximate the
extent Similar toRenno et al. (2008%chnebele et al. (201d4hdEIshorbagyet al. (2017),
flooded cellsn this studywerederived based on their relative elevatwith respect tahe
drainage networkThe terrain descriptor, EANDs adopted in this study but differs from
Elshorbagy et al. (20173sthe drainage network isot calculatedfrom flow direction
(Renro et al.,2008). Instead, the drainage netwaskdefined by major waterbodies only
and does not consider intermittent streambe analysisresolves issues related t
resolution such asaveraging values and missing daasa one meteDEM is applied.
Additionally, these errors can propagate through Bdevived products, including slope,
aspect, or flow accumulation, and subsequeatigct the interpretationof these results
(Holmes etal., 2000). The use of a high resolution INVEprovides a more precise

representation of the surface, while maintaining topographic attribtitee landscape.

Afshari et al. (2018)evaluated the usef recently developedow-complexity
methodswhich requred only one or two data inputso model flooding conditiong.hese
methods, such a$iAND and AutoRoute,were comparedwith a more complex
hydrodynamic modeHydrologic Engineering CentdRiver Analysis System 2D), which
requiredstream flow, flow equatns, surface roughness, and channel and flood plain-cross
sections Inundation extents resulting from all three models were compared fped)
100year and 50§ear flooding scenariosThe lowcomplexity flood models did not

perform as well but gave ogparable results and erall, could be considered as a suitable
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alternative for fast predictionBespite the accuracy of hydrodynamic modéddazadegan

and Merwade (2019) also recogrdzihe computational demand required and betleve
topography data provided by DEMs alledfor optimal solutions in floodplain mapping

at much lower costsThe size of the study area, desired accuracy of the flood maps,
computational and monetary costs ofdalting, and the type of modelling are some factors

that control the methods executed and defined as appropriate (Jafazadegan and Merwade,

2019).

This research contributes to the literature by introducisgngle method to derive
flood inundation mapsproviding informationabout the depth and extentaflood. Any
flooding event can be derived using a DEMIdlood parameter, which tee flood extent
or heightofthefloodT o t he aut horsdé knowl edge,ape&rhe me!f
to derive fbod depths haget to be introduced in the literatur€his straightforward
approach allows for flood mapping to be integrated into network and accessibility analysis
by considering the relationship between water depth and vehicle speed. The results can
provide insighsinto thepopulationgotentiallyimpacted byflooding, defined by those not
accessible by emergency servidesipingdecision makergo take necessary precautions

to minimize the number of people affected.
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Chapter 3: Objectives

This research has two objectives: (1) to propose and demonstrate a new methodology
for measuring the accessibility of emergency services during a flooding event that accounts
for a partially degraded network, and (2) to quantifygbpulations affectelly said event.

This study integrates flood extent mappifigod depth modellingnetwork analysis,
accessibility of emergency servicandthe vulnerability of populabns, which has yet to

be completedn the literature. While these perspectives are eet, it is the integration

that provides a new approach for accessibility modelling during flooding events. This study
utilizes the relationship between water depth and vehicle speed when measuring the
accessibility of emergency servi¢caghich some have ilad to recognizgColes et al.,

2017; Green et al., 2017; Yin et al., 201@)estigating howmodelling accessibility of
emergency services can be improyedvides valuable insight into the effectiveness of

emergency planning aride performance of traportation infrastructure.

Flooddepthmapping serves as a useful tool for spatial planning of the development
of a city, as infrastructure and drainage systems are key to keeping the population resilient
to flooding eventsHowever, the data and compudeial requirements are oftenato
demanding for predictionsas the extensive requirement of inputs are often not readily
available The method proposed in this stugguires a DEM and single flood parameter,
the predicted flood extent or theaximum keight of water during the floodhisis similar
to existingtechniquesn the literaturebut requires fewer parametexsd data processing
stepqElshorbagy et al2017; Rennd et al., 2008; Schnebele et al., 2@ktyice areas are

then estalidhedconsdering the flooded road netwoakd spatial distribution g&sidential
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and workingpopulations. This studiguilds onmodels where populatiowasdistributed

based on dissemination asedDA), census tracts, travel analysis zones,othre
geogaphical units (Lu and Peng, 2011; Albano et al., 2014). Hepylations aréurther
proportionedfrom these subdivisions based on land use, instead of assuming they are
distributeduniformly within a geographical uniThus residential and working popations

are only assigned to residential and commercial areas, respeciilielglevelopment of

high resolution population datasets combined with recently created flood inundation maps

provides accurate locations and estimates of populations vulneraldedmg.

The new methodologintroduced for flood deptmapping isapplied in the context
of emergency responsé&he results provide vital information for emergency service and
facility location decisions evacuation proceduresnd emergency route planning to
accommodate populations that are at a disadvantage (Coles et al.,, 2017; Novak and
Sullivan, 2014; Indriasari et al., 2010; Albano et al., 2014). There is a significant gap in
understanding the interaction of flooded netveaatkd their effects on populatidesearch
regarding the location of populations and the impacts of flooding disasters on them should
be prioritized as much as predicting the magnitude and frequency of such Betmasly
does this study quantify andclate populations vulnerable to flooding, but it also considers
the dependent population whoay have limited physical capabilities. Evaluating the
performance of emergency services aids in the development of strategic emergency

planning to provide betteesvice and builds safer communities for any city.

22



M.Sc. Thesig Michele Tsang  McMasteri School of Geography and Earth Sciences

Chapter 4: Study Area and [ata
4.1.Study Area

Historically, the most disastrous floods Canadain terms of the estimated total
costs in dollarshaveoccuredwhere major river systems intersect déppepuated areas
(Burton, 2015%. The city of Calgary(census subdivision¥ no exception as it centered
where the Bow and Elbow rivers meethile being home to 1.2 million people (Statistics
Canada, 2016)I'he Bow River originates from the Rocky Mountaingding through tie
mountains, foothillsand prairies of Albert§Veiga @ al., 2015) Even t hough t he
road network is dense, seen in Figure 1, the impact of natural disasters and extreme weather
events are largely determined by population coma&oh (Jenelius and Mattsson, 2012).
In addition, heclose proximityof the cityto the Rocky Mountainpresents a challenge in
accurate weather forecasting asetasters often have trouble predicting how weather

systems behave oa they reach the mowihs(City of Calgary, 2018a

Fluvial flooding can occur at any tin@ the yearin Calgary;however the period
between May 15 and July 25 is historically when the city receives the largeshtanfiou
rainfall (City of Calgary, 2018ga June is typically the wettest month of the year, when the
mountain snowmelt begins to appear on the prairies (EnvironamehClimate Change
Canada 2017. The combination of heavy rains, melting snow packs in the Rocky
Mountains andthe steep and rocky terrain causes rapid and intense floodthg ity
(City of Calgary, 2018p In the spring of 2013, Calgary experientled largest flood it has
seen since 1932 (City of Calgary, 20)8brhis dsastrous event was caused by a

combination of the geography of the region and the extreme weatheti@osthat lasted
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over three days (Milrad et al., 2013). Precursor eventiigagh to the flood began with a
thick, mountain snowpack in May, measuring over one meter at some locations
(Environment and Climate Change Canada, 2017). wagfollowed with a large spring
snowmelt, saturating the soil and filling rivers and streaBm/ifonment and Climate
Change Canada, 2017). The triggering fagtas the torrentiatainfall from June 19 to

June 21, givingCalgary 68 mm of rain over 48 hours (Environment and Climate Change
Canada2017). Despiteldod mitigationstrategieemployedby the city such as lowering

the water level of the Glenmore Reservoir to maximize the quantity of water captured and
temporary flood barriers throughout critical locations in the thity Bow and Elbow rivers

topped their banks (City of Calgary, 2008b

Evacuation orders began on June 20 for-lpwg areas of Calgary, followed by a
complete evacuation of downtown Calgary on June 21, as water levels continued to rise
(Calgary Herald, 2013)Emergency response was required across 32 communities in
Calgary(city) and the downtown area was inaccesdibtadays (City of Calgary, 2018b
Emergency crews used helicopters, boats, combines,-dnshtloaders, and manure
spreaders to rescue strandedidents (Environment and Clima@®ange Canad&017).

Sadly, five lives were lost aridd0,000 people were evacuatédrastructure lossicluded
3000 flooded buildings, over a thousand kilometerdasitroyed roadsand hundredsf
washed away bridgeand culverts (Environment and Climate Change Canada, 2017).
Financial loses and property damages were estimated to be asassishillion dollars

(City of Calgary, 2018p The consequences from this devastating event on the city and its
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residents empha®s the importance of flood mitigation as floods cannot be controlled, but

preparing for disastercdane |l p a communi tyoés resiliency.

The largest floodalongthe Bow River have occurred due to three factors: a large
snowpack, a late spring, and high tengpeares with torrential rain (Whitfield and Pomeroy,
2016). These conditions are predicted todmemore common in Canada as the mean
annual temperature of hightitude areas has increased by almost twice the rate of the
global average (AMAP, 2011; Vinoeet al., 2015). Such conditions cause shorter return
periods for extreme events, as seen with Calgary, where the city has a 3.9% chance of a
100-year flood occurring in a year, versus 1% (Fletcher, 2018). The magnitude of the 2013
flood was estimated tbave a return period around 50 to 100 years (Stanfield, 2019;
Thomas, 2013; Sutherland, 2016). Therefore, the 2013 flood was chosen to model the
historic flood event due to the evidence of the damages and the increased frequency of

occurrence.

4.1.Flood Mapping

The proposed methodology for flood depth mapping is applied to two flooding
scenarios in Calgary, a predicted and historic flood event. The predicted flood reflects a
100-year flood, while the historic flood is based on the 2013 Alberta floods. To die¢erm
the flood depth of the 16¢ear flood, a DEM and predictdbbod extent is required. For
the 2013 flood, the flood depth and extent can be recreated using a DEM, the location of

major waterbodies, and the height of water during the peak of the flood.
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A onemeter DEM of Calgary was obtained from the city of Calgary, collected in
2017. The total extent of the city is comprised of 459 DEMSs, which were merged into a

single raster. The coordinate system of the raster is NAD 1983 CSRS 3TM 114.

4.1.1. Predicted Fload

One hundregear flood extents, as well as other probabilities, are publically
available on Open Calgary,thet¢ y of Cal garyds open dat a
The extent of flood shown has a one in one hundred or a 1% chance of occurring in any
year. The shapefile was mapped in 2015 by Aldenidronment and Parks and they of
Calgary, using the best available hydrologic and hydraulic data and models (Open Calgary,

2018a). The flooding extent reflects the conditions, hydrology, and topogsépfg5 and

p o

does not consider mitigation measures, such as changes to reservoirs/dams or barriers built

since then (Open Calgary, 2018a). The-$6ar flood extent encompasses the floodway,
where water is the deepest and has the fastest flow, and tderloge, where overland
flooding occursThe floodextent data was initially preprocessed by the authors, removing
polygonsless than fivemetersas it is assumed vehicles can navigate through puddles

(Coles et al., 2017; Green et al., 2017).

4.1.2. Historic Flood

Historical water height and flow data are publically available from Environment
Canada. Daily water levels can be observed by specifying the station location or number
and year. On June 21, 2013, the peak water level at the Bow River gfatiga was
identified as 4.093 meters at its maximum (Government of Canada, 2019). The Bow River
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station gauge is located at 51° 03' 00" N, 114° 03' 05" W, which is adjacent to downtown

Calgay (Government of Canada, 2019).

Hydrology data, available fro@pen Calgarywasused to delineate the drainage
systems in Calgary. The shapefile includes intermittent and permanent water bodies and
water courses (Open Calgary, 2018bjainage systems were computed from the flow of
water over a given landscape aritinuately represents where water ends up the surface
(Curkendall et al., 2003)This research defimedrainage systems using only the major

waterbodies in Calgary, which are the Bow River, ElliRiwver, and Glenmore Reservoir.

The 2013 floodextent was alsmapped by theity of Calgary, where an aerial photo
from June 22, 2013 was used to manually delineate the flood. The flood extent was not
used to predict the flood depth, but was instead used to validate the methodology in
delineating thenistoric2013 tood extent. The aerial photo was taken after the peak of the
flood had passed, which may underestimate peak flood extents (City of C20h8g).
Also, errors may have been introduced from the aerial photo, caused by interference of

trees and shadows.

4.2.Population

The residential population was obtained from the 2016 census, which is available
from Statistics Canada (Statistics Canada, 2019). Each record in the data represents a
unique dissemination area (DA) in Calgary. The population for each DA is recorded, as
well as the population of various age groups. The age groups inclddé-9, 1014, 15

19, 2024, 2529, 3034, 3539, 4044, 4549, 5054, 5559, 6064 and 65+. The work
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population was obtained frorStatistics Canadafkesearch Data Centre at McMaster
University (RDC). Theresidential population isvhere individuals live whé the work
population is where peopkereworking during the dayLooking at the age groups gives
additional insightsinto the types of populationsiot served within time constraints
Flooding impacts may be magnified famendent populations, those ages from 0 to 19 and
65 and overif they have limitedphysical capabilitiedVhen identifying vulnerable groups

in the United Kingdom, authorities nil greater challenges in locating vulnerable
individuals in the community, compared to when they are clustered together, such as in
care homes or hospitaldlouston et al., 2011). The resulkelp predict where areas may

be in need of greater assistanabich can be used foromote effective research, policy

developmentandimplementation for dependent populations

4.3.Land Use

Land use dta is also availablen Open Calgary. Thiand useshapefile contains
parcel data for land use classes in the Cityh agresidential, commercial, recreatignal
and institutional, which is further classified based on density or a meceuté/e purpose
(Open Calgary2018&). This study focuses on residential and work populations so only

these corresponding land usesextracted from the land use dataset.

The Calgary road netwoyrkwvhich is shownin Figure 1,was obtained from the

CanMap Content8te, created by DMTI Spatiah 2016
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4.4.Emergency Response Services

The dispatch stations of EMS, fire and police for the city of Calgary can be seen in
Figure 1.There area total 0f39 Calgary fire stationswhich Calgary firefighters operate
24 hours per day to serve the commumtypped by Open Calgaf8018&). Currerly, the
targeted response time for fire servit®§ minutesfor the cityand 12 minutes for rural
areas, with proposals tocrease the lower bound to finutes (Dippel, 2018). There are
a total of8 EMS stationsn Calgary, located by Open Calgary {&). In 2015, Alberta
Health Services set a new response time target at 12 minutes for urban areas across Alberta,
including Calgary, while longer targets were set for rural areas (Yourex, 2015). There are
a total of 12 Calgarydgilice service district ofites mapped by Open Calgary (2618 he
response time of police depenan the priority level of the call, where the target is 7
minutes for in progress calls with people at risk, 12 minutes for in progress calls for
property at risk, 17 minutes for catlsat occurred, 40 minutes for time sensitive ¢altsl
lastly 180 minutes for gemal service (CTV News, 201%lowever, sincghe entire city
can be eached within 120 minutes, applying a threshold of 120 and 180 minutes produces
the same service aredherefore, a thresholaf 120 minutes was used as it does not affect

the number of peopleervedbut provides more specific results.
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Chapter 5: Methods

The proposeé methodology coupldod mapping with accessibility mapping, using
GIS. The availability of high resolution DEMs and land use/cover data allows for accurate
flood mapping. The flood mapareintegratedwith network analysis and applied in the
context of emergency responsaedaaccessibility modellingThe methods presented are
executedhrougha GIS softwargackage ArcGIS, and can be applied to any region to
evaluate the impacts of floodinghis study demonstrates the methodsQGalgary, using

parameters characteristicthe city.

5.1.Flood Depth Mapping

Flood depth maps provide more realistic and useful information to flooding on the
road network as some links may still be traversed if the water depth is within the
recommended depth for safe drivifidne new method for floodepthmapping introduces
two approaches: how to derive the depth of a predicted flood and how to recreate the extent
and depth of a historic floo@heapproaches differ by the parameters requaredithe data

processindgechniques

5.1.1. Predicted Flood

The approach inalelopng a flood depth map for a predicted floesdentrequires
two data inputs: a DEM aral flood extent parametefhe depth of water at any flooded

location 'Q , is calculatedoy computing the difference between the elevation of the flooded
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cell, Q, and the elevation of the clos€baised on Euclidean distanecenfloodedcell, Q
written as:

Q Q 0 Q)
The elevation of the floodezkll is determined by identifying the correspondowl in the
DEM. Thereforethe elevatiorof the closest nefloodedcell must be derived in order to
determine the depibf waterat the floodectell, demonstrated in Figu@A. This example

outlines selecteflooded cells (light purple anlight red) and the closest ndlood cell

(purple and red, respectively), where all cells displayed as elevation are not flooded.

Following Equation 1la flood depth map was created forethity of Calgary,
representing a 10@ear flood event. Prprocessing of the data was required, such as
converting the 10@ear floodshapefile taraster format and the DEM minteger format
and centimeteunits. Next, the extent of th&00-year floodwas removed from the DEM
usingtheRaster Calculator, where tkells inthe inundation extenwere seto NoData. It
is also important to note that an assumption made waartizells outside of the 18@ar
flood inundationareawere not flooded andhave a watedepth of 0.The Euclidean
Allocation tool waghenused tadentify the closest nofloodedcell, Q , to each flooded
cell, Q, based on Euclidean distan®#hen the closest ceNasidertified, the flaoded cell
was reassigned the elevatioralue of the nonflooded cell In the resulting Euclidean
Allocation raster,each flooded cellepresent®) . Lastly,the original DEM, in centimeter
units and integer formatyas subtracted from the Euclidean Allocation rastesuling

with depths seen in FiguréA3Negative values can be ignored as they represent peaks in
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elevation.All locationsoutside of theflood extentdo not have associate deptRsvers,

symbolized ly water in Figure 3, also do not have depth values as roads do not pass through

them, allowing them to be ignored in the analysis.

Flood Extent A)
Non-Flooded Cell

Flooded Cell
Elevation (cm)
- High : 108095
Low : 106919
[ Non-Drainage Surface
Drainage Cell
Non-Drainage Cell
Elevation (cm
High : 106620
Low : 106553

Figure2. Deriving the depth of a (A) predicted and (B) historic flood.

5.1.2. Historic Flood
The second approach is used to develop a flood depth map for a historic flooding

event.Not only does the map predict flood depths, but also the flood extent for any height
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of a flood. This approach has two steps: creating an EAND raster and extradtraj eel
desired flood heightn the EAND rastercell values represerdlevationsrelative to the
local drainage instead of mean sea level (Elshorbagy et al.,.Z0iate are three data
requirements: a DEM, the extent of drainage systamd apeakflood height parameter
In this study, the extent of the drainage system represtre river banksThe EAND of
any locationO 0 0 @an bedetermined by finding the difference between the elevation at
such cell'Q, and the elevation of the closesaithage cellQ , written as:
000 0Q Q 2

The elevationdr locationan be determinebly identifying the corresponding cell
in the DEM. Therefore, the elevatn of the closest drainage ceflust be derived to
determine th&AND, seen in Figure 2Brainage cellsveredefined by waterbodies while
nontdrainage cells represeatterrain thatwasinitially not flooded.In the second step
cells with anEAND valueless than or equal to the heigiftthe peak of the floodvere
considered floodedThese cellsvere extracted from the EAND raster to represent the
extent of the flood, where each cell value represitite water depthThis study maps
fluvial floods, therefore only extracteglls connected to the rivers are coesatl flooded

in the final result

The 2013 Alberta flood was recreated in the city of Calgary, representing a maximum
flood height of four meters:or the first stepthe Extract By Mask toolvasexecuted on
the DEM and the drainage system, resulting vaéils within the drainage extent retaig
their value, while the rest bame NoData. The Euclidean Allocation toolvas used to

reassign each NoData cell to the value efdlosest drainage cdih the resultindeuclidean
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allocation raster, each cell outside of the drainage extent cedtaim elewation value of
the closest drainageell, Q. Lastly, the Euclidean Allocatiomasterwas subtracted from

the original DEM resulting with the EAND raster

At the BowRiver station gauge, adjacent to downtown Calgary, a record high water
level was measured at approximately foneters(Government of Canada, 2019)o
determine the extent of this flood event, the Select by Attributes tool was used to export
cells inthe EAND raster equal to or less than 400 cm, seen in Figurgaé@es greater
than O represented the depth of water while values equal to O represented the drainage
systemNegative values represented depressions lower than the drainage systems and were

assumed thave a water depth of 400 cm.

A limitation to the flood mapping method is that it is only capable for predicting the
depths of a fluvial floodThehistoric flood modelled from 2013 wadfluvial flood, which
occurs when there is excessivenfall over an extended period of time, causing rivers to
exceed their capacity. Heavy snowmelt from upstream can also promote these fluvial
floods. When looking at theesulting fourmeter flood raster, there are many floodets
not connected to the v extent Since this is a fluvial flood, flooded cells should be
diredly adjacent to the rivesr connected to ones that are. Flooded catsconnected to
the riverin any waydo not represent the flood extent and @néy allocated these values
becaus they are atraelevation lower than the drainaggstem. Thereforghey must not
beviewed as flooded during the 2013 Alberta Flobd remove the areas not connected to
the drainagsystem, the flooded area miisst be converted to a shapefilehe Reclassify

tool was therused so that all vats would be reclassified to oard NoData remaedthe
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same An easier step would be to convert thster directly to a polygonut this was not
possible due to the file size of the data, preventing the twoh foeing executed
successfullyNext, the reclassified raster wasccessfully converted to a polygon as the
amount of datavasreduced The Select Layer By Location tool was then executed such
that sly polygons connected tbé river wereselectedand exportedto represent the areas
affected by a fluvial flooding evertlow thatthe floodedextent wasaccurately identified,

thecorresponding cellwereextracted from the EAND raster.

5.2.Flooded Network

Flood depth maps can be integrated into network analysis by assigning water depths to each
location in the road network. Road links were overlaid on the flood depth map, where links
intersecting flooded cells were assigned the corresponding depth of Siater each road

link had multiple cells associated with it, the maximum and average depth of water was
calculated for each link. The average depth was used to calculate the maximum speed a
vehicle can travel along on that link. The maximum depth wastas#gtermine restricted

links, therefore, if any point on the rolidk was greater than or equal to 30 cm of water,

the entire link was classified as restricted. The same steps were executed for assigning

depths from a predicted and historic flood event.

To assign flood depths to the Calgary road network, the Extract By Mask tool was
used to intersect the flood depth raster and with the Calgary road network. The resulting
flood depth raster only contained cells that intersected the road network. Thedlatbd

raster was then converted into |ines such
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Figure3. Flood extents and links affected fronfA 100-year flood and théB) 2013flood.
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wasaccomplished by firstonverting the flood depth raster into a polygon of agsimg
the Raster to polygon tadrhe resulting polygomwasthen overlaid with the Calgary road
network, using the Intersect tool. This tdakes the lowest geometry of the inputs, which
is the road networlines), while maintaining all the attributes of both dataséterefore,
links in the output appear iderdgido those in theriginal Calgary road networlapefile.
The resultingflooded road networkfrom the Intersect tool only contad flooded links
where all links have a depth of water greater than zeroaffitilgutetable diffeedfrom the
Calgaryroadnetwork aseach recordwasrepresentativef each flood depth cell instead of

a link.

The flooded road network should be representative of each link instead of a cell as
the network attributeésuch as speed and travel time) are characteristic of lkkave
each record represent a single littke data wasnergedbased on the unique identifier
(UID). The UID is a uniquevalue used to represent a single link in the road network
shapefile. By specifyinthe statisticsthe minimum, maximurgand mean water depth for
each link in the road networkasobtainedwhenexecuting the Dissolve taoA field was
added to the flooded roatketwork for each statistic type, then set as the input in the
Dissolve Tool. Like the input, the result only contadifiooded links andastherefore not
the complete road network for Calgafheflooded networkshapefilewasjoined back ®
the originalCalgaryroadnetwork in order for thélooded data and road network déba
exist in a single shapefil@his wasdone by executing a join, specifying the join field as
the UID for both datasetsThese sgtpswere executed twice, once for each of the flood

scenarios.
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Water depths have been attached to flooded links inodm networkhowever, the
maximum speed and travanes which is the time in minutes it takes to travel completely
along a link,must be updated to reflect the conditions dfomded road networkTo
calculate the new maximum speed, fokowing equation, derived b¥regnolato et al.

(2017), was used:

VY TMIMMHWZ TWBIVULE WP @TT Y 3
A function was fitted t@stimatethe limit vehicle speed, as a function of flood deptiw,
which has an Bquared of 0.98Pregnolato et al., 2017)he speed/(w), is the maximum
acceptable velocity that ensures safe control of the vehicle given the depth ofByater.
inputting the averageepth (millimetery of wateron a link the new maximum speed was
calculated for each link in the network. After the new maxingpeedwas determined,
some valuesveregreater than the speed limit if the depth of water is very low, sucheas
to five cm These values must be adjusted so they take the maximum speed limit of the road
instead of being the maximum speed of the vehildhés only applid to links with a flood
depth associated with it. For links with a maximum flood depth greateotrequal to 30
cm, theywererestricted as cars are not able to navigatelyat this depthior nonflooded

links, travel times and maxum speeds remagdthe same.

New values andields were calculated and created in the attribute table of the
complete flooded road network shapefile of Calgénnew restriction field was added,
with a value of 1 representing a restricted link. Hengagassumed that if any point within

the link reghes 30 cm, the entire lildecome disabledMaximum speeds were calculated
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foll owing Pregnol atTmavektimeveete thénupdat@dbdddrythee qu at |

new maximum speeds. Thisasexecuted for each of the flooding scenadeparately

5.3.Service Areas

A service area analysigasused to measure the impacts of flooding, in terms of those
that cannot be served by emergency services following targeted response times. To execute
a servie area analysis using ArcGIS, the requirements are: a network dataset, facility
locations and an impedance value, which camhmits oftime or distanceThe network
dataset represents the road network and stores the connectivity of features, following
topology rules.Facility locations are set to the emergency service locations, which are
EMS, fire and police stationsSince emergency services have targeted response times that
must be met, impedance is set to the time of such taigetsice areas argenerated
following the attributes of the netwo(k.g, travel time, speed, one waysd restrictions)
to simulate driving conditionsThe resulting service area polygons encompass all

accessible streets and areas within the specified impedance value.

To measure the changes in accessibility of emergency services during flooding in
Calgary, a base casmscreated. The base case represents the areas and number of people
thatareserved following the various targeted response times, before a flood.eSmméas
were computed for each emergency service type, resulting with three serviceadysis a
layers The network datasetasset to the original, neflooded road network. The facilities

wereset to the stations of the emergency service being analyhedmpedance is set to
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12 minutes for EMSY7 and12 minutes for fireand7, 12, 17, 40, and20 minutes for

police.

To compute theservice areas for the flooding scenaribg same parametensere
used, other than the network dataker the 106year flood, the network datasetisset to
the complete flooded road network derived from predicting the depth of thgeh0d@lood.
For the 2013 flood, the network dataseds set to the complete flooded road network
derived from predicting the extent and depth of a four meter flood in Calgary. Overall,
service areas were calculated three times for each emergency response type, initially for

the basease and the two flood eusnresultingwith a total of nine service area layers.

For emergency services with multiple time thresholds, such as fire and puobise, t
served withn eachtime thresholdare summed togethend presented in Taldd and 2
The sum of these numbersaiguivalent to applying only the maximum time thresh@@ds
The maximum targeted response time is chosen to define those accessible -and non
accessible as the analysis reflects flooded conditwinere emergency services will most
likely have a greater numb of requesteompared to noflooded conditionsPrevious
reports from residenis Alberta have stated that thesaited over two hours for police to
arrive following their requester aid, allowing for the use of the maximum threshold to be
appropriatd CTV News, 2019; Mitchell and Romero, 2018herefore,theimpedance was
set to multiplevalues, where eadhresholdcreates a separate service area polymsed
onthatvalue However, thenaps presented do not delineate these boundaries, representing

populations served within all threshsld
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Following the targeted response times, theeee areasnot served even befothe
event of a flood. © only asses the impacts from those directly related to flooding, those
that were not served before the floodlere not considered in the analysis. The results
presented reflect the changes in asdality to emergency serviceshdrefore areas

defined asot served following these flood eventsr& served previous to the ev@nt

5.4.Population

The analysis uses two types of populations: residents and workers. To provide more
accurate spatial location of those served and not served by emergency services, residential
and work populationsyereassigned to only residential ambrk areas, respectly. This
allowed for populations to be mapped at a higher resolutiostead of assuminthe
populationrwashomogeneouslproportioned across the entgebdivision The population
of a residential or commercial area within the subdivisias calculatedusing the

following equation:

o

(O
B 0y

(4)

0 f 0

where0 j is the population of sub aré&n a larger ared0  represents the area of the

sub areawhile 0 is equal to the total population in the larger area.

Service areas layers for each emergency service type were removed from the base
case layer of the corresponding emergency service type, resulting with three outputs for
each flood scenario. This wasmdousing the Erase tool, resulting watteasserved before

the flood event but not after. Areas not serveste then overlaid with residential and
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commercial land use, separately, using the Intersect tool. Executing this for each emergency
service type reultedwith a total of six outputs for each flood scenafioese results display

residential and commercial area not served wihDA, followingtargeted response times.

The smallest geographic area for which all census data are dissensrtaee®A.
The number of residentsascalculated for the residential area not served, usmgation

2, whereo j, isthearea of the residentipblygon not served, the sum®f; is equal to the
total residential area within the DAndUO is the total number of residents in theA. The
same techniquerasapplied to quantify the number of workers not served, wherethe
area of a commercial polygon not seryvédte sum oD ; equal to the total commercial
area within the DAand0 isthe totdnumber of workers in the DA hese results represent

the worst case scenario, where the number of residents and workers not served were
guantified based on the assumption that populations have not been evacadtieshcef

a disastrous flood.
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Chapter 6: Results and Discussion
6.1. Population Statistics
6.1.1. EMS

The residential and work populations seniad EMS following the 1zZminute
targeted response time can be seen in Figure 4. 90.12% (1,101,913 residents) of the
residential population and 89.58% (589,674 workers) of the work populatere
accessibleas shownin Table 1.In 2016, herewere 1,222,735 residents and 658,225
workersin the city of CalgaryMany regions in the outskirts of the cityerenot served
even before the event of a flood. TlEgaused by the limited number of EMS stations and
their eentral locations, making the 4flinute target response time difficult to meeven

without flooding impedances in the network.

Tablel. Number of residents and workers served before a flood event.

Number of Individuals EMS Fire Police
Residents 1,101,913 1,222735 1,222735
Workers 589674 647156 658225

Out of all the emergency service types, EMS represents the greatestaessible
residential and work populations, as seen in Tabl€h2. 100year flood results show
23.12% (283,537 people) of the residential population and 38.47% (253,205 workers) of

the work population were not served. Most of the-aocessible population is concentrated

in the centevest downtown area, asseenigkir e 5. Due to the areai
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the Bow River, many linksareflooded (traversable at reduced speeals)l restrictegnon
traversable)making it very difficult to reach the residential population. Thaso due to
the fact that Station #3, located in the center, north of the Bow River, and Statiocet€d

in thedowntown areasouth of the Bow Rivegrelocated on restricted links. Thiseans
that EMS vehiclesanno longetbe dispatched from these stations. Tdussnot allow the
surrounding areto be served as EMS vehicles are now dispatched from farthiemstat
making it challenging to médhe 12minute target response time. For this reason, the
majority of the areas not served in Figure 5 are found in the downtown,@otend the
disabled stations. e dosest functional station to downtowsputh of he Bow River, is
Station #15, north of the riveA majority of the links affected by flooding are also located
in this area, making the downtown core extremely vulnerable in the event ofyed00
flood. Of the total nmber of people not servetl90% (59,963peoplg§ are 19 or younger

and2.5%%0 (31063 people) are 65 and over.

Table2. Residential, dependent and work populations not served.

Number of Individuals EMS Fire Police
100-Year Flood

ResidentiaPopulation 283537 32,863 31,506
0-19 59,963 3,788 3,552
65 and Over 31,063 3,934 3,824
Workers 253205 34,553 33,009
2013 Flood

ResidentiaPopulation 404,425 37,133 36,270
0-19 87,618 5127 4,957
65 and Over 48,091 5,236 5,081
Workers 309141 61,117 59,024
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Looking at the 2013 flooding event, theimbers are much greater as 33408
(404,425 people) of the i trgsidential population antb.97% (309,14 Wworkers) of the
work population are naccessibleJust like the 10§ear flood scenario, Station #3 and
Station #6 are located on restricted links in the network. Additionatffio® #15 is also
on a restricted link, located in the center west, just north of the Bow River. The affects
seen in Figure 6A, with a greater proportion of residential area not being served in the
northwest, as well as towards the east side of ttyg compared to the 16@ear flood.
This also reduces the accessibility to workers in the same area, but to a much lesser degree.
Figure 6B also shows a greater proportion of the work areg Béatted, compared to the
100-year flood scen&, which carbe observeéast of the Bow River and on the north side
of the city.This can be attributed to the fact that the 2013 floada greater number of
restricted links, seen in Table 3. Flooded links are defined by water depths less than 30 cm,
allowing fortravel. Restricted links represent depths of water 30 cm or greater, preventing
travel at any point along the link. Disruptiaks represent any links affected by flooding,
which is a sum of those restricted and flooded. This results in vehicles beintedeand
increases in travel time, making it more difficult to re&tod population within 12ninute
threshold. The increase in restricted links is demonsthatédure 3, where the 2013 flood
has a greater flood extent in the neetist, which is notrgsent in the 10§ear flood.This
causes cascading effects in the east as greater residential and work populations are no longer
accessiblavithin the travel time threshold$hese areas were previously served by Station
#4, located in the centeast, north of the Bow River, but the larger flood extent intersects

routes from the station, severely reducing the number of people from both population types
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to be servedOveral, the larger number of peopldfected in the 2013 scenario is a
combination of the greater numbafrrestricted and flooded links in the network, as well
as an additional station not being operational, compared to they@@0flood scenario.
When considering flood mitigation techniques regarding EMS stations, lgaafacility

east of the Bow River would allow for a greater proportion of both the residential and work

population to bexccessibleluring a flooding event.

6.1.2. Fire

Due to the greater number of fire stations and their even distribution across the city
as ®en in Figure ,the entire residential populatiovasserved before the event of a flood,
seen in Table &nd Figure 12in the Appendix A majority of the work population is
accessible within the upper bound of themiute response time as 98.32% (658,1
workers) are be servetihe presence of commercial land at the edges of the city has a large

influence in the noraccessible population.

Residential areas not accessiblén®services during the 16¢ear flood can be seen
in Figure 7A,corresponding to 2.88 (32,863 people) of the population. These areas are
concentrated in the downtoveore, adjacent to the Bow Riverowever, they are inlose
proximity of multiple stationsmeaning that areas not accessHle locatedn restricted
links. Therefore, it is not possible for emergency vehicles to access these locations as they
have a deptbf water greater thaor equal t80 cmon the link. A majority of theesidential
area not accessible during the 3@ar floodis also not accessible during the 2013 flood,

seen in Figure 8A. The slightly largerogportion (3.04%, equating to AB3 peofe) of
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residents not accessible during the 2013 flood is caused by the greater number of restricted
and flooded links, like previously seen with EMS services. They£@® flood did not have

any stations located orestricted links, allowing alB9 fire stations to be functional.
However, the 2013 flood had threet of 39 stations located on restricted links, not making
them operational in the analysis. Station #1 and Station #6 are located in the downtown
core, while Station #9 is located in the eastaeelt to the Bow River. Even with three
disabled stations, most of the surrounding areas can still be served as there are other
functional stations nearby. In contrast, the effects of disabling EMS facilities caused the
immediate surrounding area to not $erved, due to the sparse distribution of stations.
Figure 8A shows residential areas south of the Glenmore Reservoir that are not accessible,
yet they are closely located to two fire stations. This confirms that links in these areas are
restricted, cawesd by 30 cm or greater flood depths. When simulating the 2013 flood
extents, mitigation techniques set up by the city were not considered, such as the Glenmore
Reservoir. The artificial reservoir controls the downstream flow of the Elbow River,
allowingde el opment near the riverds bank with
over estimates the number of people not served in these areas as the flood extent is strictly
based on the elevation above nearest drainage. Similar conditions are obstreeabirk
population as most parts of the city not accessible during thgddiOflood are ats not

served during the 2013 flood, with additional areas south of the Glenmore Reservoir. In
addition, the 2013 flood has a large, ramtessible aretwards the north, representing

977 to 4829 workers. This area is adjacent to a tributary of the Bow River. Since this

flooded area does not exist in the d@ar flood extent, there may be flood barriers set up
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along the rived banks These barriers, along with the Glenmore Reserwamyld protect
surrounding areas as the quantiyd duration of runoff may be redugdalt is not
accounted for in the methodolag®verall, response from fire servicesmsshown to be
resilient as oveB5% of the total population wstill accessible during theOf-year flood

while over 90% isaccessite during the 2013 flood event

6.1.3. Police

The entire residential and work population was served during the base ca
considering the maximum 12@inute response time, displayed in Table 1 Bigaire 13
in the Appendix.During the 106year flood, 2.58 (31506 people) of the residéal
population and 5.0 (33009 workers) of the work populaticare not accessible from
police facilities Figure 9A shows a majority of the residential area not served being located
in the cty center, directly adjacemtr very close tdhe Bow River The consequences of
the 2013 flood eventesults ina larger number of residents (2%736,270 people) and
workers (8.986, 59,122 workers) not serveakseen in Figure 10. This was also obsdrve
previously with both EMS and fire servigashich can be explained bygaeater number
of disruptedinks and neglectingnitigation efforts from theity when delineatinghe 2013

flood extent

Looking at Table 2, police have the fewest number of residents and workers not
served when comparing emergency services types, in both flood scenarios. Police services
have a mule greater range of response times, which includes up to two hours. Therefore,

any areas not accessible by police are located on restricted links, isolating populations, as
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the aentire city carnbe reached within two hours. It is impossible for police services to reach
these areas, even with the very minimal time constraints. Since these populations are not
accessible strictly due to the conditions of the flooded road netwonkaditkde constraints

of the response time, they are the most vulnerable as they are not accessible to any
emergency service type. The best way to ensure the safety of people living and working in
these areas would be to evacuate before the flood reachagritude where the links

become restricted.

6.2. Network Statistics

Table 3 displays the number and length of links affected for each flood scenario.
Overall, the 2013 flood had a greater disruption of links compared to thgedd@lood.
Since the 2013 flood extent encompasses a greater area, it is reasonable theatréhare
greater number of links affected. The 3@¢ar flood had 1.76% (1467) of the total links in
the network affected froflooding, representing 1.03% (204 km)tbé total length of the
links. The 2013 flood he 2.04% (1694) linkaffected representig 1.28% (254 km) of the
total length.The 2013 flood ha834 more restrictedinks, but 107 fewer floodedinks
compared to the 160¢ear flood.The mean reduction in speed for the flooded links were
15 km/h, with a standard deviation of 15, for the 3@ar flood and 2&m/h, with a
standard deviation of 3 for the 2013 flood. Due to the greater number of flooded links
during the 106year flood, there is a much greater range in the reduction in speed compared

to the 2013 flood. This supports the proposed methodology as many vehicles can still travel
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at slightly reduced speeds within flood extents, providing more realistic driving conditions

in the event of a flood.

Table3. Number ad length (km) of links affected during the 198ar and 2013 flood.

100-Year Flood 2013 Flood
Total Number ofLinks 83241 83241
Total Lengthof Links (km) 19,909 19,909
Links Not Flooded 81,774 81,547
Length of Links Not Floode(km) 19,705 19,655
Number of Links Disrupted 1,467 1,694
Length of Links Disruptedkm) 204 254
Number of Flooded Links 111 4
Length of Flooded Linkgkm) 14 1
Number of Restricted Links 1,356 1,690
Length of Restricted Link&m) 190 215

Ultimately, the greater number of restrictiaks during the 2013 floodaused more
severe consequences as there wageater number of individuals not accessible to
emergency servicesompared to the 10¢gear flood event. In the event of a disaster, the
populatian will likely be rescued in a reasonable time fralm& not meet the predefined
goals. The greater number of restricted linksmtythe 2013lood may lead to more serious

conseqguences as populations or emergency service facilities will become isolated.

Table 4 displays the number and length of each type of link affected. In all instances,
the 2013 flood had a greater number of links disiaidbeiring both the 2013 and the 100
year flood scenarios, local roads had the greatest number of links affected, followed by
major roads and expressways. The number of links disrupted compared to the total number

of links in each of the five classes alllfbelow 5%. When looking at the relative proportion
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Table4. Number and length (km) of each type of link affected.

Expressway  Primary Secondary Major Local
Highway Highway Road Road
100-Year
Total Links 1,649 2,564 1,514 6,900 70614
Total Length(km) 618 1,196 1,009 1,062 16,029
Links Not Flooded 1,586 2,552 1,514 6,627 69495
Length of Links Not Floode¢km) 599 1,194 1,008 1,018 15886
Number of Links Disrupted 63 12 0 273 1,119
Length of LinksDisrupted(km) 20 2 0 4 140
Number of Flooded Links 11 1 0 28 71
Length of Flooded Linkgkm) 3 0 4 8
Number of Restricted Links 52 11 0 245 1048
Length of Restricted Link&m) 17 2 0 40 132
2013
Total Links 1,649 2,564 1,514 6,900 70,614
Total Length(km) 618 1,196 1,009 1,062 16029
Links Not Flooded 1,578 2,543 1,514 6,594 69,318
Length of Links Not Floodetkm) 597 1,189 1,008 1012 15846
Number of Links Disrupted 71 21 0 306 1,292
Length of Links Disruptedkm) 21 6 0 50 177
Number of Flooded Links 0 0 0 0 5
Length of Flooded Linkgkm) 0 0 0 0 1
Number of Restricted Links 71 21 0 306 1292
Length of Restricted Linké&m) 21 6 0 50 176

of each link type affected, major roads was the most affected, followed closely by
expressways. This is important as expressways have higher speed limits and capacities,
making them crucial in reaching the population in a timely matter. However, speeais not
major factor here as emergency service vehicles do not have to obey speed limits.
Therefore, the bigger concern here are the number and length of links that become
restricted, meaning vehicles can no longer traverse them, leaving populations isolated.

Similar to the largest number and length of links disrupted, the highest restriction comes
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from local roads, followed by major roads and expressways. Local roads are also more
likely to become congested due to their smaller capacity, compared to expressways
Therefore, when observing the raccessible populations, those located on restricted, local
roads are the most vulnerable. Quantifying and locating restricted roads in the network can
help municipalities decide where to add new flood barriers or pziothe removal of flood

water on the road. These strategies can mitigate or help adapt to the impacts of flooding

such that emergency services can provide efficient rescue and response.

6.3. Research Contributions

6.3.1. Accessibility Modelling

Despite the extensivigeld of accessibility modelling, there is limited research that
models the response of emergency services, while accounting for the partial degradation of
the road network. Previous studies have analyzed flooding on the network, acknowledging
the relatimship between water depth and vehicle speed (Pregnolato et al., 2017) and the
accessibility of emergency services (Coles et al., 2017; Green et al., 2017; Albano et al.,
2014; Indriasaret al., 201, but the two have yet to lexamined together. By acaating
for flooded links in the network, travel times, maximum speeds, and the functionality of
road linkswere modelled more realisticallgnd provide better insight to the consequences

of flooding on the populatigrdemonstrated for the city of Calgary

This research contributes to studies modelling the accessibility of emergency
services where previous authors mol#el inundated roads as binafSuarez et al., 2005

Coles et al., 2017; Green et al., 2R1¥o demonstrate the improvements of using this
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model, alditional scenarios wedeveloped following this assumption. Service areas were
simulated on a flooded network where all links falling within the flood extent were
considered restricted. The number of tamtessible people and workers were quatjfi
applying the same techniques in distributing populations. Theaooessible population
following the methodology introduced in this paper was subtracted from th&cagessible
population calculated from restricting travel on all disrupted linksepta$in Table 5. As
predicted, restricting all links within flood extenéstimatel a larger population not
accessible by emergency serviess greater number of linksereno longer traversable.

When comparing the flood scenarios, the 2013 flood evesrtestimateé the number of
nontaccessible residents and workers in all instances other than residents served by fire
services. It should be expected that this holds true for all emergency service types and
populations as the methods introduced in thidysta estimate those nsérved during the

2013 flood also overestimateality as flood barriers set up by the city were not considered.
Therefore, as the 18gear flood not only considers barriers and dams but also hydrologic
conditions of the area whatelineating the flood extent, these results provide the most
accurate prediction in determining the remtessible population. By permitting travel on

a degraded networkgutes and service areas wenmulated to reflect more realistic flood
conditions. hese results contribute to emergency planning as it allows for vulnerable
populations to be quantified and located. Following the steps in the base case would
overestimate those who are in need during disaster. The results presented in this study can
help allocate resources where they are crucially needed most and ensure services are

available to those that are in the most danger.
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Table5. Overestimation of neaccessible individuals following the base case conditions.

Number of Individuals EMS Fire Police
100-Year Flood

Total Population 7,086 8,468 4,152
0-19 1,373 1,264 392
65 and Over 931 765 213
Workers 6,329 29,250 26,015
2013 Flood

Total Population 3,607 9,714 386
0-19 795 1,716 152
65 and Over 477 1,925 246
Workers 3,387 16,966 53,915

6.3.2. Flood Inundation Mapping

The methodology introduced creatdlood depth mapsseshe capabilities of GIS,
with the limited availability ofopen sourcelata. Despite not considering hydrodynamic
data (such as flowvelocity), the flooded areas in the Xy8ar and 2013 flood events
showed comparable extents, recognizing the prediction skills of this simple and fast
method.The recent advancements in spatial modelling software and terrain descriptors
allows for the development of inundation mapping techniques with simplified input
requirements (Renno et al., 2008; Elshorbagy et al., 2017; Afshari et al., 2018; Schnebele
et al., 2014). Such techniques arefprredcompared to those requirirextensive da,
comprehensive hydrologic models and complex computation, especiainengency

response scenarios where time is limited.

The 2013 flood extent data mapped by the city of Calgary could be used following

the same methods as the 3@ar flood to derivélood depths, but was used in this study
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Figurell. Validation of 2013 flood extent by comparing overlap of reference data.
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