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Excess mortality can be caused by extreme hot weather events, which are increasing in severity and frequency in
Canada due to climate change. Individual and social vulnerability factors influence the mortality risk associated
with a given heat exposure. We constructed heat vulnerability indices using census data from 2006 to 2011 in
Canada, developed a novel design to compare spatiotemporal changes of heat vulnerability, and identified lo-
cations that may be increasingly vulnerable to heat. The results suggest that 1) urban areas in Canada are
particularly vulnerable to heat, 2) suburban areas and satellite cities around major metropolitan areas show the

greatest increases in vulnerability, and 3) heat vulnerability changes are driven primarily by changes in the
density of older ages and infants. Our approach is applicable to heat vulnerability analyses in other countries.

1. Introduction

Climate change is influencing the severity and frequency of heat
waves in cities throughout the world (IPCC, 2009; IPCC, 2011; Meehi &
Tebaldi, 2004; Murray & Ebi, 2012; Reid et al., 2009), which can in turn
lead to increasing heat-related morbidity and mortality, especially
during extreme heat events (Basu, 2009). Extreme heat events and the
associated excess mortality are worldwide phenomena that are occur-
ring in the tropics (Yan, 2000), subtropics (Huang, Kan, & Kovats,
2010), and temperate climate zones, including Western Europe in 2003
(Filleul et al., 2006) and major cities in Canada in 2009 and 2010
(Bustinza, Lebel, Gosselin, Bélanger, & Chebana, 2013; Kosatsky,
Henderson, & Pollock, 2012). In order to address related public health
impacts, previous studies have estimated either the spatial or temporal
variability of heat-related illness/mortality (Anderson & Bell, 2010;
Eisenman et al., 2016; Hattis, Ogneva-Himmelberger, & Ratick, 2012;
Henderson, Wan, & Kosatsky, 2013; Hondula et al., 2012; Jones et al.,
1982; Kovach, Konrad, & Fuhrmann, 2015; Laaidi et al., 2012;
Rosenthal, Kinney, & Metzger, 2014; Son et al.,, 2012a, 2012b;
Vaneckova, Beggs, & Jacobson, 2010), and developed indices to locate
the heat-vulnerable populations (Reid et al., 2009, 2012; Rinner et al.,
2010; Vescovi, Rebetez, & Rong, 2005).
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Although previous studies have developed approaches for heat
health vulnerability assessments (Chan, Goggins, Kim, & Griffiths,
2012; Hondula et al., 2012; Rinner et al., 2010; Tomlinson, Chapman,
Thornes, & Baker, 2011), most research only isolated either the spatial
or the temporal vulnerability to investigate heat risk trends (Anderson
& Bell, 2010; Hattis et al., 2012; Hondula et al., 2012; Tomlinson et al.,
2011) but did not attempt to estimate spatio-temporally changing
vulnerability for health planning based on historical datasets. Doing so
will allow targeted adaptation efforts in not only the areas that are
vulnerable now, but also in those areas where vulnerability is likely to
rise. It is important to combine both spatial and temporal trends to
investigate how changing populations in communities may influence
heat vulnerability in the future (Sheridan & Dixon, 2016), and ulti-
mately combine the resulting information with climate projections (also
stated in Health Canada guideline for extreme heat and health vul-
nerability assessment) to facilitate extreme heat adaptation (Goldberg,
2007; Gosling, McGregor, & Lowe, 2009; Huang et al., 2011; Jackson
et al.,, 2010; Jeong et al., 2016). While ambient temperature largely
determines the heat exposure of a population, vulnerability defines how
that population is affected by the exposure, which during extreme heat
events may lead to substantial excess mortality (Ho, Knudby, Walker, &
Henderson, 2017; Toloo, FitzGerald, & Tong, 2014). The relationship
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between heat exposure, vulnerability and risk is complicated by both
short- and long-term acclimatization, as evidenced by latitudinal gra-
dients in the temperature-mortality relationship (Henderson et al.,
2013, Anderson and Bell, 2010), and also by societal responses to heat
such as heat emergency warning systems (Kalkstein & Sheridan, 2007;
Toloo et al.,, 2013, 2014; Tong, Conalonieri, Ebi, & Olsen, 2016).
Nevertheless, quantifying spatiotemporal change in vulnerability and
identifying the spatial clusters based on temporal vulnerability change
could help estimating heat-related mortality or morbidity during future
extreme heat events (Chow, Chuang, & Gober, 2012), especially be-
cause socio-economic vulnerability factors are substantially more im-
portant than environmental exposure levels in determining the local
spatial distribution of health risk (Adger, 2006; Fiissel & Klein, 2006;
INVS, 2004; Toloo et al., 2013), and heat exposure is largely con-
strained by urban morphology and land cover (Gago, Roldan, Pacheco-
Torres, & Ordonez, 2013). Most heat-related mortality does not occur in
the general population, but rather in specific population groups that
have elevated vulnerability due to a variety of personal, socio-eco-
nomic, infrastructural or environmental factors (Reid et al., 2009;
Tomlinson et al., 2011; Yardley, Sigal, & Kenny, 2011). Understanding
the spatiotemporal pattern of this vulnerability is therefore key to heat-
related public health planning and to climate change adaptations (Ford
et al., 2010). Personal vulnerability factors may include pre-existing
health conditions, personal heat-adaptation habits as well as demo-
graphic characteristics such as age, gender, race, income, and educa-
tional attainment (Uejio et al., 2011; Yardley et al., 2011). Infra-
structural and environmental factors include characteristics of the built
and natural environment where a person resides, such as the amount of
green-space, impervious surface, and microclimate characteristics
(Aminipouri, Knudby, & Ho, 2016; Brown & Walker, 2008; Harlan,
Brazel, Prashad, Stefanov, & Larsen, 2006; Kim & Ryu, 2015; Uejio
et al., 2011; Wilhelmi & Hayden, 2010). While infrastructural and en-
vironmental factors influence vulnerability to heat, standardized data
on their status and trend across large regions are rarely available, se-
verely complicating their integration into health planning. On the other
hand, information on several personal vulnerability factors is often
available in the form of socio-economic data from a national census.
While these data do not describe vulnerability at an individual level,
they do portray both spatial and temporal trends in community-level
vulnerability. Because these data primarily contain socio-economic in-
formation, and to emphasize that they are only available at the com-
munity-level, we henceforth collectively refer to them as describing
socio-economic vulnerability factors. It is important to note here that
such community-level variables (e.g. the average income in a census
district) only represented community vulnerability, and in nature dif-
ference to the individual vulnerability such as corresponding personal
characteristics (e.g. the income of a person living in that census district)
and thus do not act exclusively to represent unavailable personal-level
data (Diez Roux, 2004).

Furthermore, although conceptual frameworks for estimating vul-
nerability from climate change exist (Adger, Arnell, & Tompkins, 2005;
Ford et al., 2010; Fiissel & Klein, 2006; Fiissel, 2007; Moser & Ekstrom,
2010), they do not allow systematic quantification of changes in heat
vulnerability or risk (Toloo et al., 2014; Tong et al., 2016), for example,
Vescovi et al. (2005) assumed that socioeconomic vulnerability in
Quebec would not change through time. How and to what extent po-
pulation distributions and redistributions (defined as “population dy-
namics” in this paper) influence heat vulnerability is thus unknown,
and the application of statistical models that use demographic trends to
quantify vulnerability and risk change is needed in order to develop
policy and strategies for climate change adaptation (Berrang-Ford,
Ford, & Paterson, 2011; Ford et al., 2010). Several previous studies
attempted to quantify relative heat risks spatially, such as Tomlinson
et al. (2011) for Birmingham, UK; Buscail, Upegui, and Viel (2012) for
Rennes, France; Ho, Knudby, and Huang (2015) and Aminipouri et al.
(2016) for Vancouver, Canada; Rinner et al. (2010) for Toronto,

62

Applied Geography 95 (2018) 61-70

Canada; Laverdiére, Mélissa Généreux, and Morais (2015) and Vescovi
et al. (2005) for Southern Quebec, Canada, and Scherer et al. (2014) for
Berlin, Germany, but none of them were applied to a large region, nor
to understand both the spatial and temporal dynamics. It is also im-
portant to develop a model that can compare the relative spatial dif-
ference through years, in order to incorporate with national health
guidelines for extreme heat adaptation and heat vulnerability assess-
ment.

In this study, 1) we estimate the temporal change in socio-economic
vulnerability associated with heat risk in Canada, from 2006 to 2011,
by combining community vulnerability data in a heat vulnerability
index (Reid et al., 2009; Tomlinson et al., 2011; Buscail et al., 2012),
and 2) we use Moran's I to identify local clusters based on the results
above, in order to locate extended areas with high temporal change.
This combines existing methods to develop a simple technique that can
be used to assess the spatiotemporal change of socioeconomic vulner-
ability related to heat risk in a national extent. Our study demonstrates
current heat vulnerability trends in Canada, and may be used to target
heat risk mitigation strategies in the most vulnerable areas in both the
short term responses (e.g. disaster risk management, public health
planning) and the long term (e.g. urban planning, regional develop-
ment) (Cutter, Mitchell, & Scott, 2000; Schwarz et al., 2011). The ap-
proach is easily adapted to any other country that has the necessary
census data, and is following the Health Canada guideline for a com-
plete extreme heat and health vulnerability assessment, for fulfilling the
research gap to describe trends expected to influence heat-related
health outcomes for assessing future risks.

2. Study area

Our study area includes all 10 Canadian provinces (British
Columbia, Alberta, Manitoba, Saskatchewan, Ontario, Quebec,
Newfoundland and Labrador, New Brunswick, Nova Scotia, and Prince
Edward Island) (Fig. 1), an area with 33.4 million people or 99.7% of
the Canadian population in 2011 (Geographic Research, 2015b). In
southern Ontario and Quebec, the number of extremely hot days
(> =30°C) at late 1990s was more than that of the summer normal
since 1948 (Smoyer-Tomic, Kuhn, & Hudson, 2003), and similar trends
have been observed in later years (Kosatsky, King, & Henry, 2005, pp.
167-171; Jeong et al., 2016). During these extreme hot summer days,
elevated temperature has significantly increased mortality in afflicted
locations (Bustinza et al., 2013; Henderson et al., 2013; Kosatsky et al.,
2005, pp. 167-171; Kosatsky et al., 2012; Smoyer-Tomic, Rainham, &
Hewko, 2000). For example, mortality increased by 40% for six con-
secutive days during the 2009 Vancouver extreme heat event (Kosatsky
et al., 2012), and the number of non-traumatic deaths in Montreal on
one extremely hot day in June 1994 exceeded twice the monthly mean
death rate (Kosatsky et al., 2005, pp. 167-171). Heat-related mortality
has also been demonstrated from cooler parts of Canada, including
northern British Columbia (Henderson et al., 2013); as a result we have
included all 10 Canadian provinces in our study. The three Canadian
territories (Nunavut, Yukon, Northwest Territories) were excluded be-
cause the population in these regions is not known to experience ad-
verse health effects from extreme heat.

3. Data and methods
3.1. Heat vulnerability index

In order to quantify the relative change of vulnerability, we used a
heat vulnerability index from Ho et al. (2015) that combines census
data in a multi-criteria analysis (Reid et al., 2009; Tomlinson et al.,
2011; Buscail et al., 2012). Multi-criteria analysis (MCA) is a statistical
model that allows users to semi-quantitatively combine data layers in
an estimation by assigning weights that represent the importance of
each layer, typically based on results of meta-analysis or expert
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Fig. 1. Population density (persons per km?) in 2011 for all Canadian provinces (British Columbia, Alberta, Manitoba, Saskatchewan, Ontario, Quebec,
Newfoundland and Labrador, New Brunswick, Nova Scotia, and Prince Edward Island). Data from the 2011 Canadian census, at subdivision level.

knowledge. MCA general proceeds by first assigning specific weights to
each variable, then calculating a per-cell weighted average, and (op-
tionally) discretizing the result based on percentiles or natural breaks.
This method has been widely applied to environmental risk assessment
(Aubrecht & C)zceylan, 2013; Buscail et al., 2012; Chi, 2010; Ho et al.,
2014, 2015).

This index of Ho et al. (2015) has considered eight groups of po-
pulation that have been associated with heat vulnerability based on a
literature review (Table 1): 1) older ages, 2) infants, 3) people living in
old houses, 4) people in bad living environment, 5) low education po-
pulation, 6) people living alone, 7) low income population, and 8) the
unemployed. These eight population groups were under four dimen-
sions of vulnerability, by each dimension with two vulnerable popula-
tion groups, in which 1) and 2) were related to extreme ages, 3) and 4)
were related to household characteristics, 5) and 6) were related to
social status, and 7) and 8) were related to economic status. Details of
association between heat vulnerability and each population group have

Table 1

been noted in Ho et al. (2015), with brief explanations as the follow-
ings:

Older ages in this study were “people aged =55 years old” and in-
fant population were “population aged from 0 to 5”, which represents
young seniors, older senior and children under aged of elementary
school's entry, who need more health care and have less ability of ex-
treme heat adaptation. People living in older people for this study was
defined by “number of households living in housing built prior to 1960”
and people in bad living environment were the “number of households
living in multi-story apartment buildings or mobile homes”, in which
the latter one representing population living in a location with high-risk
building design during an extreme heat event. These are potentially
important factors in some parts of Canada such as Vancouver and
Calgary where the prevalence of air conditioning is low (Smoyer-Tomic
et al., 2003), and have documented in studies for other countries
(Tomlinson et al., 2011; Yardley et al., 2011). Low education popula-
tion was defined by “people with fairly low education level (without a

Details of the 8 heat-related social vulnerability variables under 4 dimensions of vulnerability that used in this study.

Dimension of Vulnerability =~ Variables Name Details

Extreme Ages Older ages

Infants

People in old houses
People in bad living
environment

Low education population
People living alone

Low income population
Unemployed

Household Characteristics

Social Status

Economic Status
Unemployment rate

Population =55 years old

Population 0-5 years old, as to represent children under aged of elementary school's entry

Number of households living in housing built prior to 1960

Number of households living in multi-story apartment buildings or mobile homes, as to represent population living
in a location with high-risk building design during an extreme heat event

Population with fairly low education level (without a diploma nor a degree)

Number of single-person household

Population with household income less than $20,000
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diploma nor a degree)”, and people living alone was defined by
“number of single-person household”, in which these factors related to
less knowledge and awareness for extreme heat mitigation, and asso-
ciated with potential social isolation with less health care during ex-
treme weather events. Low income population were “people with
household income less than $20,000, and unemployed was represented
by “unemployment rate”, in which those were factors associated with
the Vancouver Area Neighbourhood Deprivation Index (VANDIX) and
VANDIX was found to be related to heat mortality in Canada (Ho et al.,
2017).

In addition to highlighting common socio-economic vulnerability
factors related to heat risk, vulnerability and mortality also demon-
strates that there is substantial regional and temporal variation in the
socio-economic factors that influence heat vulnerability. This is likely a
result of variation in societal, infrastructural or demographic factors.
However, information on such variability requires detailed local stu-
dies, which are not available from the majority of areas in Canada. We
thus use the eight variables listed above (Table 1) across our study area
while acknowledging that their relevance may vary regionally. We
extracted information on each variable from the 2006 and 2011 Ca-
nadian census, at the dissemination area level, using the SimplyMap 3.0
database (Geographic Research, 2015a, 2015b). In brief, dissemination
area is the smallest standard geographic area with a population of
400-700 persons covering all the territory of Canada. Apart from the
unemployment rate, all values were divided by the size of the dis-
semination area to obtain density values. For the census data of each
year, these eight individual heat vulnerability layers were classified
using the Jenks natural breaks classification method (Jenks, 1967),
resulting in eight new vulnerability layers each with an index value
from 1 (relative lowest vulnerability) to 9 (relative highest vulner-
ability). These eight layers were then combined into a single composite
heat vulnerability layer by MCA by assigning equal weights (each
12.5%) to each layer (Aubrecht & Ozceylan, 2013; Buscail et al., 2012;
Ho et al., 2015; Tomlinson et al., 2011). This method is to follow the
guideline of United Nations Environment Programme (2002) by using
an unweighted quantitative aggregation with indicator standardization
to avoid additional subjectivity in the index development (Aubrecht &
Ozceylan, 2013), opposed to the principal component analysis or or-
dered weighted averaging (Reid et al., 2009; Rinner et al., 2010) that
potentially produced indicator weighting and composition subjectivity
discussed in previous study (Aubrecht & Ozceylan, 2013; Vincent,
2004). Finally, such vulnerability layers were created for 2006 and
2011 separately.

3.2. Mapping vulnerability change

For each dissemination area, we calculated the percent change in
heat vulnerability from 2006 to 2011, based on the vulnerability in-
dices above, by the following equation:

Percent Change = (2011 Heat vulnerability—2006 Heat vulnerability)
/(2006 vulnerability) x 100%.

We then used Moran's I as implemented in GeoDa to test for sta-
tistically significant clustering of heat vulnerability change, and used
Moran's local I to map spatial clusters of percent change in heat vul-
nerability. Spatial weights were defined using the k-nearest neighbors
(KNN) algorithm (we used k = 8); KNN is an asymmetrical spatial-
weighting method (Getis & Aldstadt, 2010, pp. 147-163) that is parti-
cularly useful when the sizes of dissemination areas are different be-
cause it ensures that the same number of nearby dissemination areas is
used in all calculations, independent of the number and size of neigh-
bors.

The resulting map can be used to identify local patterns of spatial
association, for example, detecting hot spots (clusters of increasing
vulnerability) and cold spots (clusters of decreasing vulnerability)
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(Anselin, 1995). We then classified the map into five categories: 1)
high-high cluster, i.e. a hot spot, a high value surrounded by other high
values, 2) low-low cluster, i.e. a cold spot, a low value surrounded by
other low values, 3) high-low correlation, an isolated high value sur-
rounded by a cluster of low values, 4) low-high correlation, an isolated
low value surrounded by a cluster of high values, and 5) areas with
statistically non-significant clustering of values. This method followed
the protocol of spatial heat vulnerability assessment in Canada, for
example, Toronto's heat warning system (Rinner et al., 2010), in which
1) high-high cluster in our study represented extended area with high
vulnerability increase that in needed for public health actions, 2) low-
low cluster indicated extended area that would have potentially lower
heat vulnerability in the future, and 3) high-low and low-high corre-
lation were to identify statistical outliners within the extended areas
mapped in 1) and 2), for smoothing the decision making processes.

3.3. Comparison of seven Canadian cities

In order to study local patterns of vulnerability change, we selected
7 major cities (Toronto, Montreal, Vancouver, Ottawa, Edmonton,
Calgary, and Victoria) to further investigate the temporal change in
spatial patterns of vulnerability in urban areas in Canada. We used
census metropolitan area (CMA) as the city boundaries, including me-
tropolitan area (extremely urbanized), satellite cities (suburbs) and
rural areas within a CMA. These 7 cities were selected based on po-
pulation, also based on known extreme heat events with excess mor-
tality found in these locations (Bustinza et al., 2013; Bélanger, Gosselin,
Valois, & Abdous, 2014; Kosatsky et al., 2012; Smoyer-Tomic et al.,
2003), and expected increases in heat-related mortality reported in
climate change study (Martin, Cakmak, Hebbern, Avramescu, &
Tremblay, 2012).

To compare the cities, we first evaluated whether a connection ex-
ists between the amount of dissemination areas undergoing high vul-
nerability increases and their spatial clustering. To do this, we com-
pared the percentage of dissemination areas with high socio-economic
vulnerability increase (> 25%) to the number of high-high correlation
dissemination areas in each city, based on the coefficient of determi-
nation (R?). It allowed us to quantify the strength and linearity of the
relationship between high vulnerability increases and spatial clustering,
and also helped identify any cities deviating from this general re-
lationship. We then conducted a visual investigation of the spatial
patterns of heat vulnerability change for each city.

Secondly, we examined the change in individual vulnerability fac-
tors (Table 1) in three of the seven cities to identify which socio-eco-
nomic factors experience the greatest change and thus better describe
the population dynamics driving change in heat vulnerability in Ca-
nada. These cities represented the metropolitan areas with relative
lower, medium and higher spatial/spatiotemporal increases based on
previous results. For each city, the average change of individual vul-
nerability factors of the dissemination areas was recalculated as per-
centage change following:

(2011 individual vulnerability factor — 2006 individual vulner-
ability factor)/(2006 individual vulnerability factor), allowing a direct
comparison between changes in each factor.

Based on results of Moran's I analysis from previous section, we
compared the dissemination areas with high-high correlation from
these three cities to examine the spatial clustering effects from changes
of individual vulnerability factors.

4. Results
4.1. Regional vulnerability change across time and space
A broad comparison of the heat vulnerability indices shows that the

social vulnerability associated with heat has generally decreased in
rural areas and increased in urban areas between 2006 and 2011
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Percentage Change of Heat Vulnerability in Canada
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Fig. 2. Percentage change of heat vulnerability in Canada from 2006 to 2011.

(Fig. 2). 14-24% of the dissemination areas in the selected cities had an
increase in heat vulnerability of over 25% between 2006 and 2011,
with the most significant changes occurring in Calgary, Ottawa, and
Toronto, where at least a 25% increase in heat vulnerability was ob-
served in 23.9%, 22.4%, and 21.9% of the dissemination areas, re-
spectively. In comparison, only 9% dissemination areas that were not
within these seven cities (Toronto, Montreal, Vancouver, Ottawa, Ed-
monton, Calgary, and Victoria) saw an increase in heat vulnerability of
over 25% in the same period.

We found significant spatial clustering of heat vulnerability change
across the study area, with a dominance of high-high clusters (Moran's
I: 0.44). The map of Moran's local I shows that hot spots of high vul-
nerability increase are mainly found in urban areas, while both spatial
and temporal correlations were low or insignificant in most rural re-
gions (Fig. 3).

Percentage Change of Heat Vulnerability in Canada

4.2. Changes in seven cities

Out of the seven cities compared in our study, Montreal had the
lowest percentage of dissemination areas located in high-high clusters
of heat vulnerability (3.4%), while Ottawa has the highest percentage
(14.6%). The percentage of high-high-clustered dissemination areas in a
city was strongly correlated with the percentage of its dissemination
areas experiencing high vulnerability increase (adjusted R* = 0.74),
with Ottawa being an outlier with unusually high clustering (Fig. 4).
Ottawa being an outlier may partly be a result of the structure of its
administrative boundaries (Ho et al., 2015), which for Greater Ottawa
include areas in two provinces (Quebec and Ontario).

We also zoomed in to visually examine the spatial patterns of heat
vulnerability change in a city. Most dissemination areas in the seven
cities had 5-25% increases in heat vulnerability from 2006 to 2011,
while the dissemination areas with high vulnerability increase (> 25%)
tended to be located in suburbs or in smaller cities surrounding the
main metropolitan area (Fig. 5). Clusters of high vulnerability increase

Fig. 3. Clustering of the percentage change in heat vulner-
ability in Canada. Red indicates high increase in vulner-
ability in both the dissemination area and the surrounding
dissemination areas. Blue indicates low increase or decrease
in vulnerability in both the dissemination area and the
surrounding dissemination areas. Pink indicates an isolated
dissemination area with low or negative vulnerability in-
crease, surrounded by dissemination areas with high vul-
nerability increases. Orange indicates an isolated dis-
semination area with high vulnerability increase,
surrounded by dissemination areas with low vulnerability
increases or vulnerability decreases. Grey indicated dis-
semination areas without spatial clusters. (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Heat Vulnerability Change (Temporal vs Spatio-Temporal)
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Fig. 4. Comparison between the percentage of dissemination areas with heat
vulnerability change of > 25% and the percentages of dissemination areas with
high-high clusters from LISA map in 7 cities (Toronto, Montreal, Vancouver,
Ottawa, Edmonton, Calgary, and Victoria) in the Lower Canada.
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were mainly found in suburbs and satellites cities of a city (Fig. 6),
especially in cities with a relatively small percentages of high vulner-
ability increase dissemination areas reported in Fig. 4 (Montreal, Van-
couver, and Victoria). In addition, high vulnerability increase was also
seen in some neighborhoods with an already high density of socially
vulnerable people, such as Vancouver's downtown East Side (Kerr,
Wood, Small, Palepu, & Tyndall, 2003), further increasing the vulner-
ability of these areas.

4.3. Comparison of individual vulnerability factors

A more detailed examination of trends in individual socio-economic
heat vulnerability factors was done for Montreal, Vancouver, and
Toronto. These three cities were chosen because they are the most
populous metropolitan areas in Canada with known extreme heat
events (Bustinza et al., 2013; Kosatsky et al., 2012), and they show
relatively low, medium and high increases in vulnerability, respectively
(Fig. 4).

The dissemination areas with high-high spatial correlation, i.e. the
clusters of high heat vulnerability increase from Montreal, Vancouver,
and Toronto, have seen the greatest increase in the number of infants
and older ages from 2006 to 2011, and also very substantial increases in
the low education and low income populations, while the number of
people living in old housing and the unemployment rate have both
changed relatively less (Table 2). The increases of the highest groups
(infants and older ages) can be 3 to 6 times higher than the lowest
group (old housing and unemployment rate). This suggests that spa-
tiotemporal vulnerability increase in these clusters is primarily driven
by an increase in older ages and family with young children, and poor
and poorly educated people, rather than e.g. increases in

Edmonton

% Heat Vulnerability Change (2006 to 2011)

-<5%

5-25%

> s%

Fig. 5. Comparison of seven cities in Canada based on the temporal change of social vulnerability associated with heat risks from 2006 to 2001. Red indicates the
highest increase (> 25%) in vulnerability, while green indicates a decrease or a low increase (< 5%) in vulnerability. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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Toronto
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- Low Spatial Change / Low Temporal Change
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Fig. 6. Comparison of seven cities in Canada based on the spatiotemporal change of social vulnerability associated with heat risks from 2006 to 2011. Red indicates
significant clusters of dissemination areas with high increase in vulnerability; grey indicates dissemination areas with either low increase in vulnerability or lack of
clustering. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

unemployment, although all individual factors contributed to the heat
vulnerability change in Canada.

5. Discussion

The heat vulnerability index as applied to Canadian census data
from 2006 to 2011 provides a clear description of spatial patterns of
change in heat vulnerability during that period. Across Canada's 10
provinces, metropolitan areas have generally experienced a substantial
increase in heat vulnerability, while changes in rural areas are more
mixed. Most neighbourhoods showing large increases in heat vulner-
ability are found in suburbs and satellite cities surrounding me-
tropolitan areas, possibly due to mitigation; but also include some areas
of known vulnerability such as Vancouver's downtown East Side in
Vancouver with high percentage of unemployed homeless population
(Kerr et al., 2003; Kosatsky et al., 2012; Smoyer-Tomic et al., 2003). In
addition to these results, it is important to determine the primary dri-
vers of the underlying population trends, and to explore whether the

Table 2

observed change from a retrospective study can be implemented to
future planning and modelling. In the following, we discuss the results
of our study in the context of the existing demographic literature and
discuss the potential using of our approach in heat-health planning.

5.1. Implications of heat vulnerability change: migration and local growth

Our findings are strong evidence of an increase in the heat vulner-
able population in urban and suburban areas (Fig. 2). While we do not
have detailed data on the causes of these changes, they are likely to
reflect the net result of population dynamics driven by 1) workforce
migration, 2) access to public transportation, 3) housing prices, and 4)
natural amenities (Akbari & Aydede, 2012; Ali, Olfert, & Partridge,
2011; Anisef, Brown, Phythian, Sweet, & Walters, 2010; Chi &
Marcouiller, 2013; Chi & Ventura, 2011; Chi, 2012; Ng & Metz, 2014;
Walton-Roberts, 2012).

According to the 2006 and 2011 Canadian census data, immigration
contributed to the majority of population growth (approximately 2

Comparison of dissemination areas with high-high correlation from Montreal, Vancouver, and Toronto.

City Averaged Individual Percentage Change from 2006 to 2011 (%)
Older ages Infants People in old People in bad living Low education People living Low income Unemployed
houses environment population alone population
Montreal 336 364 75 256 255 194 240 67
Vancouver 357 327 96 248 314 194 250 108
Toronto 399 426 70 168 379 174 253 131
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millions) in Canada within these 5 years (Ng & Metz, 2014). This po-
pulation increase contributed to an increase in housing prices (Akbari &
Aydede, 2012), and specifically increased the low-income population
that is relatively vulnerable to extreme heat (Hansen, Bi, Saniotis, &
Nitschke, 2013). This migration is also a contributing factor for in-
creased unemployment rates in urban areas, and hence the social vul-
nerability associated with heat risk from 2006 to 2011. In addition,
because of the aging of the Canadian population (Sheets & Gallagher,
2013), heat vulnerability increased rapidly in urban and suburban
areas, where the majority of the elderly live, over these five years.

The cost of housing limits where the low-income population can live
in a city (Walton-Roberts, 2012), and at the same time may force a large
part of the single and unemployed part of the population to live in
relatively poor-quality dwellings often built in the post-war building
boom or before (Smoyer-Tomic et al., 2003), with the exact location
influenced by the transportation network and gasoline prices (Chi,
2012). A cluster of this heat vulnerable population group can thus be
formed in a city, separately from another heat-vulnerable group, the
elderly, whose residential location is to a greater extent driven by the
availability of natural amenities (Chi & Marcouiller, 2013). For ex-
ample, an increase in heat vulnerability was observed in West End and
Downtown East Side in Vancouver; both these neighbourhoods are
within walking distance to downtown Vancouver and are dominated by
people living alone and in high-rise buildings, and both neighbour-
hoods have relatively high unemployment rates and social deprivation
(Andresen, 2006). Similarly, an increase in heat vulnerability was ob-
served in Surrey Central, which is an area of known social deprivation
(Bell & Hayes, 2012), and a fair public transportation network (train
and bus) to downtown Vancouver. A similar pattern was found in
Montreal, where there were more dissemination areas with heat vul-
nerability change > 25% in satellite cities with good access to public
transportation (subway and/or bus) and lower housing prices, such as
Laval, Brossard, and Longueuil. In comparison, there was no significant
increase in heat vulnerability on Montreal Island from 2006 to 2011,
nor in Montreal East where housing is relatively cheap but access to
downtown Montreal via public transportation is relatively poor com-
pared to other regions. In a relatively more car-dependent city, such as
Calgary, access to public transportation is seemingly less important, and
dissemination areas with increasing heat vulnerability were commonly
found within the city limit of the city itself. In summary, the factors
shaping the demographic forces that in turn influence spatial patterns
heat vulnerability are complex and context-dependent, and include is-
sues such as the local housing stock and housing market, access to
public transportation, and the inertia provided by existing patterns of
social deprivation.

While older ages are less influenced by access to public transpor-
tation and proximity to the workplace when making relocation deci-
sions, this large group of heat vulnerable people is generally attracted
to natural amenities such as urban parks and natural spaces (Chi &
Marouller, 2013), which are spatially correlated with housing prices.
Suburbs and satellite cities, such as West Vancouver and Langley near
Vancouver, thus saw a great increase in older ages and a corresponding
increase in heat vulnerability from 2006 to 2011.

5.2. Policy implications and environmental planning for heat risk mitigation

The focus of this study was to map spatiotemporal patterns of heat
vulnerability in Canada, and identify areas of particular concern to
allow health agencies to focus heat risk mitigation effort in the most
important locations. Previous research on heat vulnerability mapping
(Hattis et al., 2012; Reid et al., 2009; Rinner et al., 2010; Vescovi et al.,
2005) and the estimation of temperature-mortality relationships
(Hondula et al., 2012) have aimed specifically at improving short-term
emergency planning and disaster risk management. For example,
neighborhoods with high heat vulnerability during a hot summer day
could be identified in order to deploy heat mitigation measures (e.g.
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urban greening, increasing numbers of drinking fountains, conducting
community-based workshop) for upcoming extreme hot weather
events. In contrast, our study is more applicable to long-term mitigation
planning as it outlines areas of increasing vulnerability. These areas,
while not necessarily highly socio-economically vulnerable at present,
could be targeted for heat mitigating urban planning interventions,
including cooling interventions such as tree planting and increasing the
albedo of urban surfaces, as well as increasing health care coverage and
emergency planning in the longer term. Knowledge of the drivers be-
hind increasing vulnerability in specific dissemination areas can also
help design targeted heat mitigation interventions, as older ages, fa-
milies with infants, and people with poor education or low income may
benefit from different heat mitigation strategies. This approach also
completed the heat vulnerability assessment proposed by government,
for example, in this study we followed the extreme heat and health
vulnerability assessment under Health Canada guideline to first char-
acterize community vulnerability, then to describe trends expected to
influence heat-related health outcome to assess future risk, which only
proposed by Health Canada guideline but not yet researched pre-
viously.

5.3. Limitations and future directions

In order to adapt this model from the regional to the local scale and
improve its utility, a significant improvement would be a local cali-
bration of the weights used for each social vulnerability factor in the
calculation of the index. Local calibration is potentially important be-
cause the relationship between heat exposure, social vulnerability and
mortality is highly variable among different cities (O'Neill et al., 2003;
O'Neill et al., 2005). Such calibration can be performed with local
historical weather and morbidity/mortality datasets (Chuang & Gober,
2016; Ho et al., 2017; Hu, Yang, Zhong, Fei, & Qi, 2017; Rosenthal
et al,, 2014; Smargiassi et al., 2009). Furthermore, given the im-
portance of immigration for the population growth seen from 2006 to
2011, it might be useful to include the immigrant population as an
additional variable and assess its contribution to heat vulnerability in
Canada. However, unlike the heat vulnerability of immigrants noted in
previous studies (Yardley et al., 2011), the wide range of educational
attainment and income levels seen in immigrants to Canada (Ng &
Metz, 2014) makes immigrants a less obviously vulnerable group than
is the case in other countries. A stratification of immigrants according
to origin and year of immigration as well as mother tongue, educational
attainment and income/wealth might be necessary to identify those
immigrant groups that are especially vulnerable and to contextualize
the general patterns of heat vulnerability of the immigrant population
in a regional context.

6. Conclusions

In this study, we used Moran's local I to detect spatial clusters of
increase in vulnerability to extreme heat from 2006 to 2011,
throughout the 10 Canadian provinces. Vulnerability to extreme heat
was quantified using an index derived from eight census-derived social
vulnerability factors using multi-criteria analysis. The results showed
that increases in vulnerability are concentrated in urban and suburban
areas, especially in suburbs and satellite cities surrounding the largest
cities in Canada, with small negative or positive changes in most rural
areas. For the spatial clusters of high increase in vulnerability found in
Canada's largest cities, the vulnerability increase is primarily driven by
an increase in the number of older ages and families with infants, as
well as increases in the low income and low education population. This
information is useful for targeting and designing long-term heat miti-
gation efforts in the areas where vulnerability is growing, and is likely
to continue to grow, the fastest. Local calibration of the heat vulner-
ability index based on long-term weather and mortality data, allowing
the index to be developed from social vulnerability indicators with local
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pertinence, would be a significant improvement in future research.
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