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Abstract: Canadian emergency management planners have historically ignored the self-motivated
evacuation procedures of people who cannot initially choose the safest evacuation areas. In densely
developed urban areas, open spaces can be seen as ideal evacuation areas and should thus be included
in shelter planning. In this study, the public open spaces in Great Victoria were selected as the study
area and evaluated using GIS technologies. A multi-criteria TOPSIS evaluation model was used
to conduct comprehensive quantitative evaluations of the open spaces’ safety, accessibility, and
availability. Through hybrid process, service area, and POI aggregation coupling analyses, a model
is created that provides an overall evaluation at the district level. In addition to providing a model
for evaluating open spaces as emergency shelters, applicable to most Canadian cities, this study
emphasizes the importance and disadvantages of open space emergency shelters in Canada, which
have heretofore been ignored by decision makers. In Great Victoria, we found that the distribution
of open spaces does not match the dynamics of the population distribution, meaning that through
inadequate preparation some districts lack a safe evacuation place—this in an area where people are
at high risk of earthquake disasters and their subsequent effects.

Keywords: emergency shelter evaluation; TOPSIS; entropy weight; GIS; Canada

1. Introduction

Severe earthquakes normally cause extensive but unpredictable loss of life and prop-
erty, amid which evacuating people to shelter can be difficult. Damaged and collapsed
buildings and interruptions in electricity, water, and natural gas supply can cause mass
casualties after a severe quake. When an earthquake happens, the first evacuation step is
that to stay away from buildings and move to open spaces. Since the local government
may have no chance to give out evacuation directives, people need self-rescue, which is a
self-motivated evacuation procedure. A proper well-planned self-motivated evacuation
can reduce the casualties to a great extent [1]. Some earthquake videos reflect the problem
of people not being fully aware of where to escape to, as no clear guiding to such shelters
are available; in fact, around 28.9% of residents prioritize roads as evacuation sites [1-3].
These findings signify two potential issues: an uneven distribution or lack of safe open
spaces in urban areas and unavailability of emergency shelter guidelines.

Earthquake emergency shelters provide people safe places away from active fault
zones and other secondary disasters [4]. The earliest emergency shelter studies began in
the 1920s in Japan and were developed in the 1970s by Hoshino [2]. However, most cities
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that have not suffered a severe earthquake in the last half century tend to minimize the
importance of emergency shelter planning. Even so, many cities around the world have a
high likelihood of suffering a severe earthquake. Especially in certain vast and sparsely
populated countries, such as Canada, densely populated towns may lack emergency
shelters. Urban planners should take the full advantage of open spaces as emergency
shelters that can support post-earthquake evacuation and reduce casualties in a limited
urban area [5].

Through the use of big data acquired from open resources, a quantitative emergency
shelter evaluation model can be built to support future urban planning. The data-supported
evaluation results adopt a scientific approach that takes different aspects into account,
including safety, accessibility, availability, etc. Taking advantage of the analysis of the
population distribution and emergency shelters in different periods, such as a weekday,
weekends, and night time, the model is completed. Based on the results, planners can
adjust and improve post-earthquake emergency evacuation planning to maximize the
effective use of open spaces.

2. Literature Review
2.1. Emergency Shelter

Disaster relief (DR) shelters are different from other housing or buildings, with dif-
ferent requirements depending on the duration of the disaster [6]. The post-earthquake
recovery process is divided into four stages: immediate relief (hour), immediate sheltering
(day), temporary housing (week), and permanent housing (month) [7]. Service time decides
the types of shelters and their supporting facilities, and some countries provide standards
for building such shelters [8,9]. The emergency shelter service period is from hours to days
and does not require permanent buildings. However, a large quantity, good distribution,
and high accessibility are needed to support self-motivated evacuation [10,11]. In order
to prevent using some private areas that are not open to public, public open spaces have
been considered an ideal emergency open space amid natural disasters and especially
the public parks are widely used to support evacuation after seismic events [12,13]. An
eligible shelter must meet the standards of safety that would guard against disasters and
other types of earthquake effects, such as high accessibility, so that residents and rescue
workers can access the location, and the capability to at least accommodate 200 people at
2 square meters/person [14,15]. The government of the City of Victoria, Canada publishes
reception centers on its website but notes that some places in the city are not covered [16].
They are some indoor long-term shelters, which are high maintenance and insufficient in
quantity. Although decision makers and planners encourage people to prepare themselves
for earthquakes, people still have no idea where the safest place is. The existing indoor
emergency shelters are far from enough. Open spaces have historically been overlooked
and not been included in post-disaster planning either. Open spaces as emergency shelters
have not been evaluated, as they may also be at risk, and thus would not be able to support
the post-earthquake emergency evacuation.

2.2. Conditions of Canadian Shelters

The high building code and sparse population has led Canadians to ignore emergency
shelters in urban planning. Canada is vast and sparsely populated, with a national popula-
tion density of only 3.41 per square meter, and its standard for seismic design is 7 [17,18],
indicating that new buildings will not collapse under a 7-magnitude earthquake. However,
research evaluating building damage in some parts of Victoria and Vancouver has shown
that older neighborhoods may sustain up to 30% structural damage [19], indicating that
open spaces as emergency shelters are needed because the indoor spaces are no longer safe.
The design of Canadian shelters is mainly based on existing buildings, but an upgrade plan
could provide long-term accommodation for political asylum seekers, the homeless young,
and first nations (Canadian aborigines) [20,21]. However, these shelters have certain disad-
vantages that diminish the support they can offer during post-earthquake self-evacuation.
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According to Schina and Onur et al. [19,22], Canada has little experience in establishing
standards for emergency shelters. The Toronto and Vancouver Housing Authority has ex-
perience in settling the homeless, providing housing stability by providing daily services to
deliver homeless people better living conditions and promote social equity [20]. However,
these shelters are not suitable for earthquake response, because they do not consider the
widespread effects of natural disasters.

2.3. Location Evaluation

Most emergency shelter evaluations give only the score of a location, ignoring the
dynamic nature of the population distribution at different times [15]. A hybrid approach
is needed to combine multi-criteria decision making methodology and coupling analysis
with a view to producing a complete emergency shelter evaluation model.

The multi-criteria evaluation method is widely used to evaluate facility locations.
Criteria selection may differ but generally include accessibility (road safety, distance to
important facilities), safety (the earthquake disasters and effects), and effectiveness (area,
capacity, and service area) [6,23-25]. After the criteria are determined, they are applied
through multi-criteria decision-making (MCDM) models [23]. Researchers have developed
several methods, such as the analytical hierarchy process (AHP) and techniques for order
preference by similarity to ideal solution (TOPSIS), to evaluate existing shelters. AHP
has two main advantages: it is a clear systematic quantitative analytical method that is
highly suitable for multi-criteria calculation, and it does not require large amounts of
data [26]. However, criteria weight was strongly impacted by the subjective matrix, which
is not the best method in this study. TOPSIS is popular in large-scale decision-making and
location-based analysis since it is based on the distance to the alternative value [6,24].

In summary, this study is intended to provide safe places in Victoria, British Columbia,
Canada, where people can wait on government-organized indoor relocation and sheltering
arrangements, by building a model for evaluating emergency shelters and district-level
shelter services based on Canadian national conditions. Based on the literature review, open
spaces are resources for efficiency evacuation. GIS technology, new data, and a multiple
criteria evaluation model are used to evaluate the availability of open spaces as voluntary
emergency shelters. The distribution matching degree of populations and shelters is also
being considered by the coupling analysis. The spatial aggregation of populations is used
to identify possible population hotspots, which is represented by point of interest (POI)
data. Multi-criteria evaluation and coupling analysis can provide a complete emergency
evaluation model [27,28].

3. Study Area

Vancouver Island in Canada lies on the boundary of the Cascadia subduction zone,
which is the most seismically active region in the world. The Juan de Fuca Plate and
North American tectonic plate converge here, and the two plates are blocked together
and build up the frictional stress, which is the primary cause of the earthquakes. The
hundreds of years of enormous stress building up results in a “mega-thrust” earthquake
when the stress finally reaches a threshold [27]. Some great historical earthquakes are
shown in Figure la. According to the research of local geologists, in the next 50 years,
32% of the entire Vancouver Island on the coastal continental plate will suffer destructive
earthquakes [16,28].

The six most densely populated regions were selected as the study area, which is
known as the Great Victoria region (Figure 1b). The population density is 1275 people per
square kilometers—over 300 times the Canadian average population density (4/km?) [2].
As the most livable city in Canada, Great Victoria also attracts hundreds of thousands
of tourists or elderly people who come to travel or settle down, and who are vulnerable
groups of people after an earthquake happens.
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Figure 1. (a) The geological condition of the study area and some of the great earthquakes’ year and magnitude. (b) The

location and population of the study area.

Based on previous research by Schina and Onur et al. [19,22], rarely has Canada

experienced establishing standards for emergency shelters, so the current shelters would
provide limited support during a post-earthquake disaster. Toronto and Vancouver Hous-
ing Authority only provide daily service to deliver homeless people for better living
conditions [19-21]. As Figure 2a shows, there are only seven shelters in Great Victoria, total-
ing 218 km?, and their distribution is only concentrated in Victoria downtown, with at least
197 km? having no shelter [29]. The design of shelters mainly relies on existing buildings,
as the street images in Figure 2 show; however, their distribution and the amount are not
nearly enough to support the post-earthquake evacuation and relocation, suggesting that
open spaces need to be introduced in future planning. In summary, taking Great Victoria
as a typical example, it would be valuable to improve Canadian emergency planning.

Emergency Shelters

Distribution Map of
Great Victoria
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® Sanday Merriman Shelter
@ KEYS Kiwanis Emergency Youth Shelter
(® Rock Bay Landing EWR Shelter
® Arbutus Shelter Shelter
@ Rock Bay Landing Emergency Shelter

Great Victoria
Map
Saanich
Langford 2
E'sqyimél { Dakbay
Colwood a 2
«\ werea e Km

VICTORIA WEST®

Street Images

@ Salvation Army ARC Shelter

Figure 2. Great Victoria Emergency Shelter Distribution Map. The example street images of emergency shelters show that
they are indoor shelters based on existing buildings. The street images are from BC211.
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4. Methodology

Taking advantage of advances in multiple new data, combined with GIS technology,
this paper provides an evaluation model to evaluate the availability of open space as
an emergency shelter in Canada. The hybrid approach consists of three major steps,
and the methodology flow chart is shown in Figure 3. Step 1: The emergency shelters
were evaluated by using the weighted multi-criteria TOPSIS method (technique for order
preference by similarity to ideal solution). Step 2: The population distribution in the
different periods was estimated (weekday, weekend, and night time). Step 3: The shelters’
service areas are calculated by the GIS network analysis tool, and the matching degree
were measured by coupling analysis (Figure 3).
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Figure 3. The methodology flow chart.

4.1. Data Collection and Pre-Processing

This study contains several sets of open data. The POI data scraping is based on
Python Script by using the Google API to extract the points data on Google Maps. The
attributes used in this study are their location and function. Open spaces, roads, and
building polygon data are downloaded from Open Street Map (OSM). The type and area
of open spaces and building polygons are used in the next analysis. The NPP-VIIRS DNB
(Day/Night Band) is the artificial nighttime light data, which has a higher spatial and
temporal resolution than traditional nighttime light data and can be used to estimate the
active urban area [30]. In this study, the data are used to remove the forest area where there
may be some POIs and buildings but there are no permanent residents. Victoria hazard
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data were obtained from the British Columbia Government Official Website geoscience map
section; this geological survey is supported by the National Earthquake Hazard Reduction
Program (NEHRP) [31]. Ground amplification motion, slides, and liquefaction hazards
are the three types of natural hazard used to screen the open spaces that can be used as
emergency shelters. Faulting and ground rupture hazards were not addressed in this
program, because the above hazard area has covered the rupture area. The data in full
detail is given in Appendix A.

The shape-file format data were obtained, projected, and adjusted into the same
projection, the NAD83 UTM Zone 10N Transverse Mercator projection, which guarantees
the accuracy of the area and direction. The software used in this research is ArcMap 10.6,
provided by the Chinese University of Hong Kong computer lab.

4.2. Emergency Shelters Evaluation

Before evaluating, open spaces with a high risk of disaster must be removed first.
According to the hazard evaluation data posted by NEHRP, over 20% of the open space
areas are under a type of high-degree hazard, whether it is landslides, liquefaction, or
ground amplification, and were thus removed. Since Great Victoria is not at risk from
coastal communities facing the Pacific Ocean, the waves will only cause a low-risk slow
rise in water levels of about 1.5 to 3 m [32]. Therefore, based on the DEM data and Victoria
Tsunami Modelling and Mapping Report results, which is a tsunami flooding analysis,
coastal areas that are lower than 12 mare defined as high tsunami risk [33]. The selected
open space is defined as a potential available emergency shelter (Figure 4).

e. Potential Available Open Space Map

Landslides Liquefaction
High Ground Amplification Risk High Liquefaction Risk High Landslides Risk \
i L] N
Tsunami Safe Area Available Open Space Moderate Risk Area

Figure 4. (a) The areas under tsunami risk. (b) The areas under ground amplification risk. (c) The areas under landslide
risk. (d) The areas under liquefaction risk. (e) Nature hazard classification and potential available open space map.

The first step of the evaluation is to determine the criteria. In this study, emergency
shelters serve for the period within the 24 h after an earthquake happens, and extra
facilities or permanent buildings are not required. There are two principles of selecting
the indicators that are independent of each other and quantifiable in estimation. The
earthquake emergency shelter is evaluated on three aspects, including safety, accessibility,
and availability, and each aspect includes different criteria. Based on previous research,
there are three essential requirements (safety, accessibility, and capability), including six
criteria (building collapsing, fire hazard, roads accessibility, rescue response of firefighting,
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medical service, and capacity) that are relevant to emergency shelter site evaluation after
an earthquake [6,23-25]. The following three paragraphs contain the criteria explanations.

1.

Criteria of Safety: People must avoid the high-risk places, such as areas at risk of
building collapsing and fire. Buildings under high risks of liquefaction, ground
amplification, and landslides have a high possibility of collapsing, because of the
unstable geological structure [34,35]. Additionally, in Great Victoria, most individual
houses are under three floors, and the wood frame structure buildings have less
possibility of blocking the roads than the concrete buildings [36-38]. Therefore,
those buildings higher than three floors and that have liquefication, high ground
amplification, or a landslide risk have a high possibility of blocking the roads. The
proportion of collapsing buildings within a 500-m buffer was used to evaluate the
building collapsing hazard. Because the scope of gas station fire is unpredictable,
the numbers of gas stations within the optimum service radius (500-m buffer) were
counted to represent the fire hazard possible.

Criteria of Accessibility: The accessibility condition includes criteria of road accessi-
bility and rescue response speed [23,24]. The roads layer is overlaid on the natural
hazard data layer, and the road conditions are divided into high, moderate, and low
risks, which are given the weight of 1, 0.5, and 0, respectively. The sum of the road
length timing their corresponding weight represents the roads accessibility within the
500-m buffer. Through GIS technology, Euclidean distances from the open space to the
nearest fire station and to hospitals were applied to evaluate the rescue responsible
speed and rescue accessibility.

Criteria of Capability: Larger capacity emergency shelters have the advantage of
reducing the cost of emergency resources scheduling. The area divided by the
2 square meters per person is the open space capability [14,15]. The capability may be
overestimated because the capability evaluation step is simplified and the building
debris does not include it. However, in the Great Victoria case study, there is no
building inside of open spaces, and under the quick approach and wide-scale research
this limitation is acceptable.

TOPSIS approaches provide decision support to shelter location selection, and the

calculation steps are orderly listed below, as a list from Process (1)-(7). Formula (1):
A decision matrix is applied to build up the model and to evaluate the effectiveness of
every open space. Because the calculated criteria values have different units, they need
to be transformed to a dimensionless form through a mathematics model. Formula (2):
The criteria are not equally important, thus relative weights are assigned to different
criteria. Due to Canada’s lack of a previous weight standard, for reference in this case
the information entropy was used to determine the weight. Formulas (3) and (4): Finally,
according to the distance to the worst and best alternative value, this study provides a
score of the candidate sites, between 0 and 1; the higher score open space is more valuable
as an emergency shelter during the post-earthquake evacuation process.

1)

@)

The decision matrix can be constituted of x;;:

X11 X12 . X1n
X X Lo X

.21 .22 ?n a
Xml Xm2 --- Xmn

x;j is the open space i evaluation value of criteria j
i: is the potential emergency shelter, wherei=1,2,3,...,m
j: is criteria where j=1,2,3,...,n

Normalized x;; to r;, so that r;; is a dimensionless value:
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xij
\/ g xij?

rjj: the normalization score of the emergency shelter i in criteria j.

rij =

X117 X120 ... Xip 11 "2 ... Tip
x Xp2 ... X . r fo ... T
2 Az 21| nomalize process | 2 % 2n
Xml Xm2 -+ Xmn "Tml Ym2 - YV
(3) The entropy weight coefficients calculation wyj:
wj = 1—ej
m— Yl ef
where
e = —Inn Y (pij x Inpif). pij= <) Hi<1
i=1 ’ }”:1 27 -

tj is the entropy value, and
pij is the proportion of emergency shelter i of the total value of j.

)

@

To reduce the extreme values’” impact, the largest and smallest value are removed in

the entropy weight calculation

(4) Calculate the weighted normalized decision matrix:

r1 r12 oo 'y tn t12 e tln
)1 T ... Ty tijzilxwij thy ftxn ... foy
"ml "m2 -+ Twmn til tm2 --- twm

(5) Determine the worst alternative and best alternative:

Aw = {<max(tijl i=1,2,3,... ,m)|j]J—>, <min(tijli=1,2,...,m)|je]+>} {twjlj=1, 2,

., n}

Ab={<min(tijl i=1,2,3,... ,m)lj]—>, <max(tijli=1,2,... , m)ljeJ+>} {thjlj=1, 2,
., n}

where:

J+ is the criteria having a positive impact, and
J— is the criteria having a negative impact.

(6) Calculate the distance between the target worst or best alternative value:

DY = \/TL, (tj — twj)’
D} = /T (t] — tbj)?

1

where
Dj’ : the distance from the criteria value to the worst alternative, and
Df-’ : the distance from the criteria value to the best alternative.

(7) Open space evaluation score Si:

Si= (D?)(o <Si <1)

D¥ + Db

The score is converted to a hundred-mark system, so the full mark is 100.

®)

(4)
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4.3. Service Area and Population Distribution Coupling Analysis

To calculate the service area of the emergency shelters, it must be understood that
people’s behavior influences the open space service efficiency, such as limited walking
speed and choosing the familiar targets. Some researchers applied Simulex technology to
simulate people’s walking speed after an earthquake; the result shows that the walking
speed is between 0.5 m/s and 2 m/s [2]. Other research, using videotape data, showed that
the speed is between 2.3 m/s and 3 m/s, which does not consider vulnerable groups [39].
According to previous studies, the general speed interval is between 0.5 m/s and 3 m/s,
the elderly people and young children move at slower speeds, and the average evacuation
speed is assumed as 1.2 m/s (4.3 km/h). This speed value is lower than the average value
in this study; the service area evaluation is thus adopting a conservative approach. During
an evacuation, people avoid the high-risk areas and roads so that the high-risk roads are
removed before processing the network analysis. A GIS-based network analyst tool was
used to determine the theoretical 15-min service area.

(1) The coupling analysis is a quantity analysis that represents how the emergency shelter
service area matches the population distribution [30,39]. Given the service area, the
buildings in the service area compared with the total building area can represent a
coupling degree. The population in the service area can be estimated according to the
coupling degree. The opposite of coupling, the high building density functional zoning
but without any emergency shelter, is defined as a gaping hole area. The calculation of
the gaping hole method is similar to the coupling degree, which is the proportion of the
building area in the gaping hole area of the total district building area. Some functional
areas are hotspots that attract a large population in some period. Through the spatial join
method, the building functions are defined by using POI data: educational buildings
(including some art school, interest training organizations, etc.) and working buildings
(e.g., office blocks, factories, etc.), business buildings (e.g., shopping mall, individual
shop, etc.), recreation buildings (e.g., restaurants, board game bar, museums, antique
stores, etc.), and residential buildings (e.g., house, apartment, condo, etc.). Combining
the service area and population distribution results, the gaping hole also can be founded.
The proportion of the building area in the service area of the total district building area,
value c in Formula (5), represents the coupling degree or the proportion of the gaping
hole. Next, Formula (6) calculates the population of the service area or of the gaping hole.
The formulas are shown below: The estimation of the coupling degree or the proportion
of gaping hole in the district:

©)

o i layers of bx x area of bx
N = total building area of the district

In the day time, bx are all functional buildings, therefore all buildings except residential
buildings are included to calculate the coupling degree. In the night time, light data are
used to remove the vacant houses in the suburban area where the value digital number
value is 0, and only bx are residential buildings. The buildings bx in the gaping hole
estimation calculate the proportion of the gaping hole.

(2) The number of people in the service area or in the gaping hole area:

P = ¢ x district total population (6)

5. Results
5.1. The Emergency Shelter Evaluation Score

There are a total 375 public open spaces in Great Victoria, and 60 of them are avail-
able as earthquake emergency shelters. Emergency shelters must meet the basic security
requirements to be safer than roads, indoor spaces, and densely built areas. People should
avoid evacuating to the other 315 open spaces, which may seem safe and open but are
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high-risk areas (Figure 5). Each of the open spaces has a score; in order to simply represent
the availability of emergency shelters, the evaluation scores were assigned into 5 categories,
using the natural breaks classification method. A decision value from a low to a high
level means that the open space is less suitable to very suitable as an emergency shelter,
respectively (detailed information in Figure A2).

As Figure 5 shows, Saanich, the largest municipality, has the most emergency shelters,
with 39 emergency shelters covering 1,111,865 m? and 15 of them are classified as low
or less suitable conditions. The high fire risk and low rescue responding speed are two
main reasons reducing the values of the emergency shelters. Victoria has 15 open spaces
(114,398 m?) that can be used as emergency shelters, generally uniformly distributed among
communities, such as Fernwood, Oakland, and Downtown. All emergency shelters areas
in Victoria are small, which is disadvantageous in a densely populated district. High
Rock Park is the only emergency shelter available in Esquimalt (64,514 m?), which is
large in size and in the central area. As the highest point in Esquimalt, the landform
reduces its accessibility. Fortunately, rescue response is high in this region, which may
reduce casualties. The Langford and Colwood emergency shelters’ surrounding areas are
undeveloped, which offer outstanding accessibility and capability. They are high value
emergency shelters, but they are far from the urban area so that they may have a low using
efficiency. In Oak Bay, the shelter is in the northern part, but far from some of the populated
coastal communities; it is a golf course (64,514 m?), so although its safety and accessibility
are high, the surrounding areas’ functions mainly serve the purpose of golfing.
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Figure 5. The score of the open space as emergency shelters.

5.2. Service Area and Day Time Population Coupling

Due to the limitations associated with social and environmental conditions, the dis-
tribution of emergency shelters in different districts is uniform. Gaping holes are evident
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without open space available for use as emergency shelters, increasing the levels of evacua-
tion uncertainty and risk.

As Figure 6 and Table 1 shows, Saanich has the largest service area and the highest
population coupling degree (8.1%) during the daytime. Some 49.4% of the people are in the
gaping hole; one such hole is the University of Victoria, where students are concentrated
during weekdays. Another is Royal Oak, which has some shopping centers where people
are concentrated on weekends. Emergency shelter service areas are highly overlapping
in Victoria. There are five gaping holes in Victoria, covering 76.3% of the people, and the
largest gaping hole is in the downtown area where is the center of business, recreation, and
works. Therefore, whether it is weekdays or weekends, downtown Victoria always has a
high population density. There is likewise a recreation hotspot associated with kayaking
clubs. Because evacuation risk is unpredictable when people are on the water, it can be
considered as a high-risk point. People living in or traveling the peninsula border of
Esquimalt cannot reach a proper emergency shelter within 15 min. The coupling degree of
Oak Bay is 0 because the golf course surrounding area has no functional buildings. The
whole Oak Bay district has very limited functional buildings, and scattered working offices
or recreation centers are in the southern part. There are some industrial parks in Esquimalt
and Langford; therefore, on weekdays, the working zone is more likely to be densely
populated. Langford downtown has no emergency shelter available, so it has the largest
proportion of people in the gaping hole (83.9%). Colwood has the lowest population,
and what is more, service areas are in sub-central areas of the districts, further reducing
service availability.
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Figure 6. Images (a—f) they are, respectively, Esquimalt, Langford, Victoria, Saanich, Colwood, and Oak Bay, depicting the
population density and service area coupling maps in the day time; the yellow and red polygons are, respectively, service

areas and gaping holes.
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Table 1. The table shows the daytime population in the service areas and gaping holes, the coupling
degree, and the proportion of the population in the gaping hole. The sum of the coupling degree and
gaping hole proportion does not equal 1 because some people live outside of these areas.

District Service Area Pop (Coupling Degree) Gaping Hole Pop (Proportion)
Esquimalt 1215 (6.9%) 1036 (58.7%)
Langford 1154 (3.3%) 10,743 (63.7%)

Victoria 6327 (7.3%) 66,221 (76.3%)

Saanich 8436 (8.1%) 72,277 (49.4%)
Colwood 736 (4.4%) 10,743 (63.7%)

Oak Bay 0 7690 (42.5%)

5.3. Service Area and Nighttime Population Coupling

Figure 7 and Table 2 show the nighttime population distribution and emergency
shelter coupling degree. In Saanich, people in the gaping holes and service areas are
similar, both around 30%. Around 40% of the people live in the semi-rural area, where
the buildings are mainly individual houses and scattered around the farmland or national
parks. Southeast Saanich has the largest gaping hole, which are mostly apartment buildings;
therefore, it is the least vulnerable to any type of earthquake disaster and effect. Nearly
45% of the people in Victoria can get to emergency shelters on time. The riskiest region is
from downtown to northwest Victoria, and the peninsula of Victoria, because of the high
apartment building density. Esquimalt has the highest coupling degree, and there is no
gaping hole because the emergency shelter is in the central downtown area, and the coastal
residential are mostly individual houses. Oak Bay golf course covers 12.4% residential
population at night; however, around 80% live in the southern part and are in the gaping
hole. As an aging community with a long coastal line, Oak Bay has the highest pressure
of emergency evacuation after an earthquake. Langford and Colwood have a high score
of emergency shelters but the lowest coupling degree. Especially in Langford downtown,
over 90% of people are in the gaping hole.
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Figure 7. Image (a—f) are, respectively, Esquimalt, Langford, Victoria, Saanich, Colwood and Oak Bay, depicting the
population density and service area coupling maps in the night time; the yellow and red polygons are, respectively, service
areas and gaping holes.



ISPRS Int. ]. Geo-Inf. 2021, 10, 63

13 of 18

Table 2. The table shows the nighttime population in the service areas and gaping holes, the coupling
degree, and the proportion of population in the gaping hole. The sum of coupling degree and gaping
hole proportion does not equal 1 because some people live outside of these areas.

District Service Area Pop (Coupling Degree) Gaping Hole Pop (Proportion)
Esquimalt 12,764 (72.3%) 0
Langford 827 (2.3%) 32,871 (93.1%)
Victoria 38,882 (44.8%) 34,629 (39.9%)
Saanich 31,927 (30.7%) 33,430 (32.1%)
Colwood 253 (1.5%) 0
Oak Bay 2243 (12.4%) 15,543 (81.9%)

6. Discussion
6.1. Spatial and Temporal Distribution of Emergency Shelters

In general, Langford, Colwood, and Oak Bay lack open spaces as emergency shelters
although their scores are high. Esquimalt has better evacuation conditions than the other
districts because of the shelter in the central urban area. The only disadvantage is the low
accessibility, which leads to some people in the coastal area needing more time to get to the
shelter. The emergency shelters in Victoria downtown are mostly of low suitability. The
east part of the Victoria emergency shelter areas has the characteristics of being small, with
a high score, and equally distributed. In Saanich, emergency shelters are along the Patricia
Bay Highway. The fire hazard and low rescue responding speed are the main reasons that
some shelters have low scores.

The population distribution and service area coupling degree in the night time are
higher than in the day time, and the weekend coupling degree is better than the workdays
degree. Because the working areas are normally with a high building density and lacking
greening space or playgrounds, they become areas with the highest risk. Business and
recreational areas attract more people on weekends. From Victoria downtown to Saanich
uptown, the central belt of business and recreational facilities should be highlighted as
a gaping hole. To be more specific towards a district-level evaluation, the north part
of Saanich has only a few emergency shelters; it is a thinly populated, semi-rural area
mainly occupied by agricultural land where people can safely evacuate [34]. The gaping
holes in Saanich are in the southeast part—the greater Victoria sub-center—where no
open space is available as an emergency shelter. There are three high-risk gaping holes in
Victoria: Peninsula of Victoria, Victoria downtown, and northwest Victoria, due to the high
population density in both the day time and at night. Esquimalt, being a peninsula, and
Oak Bay, with its long coastal line, are both relatively isolated areas whose seaward facing
may increase evacuation pressure. In Langford and Colwood, the developed urban area
has no available open spaces suitable for use as emergency shelters, allowing only limited
support of post-earthquake evacuation. The industrial parks of Langford correspond to
gaping holes. Accordingly, if an earthquake happens on a weekday, people in these districts
are at high evacuation risk.

6.2. Suggestions for Future Planning

Due to the limitations of historical city planning, a lack of urban disaster mitigation plans,
and the social gap among different districts, urban emergency shelters are not included in the
disaster prevention plans of greater Victoria. The open spaces used for early self-evacuation in
greater Victoria have been evaluated based on the criteria scores (Figure A2), which provide
an overall picture for decision makers. Based on the results of this study, some insights,
limitation, and suggestions can be provided to guide decision makers in making plans. Four
points summarize the general evacuation conditions and suggestions:

1.  This study shows that in Great Victoria, public open spaces are an available resource
for emergency sheltering during post-earthquake self-motivated evacuations. Emer-
gency shelters can make up for shortages in existing shelters, releasing evacuation
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pressure, and reducing casualties. Furthermore, across the whole western coastal area
of Canada it is also possible to apply open spaces as earthquake emergency shelters.

2. Although the evaluation scores of the emergency shelters differ, they are all valuable
for supporting evacuation. Highly scoring emergency shelters should be retained and
developed carefully to take full advantage of them. By fully using these emergency
shelters, the cost of evacuation planning can be reduced, consistent with the principle
of integrating daily facilities with disaster prevention facilities.

3. Residents can use the evacuation conditions map to find the nearest available safe
place that can serve as an emergency shelter; they should stay in emergency shelters
and wait for future rescue and relocation arrangements. Decision makers should also
improve the whole first-time evacuation plan, focusing on high-risk gaping holes and
densely populated areas.

4. Evacuation plans should reflect population distribution dynamics, distinguishing and
considering differences between day and night, weekday, and weekends. Therefore,
the population concentrated in different areas, such as offices, industries, schools, etc.
(weekdays), recreation places, business, etc. (weekends), and residential (night), are
different during different time periods. A population simulation can be introduced
to estimate the population dynamics distribution [40]. Planners should pay more
attention to this issue in the future.

6.3. Limitations and the Next Improvement

There are not only limitations in this contribution as mentioned in the methods, but
also some limitations of the data resource and evaluation methodology. Due to the limited
nature of the open resource data, some types of the earthquake effects and secondary
disasters, such as debris and flooding, are underestimated. They are not high risks in this
study but may highly influence other cities. Since the building data cannot support the
debris simulation, the capability estimation is only acceptable under the quick approach
and wide-scale conditions. In the aspect of methodology, since Canada lack research on
emergency shelters, there is no reference in evaluating the open space as emergency shelters
either. The entropy weighted method is based on the data itself, and it loses sight of how
the social rules influence the evacuation behaviors. In sociology-related evaluation research,
the professional grading by Canadian sociologists and policy makers is also necessary to
include. Although the criteria selected in this study are applicable to most areas in Canada,
still some criteria are ignored; for example, the gradient of the emergency shelter. In the
hilly cities, some open spaces are built on rough ground, which can reduce their capability.
Finally, because Canada lacks emergency shelter planning, the real usage efficiency of the
emergency shelters cannot be estimated. We suggest that the signage needs to be built up
near by the high-value emergency shelters. Sociologists can use this study results to further
simulate human behaviors in the post-earthquake evacuation process. The evacuation
simulation can be applied to further understand the possible shelter disadvantages of the
surrounding environments. It also would be interesting to explore the Google thermal
population thermal graphic, possibly applying it to the emergency evacuation plan making.

7. Conclusions

This study provides a first-time self-motivated post-earthquake emergency shelter
evaluation model for Canada, which can be applied to most North American cities on
the seismic belt. Public open spaces are used as emergency shelters, providing a clear
safe evacuation destination for the public while taking full advantage of the open spaces.
The advantages and disadvantages of each district are outlined so that the planners and
decision makers can devise customized plans. Second, although Canadian geologists have
conducted some research into earthquake prediction and hazard evaluation, meaningful
scientific results have not been implemented for practical urban planning. Previous urban
planning of greater Victoria has been limited by a lack of understanding of the open spaces’
potential for use as emergency shelters, which may lead people to evacuate to high-risk
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open spaces that seem safe. A straightforward location map of open space shelters provides
the public with escape destinations, aiding evacuation while reducing rescue time and
casualties. Third and last, to overcome the limitations of traditional data, we introduce
POI data and nighttime light data to improve the accuracy of the criteria evaluation model.
Meanwhile, by taking advantage of Google’s API, we can extend the big data source while
reducing the technical barriers and costs associated with future studies.
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Appendix A

The data presented in this study are openly available online reference number [41-47].

Data Name Author Type Important Attribute Comment
Administrative Capital Regional Polygon.shp Name, Location, Reference [41]
Divisions Digital Population Census
Boundaries
Roads Capital Regional Line.shp Length, Name Reference [42]
Digital
DEM data U.5. Geology Survey. Raster. TIF Elevation (resolution Reference [43]
100meters)
Open Space Capital Regional Polygon.shp Area, Type of Land Reference [44]
Digital Use (some are missing)
Post-earthquake British Columbia Polygon.shp Area, Type *, Risk Reference [45]
Nature Hazard Government Level”
Nighttime Light Earth Observation Raster. TIF Digital number value ~ Reference [46]
Data Group Nighttime Light
Buildings Open Street Map Polygon.shp Area Reference [47]
Export Tool
POI Data Google Map Point.Shp Name, POI Categories® Using Google Map AFI
(3,427 points) service to Scraping POI data

Type": Amplification motion, Slides and Liquefaction

Risk Level™: very low (vl), low (1), moderate (m), high (h), very high (vh), and their cross categories (vl-1, I-m, m-h, h-vh, and
m-vh)

POI Categories™: Education (high school, kind garden,university,college,art school ), Living (cemetery,
grocery,gym, hospital library,restaurant), Recreation (art gallery, beauty salon,bowling alley,campground,casino,movie
theater,tourist, recreation center), Business (book store, store,shopping mall), accounting, Working (bank,city hall fire

station.gas station,layer,office,moving companyagency company)

Figure Al. The Data List.
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No. | Parks Name 1 2 3 4 5 6 7 | No. | ParksName 1 2 3 4 5 6 7
Saanich 63 Underwood Park 089 08 051 065 018 022 48
6 Wetherby Park 037 08 068 08 062 021 56| 65 Sayward Hill 065 1 076 089 005 017 59
8 Rowan Park 014 08 032 062 066 0 39| 66 Elk Lake Regional 087 1 045 000 0 091 51
9 | MountTomiePark 021 04 039 066 074 087 43| 67 None name 066 1 023 061 041 008 42
10 Playfair Park 005 1 081 060 056 015 53 Victoria
11 Jennifer Park 031 1 093 047 065 008 58| 1 Charle Green 08 1 092 077 074 068 8l
12 Knockan Park 014 1 08 063 081 079 65| 2 | CentralMiddleSchool 042 1 065 072 076 072 70
13 Fairbum Park 025 1 043 069 08 035 53| 3 None Name 034 1 041 066 074 031 58
14 | Rogers CourtPark 0.19 1 064 060 05 021 49| 4 Jewish Cemetry 087 1 08 025 1 034 72
15 Bemard Park 0.09 06 062 069 051 006 41| S Summit Park 044 08 042 09 076 084 62
16 Chatterton Hill 024 1 066 083 046 029 57| 18 Oswald Park 039 04 077 064 095 03 54
27 Blanshard Park ~ 0.05 02 015 070 0.6 014 24| 19 Robert Port Park 017 06 026 094 068 078 50
28 Camas Park 011 04 071 056 044 011 39| 20 Courthouse Park 0 1 009 095 021 012 33
29 Oakview Park 0.09 0 022 08 072 007 26| 21 Pioneer Square 007 1 004 08 021 067 40
34 | PeacockHillPark 021 1 086 060 08 076 73| 22 | WilliamStevenPark 046 04 036 066 084 047 45
35 | CeciliaCreeckPark 018 1 08 100 079 018 71 | 23 Queen Park 056 0 027 078 063 041 34
36 Camrose Park 020 1 08 097 081 049 74| 24 David Spener Park 042 1 039 067 087 011 56
37 Glasgow 017 08 087 062 054 009 57| 25 Oakland Green 065 1 053 09 092 018 68
39 | Swan Lake Park 1 1 1 061 058 019 80| 26 Rudd Park 0.06 1 0 078 072 006 54
40 Annie Park 036 08 098 070 052 017 65| 31 Terrace Park 054 1 08 070 091 012 73
42 Montague Park 0 1 09 065 097 044 67 Langford
43 | Rogers CourtPark 033 1 078 089 041 014 62| 38 Mill Hill Park 089 08 052 057 044 09 66
4 Sierra Park 029 1 089 08 08 048 74| 41 Thetia Lake Park 092 1 097 070 041 1 8
45 Wildflower 029 1 089 079 08 012 70 Esquimalt
46 | Rithet'sBogArea 0.84 1 0 09 035 013 51| 17 | Highrock Park 011 1 054 063 075 08 4
48 Tyndall Park 018 08 067 08 08 059 64 Oak Bay
49 Doumac Park 016 1 067 057 079 015 60| 7 | Uplands Golf Park 024 04 08 073 076 092 58
50 | MaltwoodPark 0.4 1 094 068 021 02 59 Colwood
51 Rithet’s Park 098 1 091 059 024 016 71| 33 | Royal ColwoodPark 076 08 072 100 075 09 78
52 | FaithwoodPark 046 1 086 061 019 006 60| 32 | ColwoodCreekPark 082 08 028 096 025 08 59
55 Broadmead Park 014 08 084 033 021 007 48 Legend [ criteria number: name (weight ed)]
56 Failaise Park 028 1 097 076 015 018 56| |:Building Collapse (1534%)  4: Fire Response Speed ~ (12.62%)
57 | CommonwealthPark 029 1 076 077 014 077 65| 2: Fire Hazard (2241%)  5: Hospital Response Speed (15.04%)
59 Grant Park 031 08 084 028 011 056 54| 3:RoadAccessibility (24.38%) 6: Open Space Capability  (10.21%)
61 Story Lane 032 1 08 070 009 033 62 | 7.The Score of Emergency Shelter
62 | ClareMontPark 061 1 085 067 009 042 63
Figure A2. The Emergency Shelters” Scores.
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