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Executive Summary
Introduction
The human health sector is directly and indirectly affected by a changing climate. This study is
an attempt to generate a “bottom-up” estimate of the economic impacts of climate change in
the human health context. The analysis first considers physical impacts, which are defined as
the climate induced changes in a number of health endpoints. Based on these physical impacts,
the analysis derives estimates of economic impact (i.e. the monetized value of the physical
health impacts). Additionally, this study aims to identify indicative cost-effective adaptation
measures that may reduce future potential health impacts.
The objectives of this study are: to advance the knowledge of the costs of climate change from
human health impacts; to produce a range of scenarios of human health changes linked to the
impacts of climate change; to select at least two adaptation options with the potential to offset the climate-induced impacts to human health; and to determine economic impacts of the
various scenarios.
This study presents climate change impact estimates for three 30-year periods centering on
2025, 2055, and 2085. The four cities included in the analysis are Toronto, Montreal, Calgary,
and Vancouver.
In terms of physical climate change impacts, this study assesses the individual and aggregate
effects of climate change on:




Heat-related mortality
Ozone-related mortality
Ozone-related morbidity

The aggregate physical impacts are assessed in terms of premature mortality and additional
morbidity cases across exposed populations using damage functions derived from empirical
relationships documented in the literature.
In this analysis we consider four alternative climate change impact scenarios, based on:



Two socio-economic scenarios including low economic growth (Local Stewardship or LS) and
high economic growth (World Markets or WM)
Two global CO2 emission scenarios, including low emissions growth (B1) and high emissions
growth (A2).

Economic Impacts
The study examines the economic impacts of premature mortality and morbidity arising from
the climate change impacts noted above (heat-related mortality and ozone-related mortality
and morbidity). Exhibit ES-1 presents the total annual economic impact of the climate-induced
mortality (i.e. the combined economic impact of heat-related mortality and ozone-related
mortality). Exhibit ES-2 presents the annual economic impact of the climate-induced morbidity
(i.e. ozone-related morbidity). The figures in the exhibits are in 2008 dollars and are
undiscounted (discounted present value calculations are provided in Section 5.3.3).
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Exhibit ES-1 Annual Undiscounted Economic Impact of Climate Change-Induced Mortality
(Heat- and Ozone-Related)

Exhibit ES-2 Annual Undiscounted Economic Impact of Climate Change-Induced Morbidity
(Ozone-Related)

As shown, the impacts of climate change are higher for the World Market socio-economic
scenario compared to the Local Stewardship socio-economic scenario for all time periods and
all Canadian cities. In addition, the economic impacts increase over the three time periods.
Similarly, the A2 emissions scenario exhibits higher economic impacts than the B1 emissions
scenario, and these impacts are increasing over the three time periods as well.
Exhibit ES-3 shows the cumulative present value impacts of climate change on human health
from 2010 to 2100. The impacts that are included are heat-related mortality and the mortality
and morbidity impacts of increased ozone exposure. Results are presented using a discount rate
of 3% (other discount rates are presented in Section 5.3.3).
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Exhibit ES-3 Cumulative Present Value of Economic Impact of Climate-Induced Mortality and
Morbidity (2010-2100, 3% discount rate)
Toronto
$2008 millions

Montreal

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$44.0

$66.4

$30.9

$45.0

$38.4

$58.1

$26.9

$39.3

Heat Mortality

$57.4

$87.4

$41.9

$60.7

$43.0

$65.4

$31.1

$45.4

Total

$101.3

$153.8

$72.8

$105.7

$81.4

$123.5

$58.0

$84.7

Calgary
$2008 millions

Vancouver

A2
LS

B1
WM

LS

A2

B1

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$6.6

$9.9

$5.3

$7.5

$26.0

$38.2

$22.2

$31.5

Heat Mortality

$10.9

$16.2

$7.4

$10.7

$23.9

$35.7

$17.9

$25.7

Total

$17.5

$26.1

$12.7

$18.2

$49.9

$73.9

$40.1

$57.2

As shown in the exhibit, cumulative impacts are greatest for the more aggressive combination
of World Market and A2 socio-economic and emissions scenarios compared to the more
modest combination of Local Stewardship and B1 scenarios. For example, the economic impact
of the Local Stewardship and B1 scenario combination for Toronto is $72.8 billion, while the
impact of the World Market and A2 scenario combination is $153.8 billion. It is evident that
climate induced mortality and morbidity will result in significant costs to the Canadian
economy, increasing in severity as population and GDP increase.

Role of Planned Adaptation
This study also examined two indicative adaptation measures that aim to reduce the health and
economic impacts of climate change. We examined one adaptation measure designed to offset
the climate-induced effects of heat-related mortality, and one designed to offset the climateinduced effects of ozone exposure. Specifically, we examined the following preventative
adaptation measures:



Reducing the urban heat island effect
Reducing ozone precursor emissions

The first indicative adaptation measure involved widespread implementation of green roofs in
Toronto, in order to reduce the urban heat island effect. This measure was found to produce
significant benefits through reduction of heat-related mortality. However, this measure
resulted in a cost-benefit ratio of less than one for both the World Market and Local
Stewardship scenarios. This cost-benefit ratio would likely be above one if all benefits of green
roofs were included in the analysis (not just the reductions in heat-related mortality).
The second indicative adaptation measure involved reduction of ozone pre-cursor emissions,
also in Toronto. This measure produced significant net positive benefits through reduction of
ozone-related mortality and morbidity (i.e. the cost-benefit ratio was greater than one).
These adaptation activities represent only a sub-set of the complete suite of possible initiatives
available to individuals and communities to adapt to climate change. The results of the study
suggest that planned adaptation can reduce part of the negative physical and economic impacts
of climate change on human health.
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Policy Implications
The results of this study have important policy implications for federal, provincial and municipal
levels of government. Several policy implications are summarized below.
In the absence of effective adaptation, climate change will impact human health.
Human health will be affected by climate change. This study found that climate change-induced
heat-mortality will be significant in all four study cities, with levels approaching or exceeding
100 additional deaths per year in Montreal and Toronto by the 2020s, and with steady
increases thereafter. Similarly, this study found that climate induced ozone-related mortality
will be significant in all cities, with levels that are nearly as high as those projected for heatrelated mortality (and higher in the case of Vancouver). The projected cumulative present value
of the economic impacts assessed in this study could be as high as $154 billion in Toronto, $124
billion in Montreal, $26 billion in Calgary, and $74 billion in Vancouver.
Human health impacts will extend beyond those presented here.
This study has quantified only a sub-set of potential climate induced impacts. We have selected
two health endpoints that had sufficient data to support quantification while adhering to the
study requirements. These impacts were bounded to dense urban areas where large
populations reside. Rural populations will also be affected by similar health endpoints.
Higher rates of warming will have higher physical and economic impacts.
Aggressive, high warming futures are likely to result in higher physical and economic impacts.
These impacts stem from the physical response of Canadians to the changing climate and
associated environmental stressors. This physical response is sensitive to the nature and scale
of these stressors.
Planned adaptation can play a role in cost-effectively reducing impacts.
Our analysis of indicative adaptation options suggests that planned adaptation strategies that
aim to prevent changes to the natural environment (ambient air temperatures and ambient air
quality) can play a role in cost-effectively reducing climate change-induced health impacts.
Multiple strategies will be needed to reduce the health risks of climate change.
The health risks associated with climate change are diverse, and the response to these risks will
need to be equally diverse. Responding to these risks will require collaboration among multiple
levels of government and other stakeholders, and will require a suite of adaptation strategies.
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1

Introduction

1.1

NRTEE Research on the Economic Risks and Opportunities of Climate
Change

1.1.1

Overview
The NRTEE has embarked on a policy research program on the Economic Risks and
Opportunities of Climate Change, with the goals of: i) illustrating what could be at stake for
Canada from the physical impacts of climate change, ii) providing strategic advice to position
Canada to succeed in these changing and uncertain futures, and iii) harnessing citizen views and
values as foundations for sound climate policy.
As the climate change debate in Canada has so far focused on the potential damage to
Canada’s economy from domestic greenhouse gas mitigation, the NRTEE is seeking to broaden
the discussion by using economics to shed light on other sources of risk and opportunity.
Among other research activities, the research program uses economic analysis to show: i) the
potential magnitude of damage to Canada from the impacts of climate change over the longterm; ii) the economic and welfare implications of the impacts of climate change in key
Canadian sectors / systems facing climate risk; iii) the role of domestic planned adaptation and
(global) mitigation in reducing climate change impacts for key Canadian sectors / systems facing
climate risk.

1.1.2

The Human Health Sector
The human health sector is directly and indirectly affected by a changing climate. These effects
will be realized at varying scales, in varying populations and at inconsistent geographic scales.
While there has been much work carried out in understanding some of the potential effects of
climate change on human health, there has been very little economic valuation work done that
attempts to monetize anticipated impacts. This study is an attempt to monetize some of the
impacts expected in the human health sector due to climate change, as well as identify and
analyze indicative adaptation strategies that have the potential to safeguard against some of
the potential burdens faced.

1.2

Study Objectives and Boundaries

1.2.1

Objectives
This study seeks to generate a “bottom-up” estimate of the economic impacts of climate
change in the human health context. The analysis first considers physical impacts, which are
defined as the climate induced changes in a number of health endpoints. Based on these
physical impacts, the analysis derives estimates of economic impacts, which are the monetized
value of the physical health impacts. Additionally, this study aims to identify indicative costeffective adaptation measures that may reduce future potential physical impacts.
More specifically, the objectives of this study are:
(1) To advance the knowledge of the costs of climate change from human health impacts
(2) To produce a range of scenarios of human health changes linked to the impacts of climate
change
Marbek | Dr. Patrick Kinney | Dr. David Anthoff
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(3) To select at least two adaptation options with the potential to off-set the climate-induced
impacts to human health
(4) By using expert judgment and appropriate valuation metrics, to determine economic
impacts (i.e., impacts associated with changes to human health endpoints) of the various
scenarios, including climate change, climate change induced impacts, and impacts under
adaptation.
NRTEE’s ultimate objective is to produce impact estimates at the national scale, with estimates
at sub-national levels where climate and other data permit. However, although human health
is likely to be impacted at the national level, more regional assessments are appropriate for this
initial sectoral evaluation, due to inconsistent geographic damage functions and limited data.
This study focuses on those geographic locations where a large percentage of the impacted
population resides, and hence the analysis captures the largest impacted population base
possible.
1.2.2

Boundaries
The boundaries of the study are shown in Exhibit 1. The rationale for selection of these
boundaries is discussed in Section 3.1.
Exhibit 1 Boundaries of Human Health Study
Climate stressors

1.2.3




Changes in temperature
Changes in heat wave duration




Changes in temperature
Other mechanisms affecting air
quality

Climate impacts assessed
Changes in temperaturerelated mortality and
morbidity
Changes in incidence of
respiratory and
cardiovascular disorders
and associated mortality
and morbidity

Geographic coverage
Large metropolitan
areas: Toronto,
Vancouver,
Montreal, Calgary

Time horizon
Three 30-year
periods
centering on the
2020s, 2050s,
and 2080s.

This Report
The balance of this report is organized as follows:







Section 2: Background
Section 3: Methods
Section 4: Physical Impacts
Section 5: Economic Impacts
Section 6: Planned Adaptation
Section 7: Discussion

This report is supplemented by a number of Appendices (provided under separate cover) that
provide additional detail, analysis, and references.
In addition to the main report, a subsequent report was prepared on the health care costs of
the ozone-related morbidity estimates. The objective of this follow-up work was to provide
additional information on the public sector health care costs of morbidity estimates, so as to
express the estimated ozone related, climate change-induced morbidity cases as a cost to the
Canadian public health care system. This complementary report is included as Annex A.
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Climate variables directly and indirectly affect human health. Extreme temperatures and poor
air quality already receive considerable attention from government agencies,1 and numerous
researchers and health organizations (including Health Canada) have studied sensitivity of
human health to climate variability and change.
Human health has been identified as a priority area by both the World Health Organization and
Health Canada when considering climate change impacts. In this light, Health Canada has
assessed Canadian vulnerability in their 2008 publication, Human Health in a Changing Climate:
A Canadian Assessment of Vulnerabilities and Adaptive Capacity. This document represents the
most comprehensive and up-to-date assessment of the vulnerabilities and adaptive capacity of
Canadian human health in a changing climate.
It is important to note the differences between sensitivity to climate (i.e. measurable variables
such as temperature and relative humidity) and sensitivity to changes in environment linked to
climate (such as air quality). Making the link from changes in climate, to changes in
environment, to health impacts is an involved science. There is however a growing research
community studying the potential effects of climate change on human health.
The remainder of this section discusses expected changes to climate and the environment and
the related potential impacts on human health. This section draws on the conclusions of Health
Canada’s 2008 vulnerability assessment.
2.1.1

Natural Hazards and Extreme Weather
Natural hazards with associated health impacts in the Canadian context include extreme
temperatures, floods, droughts, wildfires, storms and other extreme weather events,
avalanches, rock-, mud- and landslides, and fog, smog and mist. Canada will have varying
degrees of susceptibility to each of these potential threats as dictated by specific geographic
and geologic features of the region (Health Canada, 2008).
Exhibit 2 summarizes the key weather-related natural hazards in Canada and the anticipated
health impacts. While there is a lack of reliable and comprehensive Canadian historical data
available on occurrences and health impacts of extreme weather-related events and natural
disasters, trends indicate an increasing occurrence of natural disasters and associated economic
costs (Health Canada, 2008).

1

For example, Environment Canada will issue humidex warnings during periods of extreme temperatures urging
individuals to take precautions and be prepared for the weather. Environment Canada and Health Canada have
also developed the Air Quality Health Index (AQHI) as a health protection tool, aimed at helping individuals limit
their short-term exposure to elevated levels of air pollution.
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Exhibit 2 Key Weather-Related Natural Hazards in Canada and Associated Health Impacts
Extreme weather
event
Extreme Heat

Examples of impact
pathway(s)





Extreme Cold



Examples of potential health
effects

Body temperatures
elevated
Increased growth and
population of diseasecausing organisms and/or
vectors
Negative impact to air
quality





Body temperature is
reduced below normal
range

Death
Dehydration
Heat-related illnesses
(heat stroke, fainting,
heat cramps, heat rash)
Existing medical
problems made worse
(asthma, allergies)






Young children
Seniors
Chronically ill
People living in areas
with poor air quality






Frostbite
Hypothermia
Death
Increased risk of injury
due to accidents



People without
shelter
People who play or
work outdoors
Children
Seniors





Death by drowning
Respiratory illnesses
Physical injury, shock
and trauma
Respiratory illnesses
from dust and smoke
from fires
Outbreaks of waterborne illness due to
increased contaminant
concentrations



Physical injuries or death
from falls, collapsing
buildings, windblown
debris, house fires,
motor vehicle accidents,
electrocution
Hypothermia
Drowning





Extreme Rain or
Snowfall




Flooding and its aftereffects
Increase in populations of
mosquitoes and other
disease carriers

Extreme Drought





Water shortages
Crop failures
Reduced water quality






High winds
High waves and storm
surges
Flooding



Severe Storms



Particularly susceptible
populations

















Children
Seniors
People living along
coasts or waterways
People living in
drought-prone areas
Agriculturally
dependent
communities

People living in
storm-prone areas
People living in lowlying coastal areas or
in regions prone to
flooding

Source: Adapted from Health Canada, 2008

2.1.2

Air Quality
Air quality affects the health of Canadians because elevated concentrations of key
contaminants in ambient air cause adverse health outcomes (Environment Canada, 2010a;
Health Canada, 2008). Contaminants of particular concern include ground-level ozone (O3) and
particulate matter (PM).
While a protective gas in the upper atmosphere, ozone can have detrimental human health
effects when in the lower atmosphere. Exposure to ground-level ozone (O3) has been found to
cause both acute and chronic damage to the human respiratory system including increased
airway reactivity, airway inflammation, reduction in lung function and increased respiratory
symptoms (Health Canada, 2008). Additionally, numerous epidemiological studies have
concluded that ground-level ozone adversely affects human health (U.S. EPA, 2010, Health
Canada, 2008, Environment Canada, 2010a). Results of studying ground-level ozone changes in
95 American cities also suggest a statistically significant association between short-term
changes in ozone and mortality (Bell et al., 2004).
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Particulate matter concentration in ambient air is also correlated with adverse health
outcomes. Particulate matter is typically broken down into three categories: coarse (PM10), fine
(PM2.5) and ultrafine (PM0.1) and is classified as either primary or secondary. Approximately half
is emitted directly to the atmosphere (primary PM); the other half is formed via chemical and
physical reactions in the atmosphere in the presence of other gases (sulphur dioxide, nitrogen
oxides, volatile organic compounds and ammonia) (secondary PM). Numerous studies have
linked PM to negative health effects, such as aggravated cardiac and respiratory diseases,
various forms of heart disease, decreased lung function, increased hospitalizations, and
increased respiratory and cardiovascular mortality (Environment Canada, 2010a, Health
Canada, 2008, U.S. EPA, 2010).
Studies that investigated climate change and air quality have found that:



Increased temperatures could result in increased magnitude and duration of air quality
episodes (Mickley et al., 2004; Leung and Gustafson Jr., 2005).
Increased temperatures could result in increased ozone concentrations (Prather et al., 2003;
Hogrefe et al., 2004; Lagner et al., 2005).

Populations that are particularly vulnerable to adverse air quality include seniors, young
children, asthmatics, those with existing chronic diseases, people with a lower socio-economic
status2, and those living in densely populated urban neighbourhoods (Health Canada, 2008).
While it is well known that heat and air quality both impact human health, the synergistic
effects of the two are less understood. There is an overlap in the body’s response to these two
stressors which suggests that synergistic effects exist; however, few studies have been carried
out to explicitly address this interaction (Health Canada, 2008).
2.1.3

Food-, Water, Vector- and Rodent- Borne Diseases
Although it is known that a warming climate will change disease patterns in Canada,
fundamental uncertainties surrounding the exact nature of this change remain. The difficulty in
making projections of future diseases from climate change is the result of the indirect and
complex relationship between temperature, climate, disease and human health. For example,
while milder winters and more humid summers may favour the spread of West Nile virus,
drought could keep the virus in control. In addition, the effects of climate on diseases are
mediated through “influences on pathogens, their transportation routes, their invertebrate
vectors, their animal hosts, or on human behaviour” (Charron et al., 2008).
Food-borne diseases are caused by the ingestion of contaminated food. Salmonella,
Campylobacter and E. coli are the most common food-borne pathogens in Canada (Public
Health Agency of Canada, 2003). While Canada has an excellent food safety system in place, the
food production chain is vulnerable to climatic influences. Within limits, the survival rate of
most pathogens is positively correlated with ambient temperature (Hall et al., 2002). Climate
change will cause longer summers with hotter temperatures that may increase the number of
cases of food-borne disease over a longer period.
Water-borne diseases are closely tied to the hydrological cycle. For example, the Walkerton
outbreak of E. coli in 2001 was in part due to excess rainfall causing contamination of
groundwater (Auld et al., 2004). Climate change is expected to cause greater variability in
precipitation in Canada with some areas experiencing heavier rainfall, and other regions more
2

These individuals may find it difficult to cope with hazards as they may already experience chronic stress or other
health conditions and have limited financial means (Health Canada, 2008).
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prolonged drought. Climate change may result in conditions favourable to more frequent and
intense outbreaks of water-borne diseases. Temperature may also influence water-borne
diseases. Thomas et al. (2006) found that for a 5C increase in maximum daily temperature
over a 42-day period, the risk of a water-borne disease outbreak increases more than four-fold.
In addition, climate change may also allow the re-establishment of diseases previously
eradicated in Canada such as leptospirosis and cholera (Charron et al., 2008).
Although earlier research concluded that there was no connection between climate change and
an increase in vector-borne diseases (Kovats et al., 2001), more recent studies suggest that not
only will climate change affect some vector-borne disease, but that some of these changes are
already happening (Purse et al., 2005). West Nile virus and Lyme disease are two vector-borne
diseases that are expected to increase in frequency in Canada with climate change (Charron et
al., 2008). Although the risk of tropical diseases such as malaria may remain low in Canada even
with climate change, Canadians travelling to regions where these diseases are endemic may
return to Canada infected. In addition, rodent-borne diseases such as the plague have also been
associated with warmer climatic conditions (Parmenter et al., 1999).

2.2

Past Canadian Economic Studies
This section presents a brief literature review of relevant economic studies covering human
health impacts of climate change in Canada. The literature is comprised of both integrated
assessment models and “bottom up” studies. Integrated assessment models are models that
combine scientific and socio-economic aspects of climate change to investigate the aggregate
impacts. Bottom up studies have a more specific focus which allows a more precise analysis.
This section discusses both global/regional studies that have looked at Canada and also Canadaspecific studies. Most of the relevant literature focuses on a single health end point (i.e.
temperature related mortality, vector borne disease, etc.).
This section includes the following:



2.2.1

A summary of economic estimates of human health impacts in Canada obtained from
Integrated Assessment Models and Global/Regional Studies
A summary of Canada-specific studies.

Integrated Assessment Models and Global/Regional Studies
In an early effort to monetize climate change damages, Tol (1996) considered the loss of life
and morbidity from a doubling of atmospheric CO2. He estimated a total cost of $37.7 billion
(1990 US dollars) to the 1996 economy of the USA and Canada3. Assuming the damages are
proportionately distributed between the two countries, health damages from temperature
changes in Canada would be approximately $3.4 billion (1990 US dollars). To arrive at this
figure, Tol assumed that the value of a statistical life equals $250,000 plus 175 times the per
capita income in the region. Therefore, Tol assumed a constant value of mortality across age
cohorts and did not adjust his value of a statistical life for life years remaining.
Martens (1998) attempted to estimate a change in mortality associated with anthropogenic
induced climate change. Climate change scenarios were modeled using three different General
Circulation Models (GCMs). Mortality rate changes due to a change in climate were developed
via a meta-analysis of existing literature, which examined various health endpoints associated
with temperature increase. Martens only used those studies that presented a transparent and
confident means of estimating the temperature-mortality relationship. The study included the
effects of moderate warmth and cold, but explicitly excluded the effects of heat waves. The
3

The authors predict the impacts to the present economy, based on a doubling of atmospheric CO 2 occurring
somewhere in the next century.
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study used a collection of dose response functions that relate the impact of one degree
warming (or cooling) with different health endpoints. City specific estimates of changes in
mortality rates (relative to 1990) were estimated by combining the changes in the cities’
monthly mean temperatures (projected by the three GCMs) and the dose-response relationship
derived from the meta-analysis. The average temperature change of the three GCMs was 1.2°C,
to be expected sometime between 2040-2100. Twenty cities were modeled, including Toronto.
Martens extrapolated the results for Toronto to the rest of the country. Using this rough
approximation, the total temperature-related mortality for the population as a whole would be
expected to decrease by 27 per 100 000 people.
Kemfert (2002) used an integrated economy-energy-climate model WIAGEM (World Integrated
Assessment General Equilibrium Model) to assess climate change impacts for ten regional
groups of countries for the years 2010, 2020, 2030, 2040 and 2050. Canada was included in a
group with New Zealand and Australia. She confined her human health impacts to vector borne
diseases and mortalities due to temperature changes. She found that Canada would not suffer
from any adverse effects from vector borne diseases throughout her study period.
Bosello et al. (2006) assessed the indirect costs to health associated with climate change. They
included climate-change induced impacts on six human health endpoints: cardiovascular
disorders, respiratory disorders, diarrhea, malaria, dengue fever and schistosomiasis. Changes
in morbidity and mortality were associated with changes in labour productivity and demand for
health care (dissociated into public administrative costs and private household expenditures).
Canada was included in the ‘Rest of Annex 1’ countries (excluding the USA, Europe, Eastern
Europe and the Former Soviet Union and Japan). The authors presented the number of
additional deaths, additional years of life diseased, and additional cost of illness in 2050 by
region and disease. Because of a large decrease in cardiovascular disorders, the authors
estimated that the Rest of Annex 1 countries will witness positive health outcomes under
climate change. It should however be noted that the results of this paper are highly contested
in the literature. For example, Ackerman and Stanton (2007) heavily criticize a number of
important assumptions and the underlying methodology of the paper. However, one of the
purposes of Bosello et al. (2006) was to compare indirect and direct health related impacts of
climate change. The conclusion that indirect costs can be significant remains important.
Cardiovascular and respiratory disorders are worsened by extreme weather, both hot and cold.
Tol (2002a) and Tol (2002b) undertook additional modeling using the findings of Martens (1998)
on cardiovascular and respiratory mortality in 17 countries.4 This study used a non-linear
extrapolation based on a limited data set (17 countries) and a single climate change scenario
(1°C increase). This 1°C increase resulted in an increase of 1% of baseline mortality from
cardiovascular and respiratory causes. A restriction was put into place: total change in mortality
was restricted to a maximum of 5% of baseline mortality (an expert guess). Baseline
cardiovascular and respiratory mortality were derived from the share of the population 65 and
above only. Furthermore, heat-related mortality was assumed to be limited to urban
population with urbanization being a function of per capita income and population density.
Mortality was valued at 200 times per capita income.
Anthoff (2009) used the Framework for Uncertainty, Negotiation and Distribution (FUND)
model to estimate the mortality in Canada to 2300 from climate change under both B1 and A2
emission scenarios. The model calculated the mortality of seven health endpoints:
cardiovascular cold, cardiovascular heat, tropical storms, hurricanes, malaria, schistosomiasis,
and respiratory effects. All the equations and assumptions used in this model can be found in
Anthoff and Tol (2008). One important assumption to note is that although Anthoff assumed
cold-related cardiovascular mortalities occur in both rural and urban areas, he assumed that
4

For more background notes, please see Anthoff and Tol (2008)
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heat-related mortalities are restricted to urban populations, which may underestimate impacts.
His results suggest that respiratory mortalities will not occur until the 2100s under either the B1
or A2 emission scenarios. A summary of his mortality results for cardiovascular cold and heat,
tropical storms, and hurricanes for the 2020s, 2050s and 2080s is presented in Exhibit 3.
Exhibit 3 Annual Mortality in Canada from Climate Change under B1 & A2 Emission Scenarios
Year and emission
scenario
2020s B1
A2
2050s B1
A2
2080s B1
A2
Source: Anthoff, 2009

2.2.2

Cardiovascular
cold
-6 998
-6 910
-7 994
-8 299
-8 652
-10 509

Cardiovascular
heat
5 789
5 671
6 906
7 107
7 646
9 255

Tropical storm

Hurricane

100
105
112
126
112
160

18
19
26
29
33
43

Canada-Specific Studies
In addition to integrated assessment models and meta-analyses, human health impacts from
climate change have also been assessed at the more local Canadian level. Doyon et al. (2008)
used statistical models to quantify the relationship between mortality and climate for certain
cities and regions in Southern Quebec from 1981-1999. The models were then used to project
the impact of long-term temperature change effects in 2020, 2050 and 2080 under A2 and B2
climate scenarios. Their principal result is that summertime mortality will increase 2% by 2020
and 10% by 2080 while the annual mortality will increase 0.5% by 2020 and 3% by 2080.
Intuitively, they find that the increase in mortality for people aged over 65 are 2 to 3 times
higher than for people aged 15 to 64. Another important result is that the relationship between
mortality and climate is nonlinear. However, it should be noted that to arrive at their figures,
they assumed that no planned adaptation takes place5.
Ogden et al. (2006) used two GCMs and both A2 and B2 emission scenarios to investigate the
potential impact of climate change on the range expansion of the Lyme disease vector in
Canada. In contrast to Kemfert’s (2002) assumptions regarding vector borne diseases in
Canada, Ogden et al.’s (2006) results suggest that the geographic range of the Lyme disease
vector will expand northward significantly because of the influence of climate change on
temperatures. More specifically, they find that the theoretical range for the Lyme disease
vector moves northward by 200km by the 2020s and 1000km by the 2080s under the A2
scenario. Results are essentially the same under the B2 scenario up until 2050s. However, after
that date, the northern range expansion is less under the B2 scenario compared to the A2
scenario. Although not an economic study per se, this study presents important empirical
results that can be used for estimating economic impacts.
The Health Canada report Human Health in a Changing Climate: A Canadian Assessment of
Vulnerabilities and Adaptive Capacity (Health Canada, 2008) presents a comprehensive and upto date synthesis of knowledge on how climate change will impact the health of Canadians. For
the most part, the report focuses on the physical rather than the economic impact of climate
change on human health. However, the chapter by Lamy et al. (2008) on air quality presents
some new economic estimates.
Lamy et al. (2008) reviewed the literature on air quality and related health impacts from climate
change in Canada. They also used A Unified Regional Air-quality Modeling System (AURAMS) to
5

The authors are not explicit regarding treatment of spontaneous adaptation.
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estimate how temperatures 4C warmer would impact air quality in Canada, holding
anthropogenic emissions at 2002 levels. More specifically, they studied projected ground-level
ozone (O3) and fine particulate matter (PM2.5) levels for June, July and August. Although their
results only cover a three-month period, it is during this time period that air quality is most
affected. Two alternative scenarios were modeled. Scenario CC4 investigated the effects of an
increase in temperature on air quality, while scenario CC4b examined the effects of changes in
biogenic emissions6 of air pollutant precursors in addition to temperature changes.
To link air quality changes and human health impacts, Health Canada’s Air Quality Benefits
Assessment Tool (AQBAT) was used. The researchers found that climate change will increase
ground-level ozone O3 concentrations, resulting in negative health impacts. PM 2.5
concentrations were found to decrease; however, the increase in O3 formation dominated the
reduction in PM concentrations and overall there was a negative net health impact. In fact,
their results suggest that scenario CCb (biogenic and temperature) will result in a 4.6% increase
in the air pollutant-related health burden to Canadian society because of climate change over
the modelled summer. Exhibit 4 presents the physical and direct economic impacts resulting
from changes in both pollutants due to climate change under scenario CC4b. Positive values
indicate an increase in health endpoints and costs to society, while negative values represent
decreases.
Exhibit 4 AQBAT Estimates of Human Health Impacts for Ozone and Fine Particulate Matter
Changes Under Scenario CC4b for Canada
Endpoint

7

Acute Exposure Mortality
Acute Respiratory Symptom Days
Adult Chronic Bronchitis Days
Asthma Symptom Days
Cardiac Emergency Room Visits
Cardiac Hospital Admissions
Child Acute Bronchitis Episodes
Chronic Exposure Mortality
Minor Restricted Activity Days
Respiratory Emergency Room Visits
Respiratory Hospital Admissions
Restricted Activity Days
All Endpoints

Absolute changes from baseline
mean (count)
658
2,129,344
-450
361,620
-20
-54
-3,479
-346
871,327
1,416
347
-498,629
Not applicable

Absolute changes from baseline
mean (valuation)
$3,065,838,265
$30,792,263
-$149,476,645
$20,228,634
-$7,800
-$309,809
-$1,186,541
-$1,610,567,933
$34,602,731
$557,701
$1,595,637
-$26,020,581
$1,366,045,919

Source: Health Canada, 2008.

2.3

Existing Regional and National Adaptation Initiatives
This section provides a short overview of some of the existing national and regional climate
change adaptation initiatives related to human health. In general, climate change adaptation
initiatives relevant to human health have focused on information gathering and understanding
the adaptive capacity of the health care system (Lemmen and Warren, 2004). However, there
6

Biogenic emissions are emissions from natural sources such as plants and trees.
Acute respiratory symptom days correspond to days where individuals experience respiratory-related symptoms
such as chest discomfort, coughing and wheezing; asthma symptom days represent the number of days where
individuals diagnosed with asthma experience an exacerbation of asthma symptoms; restricted activity days
represents the number of days spent in bed, missed from work, and days when activities are partially restricted
due to illness.
7
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are a limited number of other examples of climate change adaptation intervention strategies
related to human health. In addition, there are many examples of adaptation measures that are
not specifically climate change focused, but that nonetheless reduce the potential health
impacts of climate change.
Specific adaptation measures can be assessed based on best information available and selected
on the basis of risk. This is a reasonable approach, especially when focusing on low/no-regret
strategies. There are however key information requirements for reasonable assessment based
on risk. To address this informational need, the Canadian federal government has invested
$85.9 million for climate change adaptation research, community-based risk assessments and
development of decision-support tools for adaptation (NRCan, 2008). Some of this money was
spent on human health research including $7 million for Health Canada to study climate change
and health adaptation in Northern nations and Inuit communities, and $14.9 million for Health
Canada and the Public Health Agency to set up pilot extreme heat and infectious disease alert
and response systems. As part of the Climate Change Impacts and Adaptation Program
delivered by Natural Resources Canada, 15 other health centered research studies were also
conducted between 2001 and 2008.
Health adaptation initiatives specifically related to climate change have been implemented in
some Canadian communities, including heat alert and response systems. Health Canada has
also launched a three-year heat initiative entitled “Developing Heat Resilient Communities and
Individuals in Canada” to pilot heat alert response systems and create a guidebook, publish
health care worker guidelines for heat events, and host a national heat forum (Health Canada,
2008). At the provincial level, Quebec is investing $34 million to prevent and mitigate the
impacts of climate change on health and public security (Government of Québec, 2008).
Quebec will use these funds to set up a warning system for intense heat events and systems for
monitoring infectious diseases. In addition, financial support will be provided to urban areas to
mitigate the impact of summer heat waves. At the more local level, Halifax has set up Climate
SMART, which stands for Sustainable Mitigation and Adaptation Risk Toolkit (Halifax Regional
Municipality, 2007). Its objective is to integrate climate change into municipal decision-making.
One of the main focuses of Climate SMART is on lessening the health impacts from extreme
weather events such as ice storms, torrential rains, flooding and hurricanes.
In addition to climate change focused research and adaptation measures, there are a number
of other examples of climate-related regional and national adaptation initiatives. While these
initiatives do not explicitly take into account future climate change, they will bolster the
capacity of Canadians to adapt to climate change impacts. An often-heralded example is
Toronto’s efforts to reduce the health impacts of extreme heat and cold (Lemmen and Warren,
2004). In 2001, in response to heat- and cold-related deaths in other parts of North America,
public health officials in Toronto implemented adaptation measures to help protect vulnerable
residents from extreme heat and cold events. Some specific adaptation strategies implemented
are extreme weather announcements via news media and increased availability and
accessibility of heated and air-conditioned public buildings. While these were not considered
climate change adaptation measures at the time of implementation, it is clear that they will
play a large role in helping the region reduce the negative health impacts from a warming
climate.
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Methods
This section is organized as follows:







3.1

Sub-section 3.1 describes the approach used for defining the study boundaries
Sub-section 3.2 outlines key assumptions and the emissions scenarios used in the study
Sub-section 3.3 describes the method used to estimate physical impacts
Sub-section 3.4 describes the approach to economic valuation
Sub-section 3.5 describes the method used to examine planned adaptation options
Sub-section 3.6 describes assumptions, limitations, and uncertainty

Defining Study Boundaries
Before physical and economic impact quantification estimates could be generated, it was
necessary to clearly define the study boundaries for the following study parameters:



Health endpoints
Geographic locations

The remainder of this section documents the development of the study boundaries.
3.1.1

Selecting Health Endpoints
The suite of health impacts due to climate change is vast with varying impact relationships
between climate, the environment (geochemical and biological systems) and health endpoints.
The endpoints considered for quantitative analysis were the following:
1.
2.
3.
4.
5.
6.

Heat-related Morbidity and Mortality
Respiratory and Cardiovascular Disorders (linked to poorer air quality)
Death, Injury and Illness from Violent Storms
Infectious Diseases
Food & Water Borne Illnesses & Increase in Intestinal Diseases
Social & Mental Stress

The resources available for this study did not permit quantitative analysis of all six endpoints, so
it was necessary to select a subset of this list for analysis. In selecting health endpoints to be
analyzed, we relied on the following criteria:




Vulnerability of Canadian population
Likelihood of impact
Data availability

Vulnerability of the Canadian population refers to the relative risk posed to Canadians for each
health endpoint, based on exposure and sensitivity8.
Likelihood of impact refers to the confidence of the scientific community in linking changes in
climate variables to observed effects on the health endpoint.
Data availability refers to whether the data required for analysis is available, either directly or
by extrapolation from existing sources.
8

Adaptive capacity is also a factor influencing vulnerability. However, because of Canada’s considerable technical,
financial, and institutional resources, adaptive capacity is likely to be a less significant factor in determining relative
vulnerability than exposure and sensitivity.
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The following discussion considers each of the health endpoints listed above relative to these
criteria. The discussion concludes with a summary table that provides the basis for selection of
health endpoints for analysis.
Heat-Related Morbidity and Mortality
A number of previous studies carried out in the human health sector have included heat-related
mortality (Metroeconomica, 2006; Watkiss et al., 2009). The climate → health endpoint (heat
mortality) link can be assessed via statistical modelling techniques with an emerging number of
academics reporting relationships between mortality and temperature. The knowledge base is
also currently expanding to better understand area-based and climate focused impacts of heat.
Additionally, most GCMs provide temperature changes anticipated over the study period
(2020s, 2050s, 2080s) and represent what the scientific community concurs may be plausible
changes over these time horizons. The current literature applies heat-mortality damage
functions in order to project impacts into the future for various climate change scenarios
(Dessai, 2003; Hayhoe et al., 2004; Knowlton et al., 2007).
Although sensitivity to extreme temperatures represents one of the better understood climate
stressors of human health (Health Canada, 2008), this observation primarily applies to
mortality; the relationship between morbidity and temperature is much less understood.
Respiratory and Cardiovascular Disorders (linked to poorer air quality)
Cardiovascular disease is the leading cause of morbidity, mortality and hospitalization due to
illness in Canada, for both men and women (World Health Organization, 2010). In 1997, there
were 79,457 deaths due to cardiovascular disease, which represented 37% of all deaths that
year. Acute respiratory infections caused 8,032 deaths in 1997, of which the majority were
pneumonia (96%) and to a lesser extent influenza (4%).
Research concerning the effects of climate change on respiratory and cardiovascular disorders
(arising from poorer air quality) has been relatively limited to date9. However this area has
gained increasing attention as climate change is expected to negatively impact air quality in a
number of ways. These include higher levels of ground-level ozone and increasing levels of
dust, pollen and allergens (Health Canada, 2005, 2008). The relationship between temperature
and pollutant formation is relatively well understood and academics have used temperature
increases as an acceptable proxy to estimate increases in ozone concentration.10 There are
also epidemiological data that speak to the effects of increased pollutant concentrations and
health effects. Additionally, there are readily available cost estimates associated with
respiratory and cardiovascular disorders in Canada (see Section 3.4).
Death, Injury and Illness from Violent Storms
Analysis of the impacts of climate on death, injury, and illness from violent storms has generally
relied on historical analogues or forensic studies, making inferences on expected return periods
given changing climate conditions. Compared to heat-related mortality and respiratory and
cardiovascular disorders, analysis of the impact of climate change on this health endpoint has
been limited to date.
9

There is extensive literature on the health impacts of air pollution; however the impact of climate change on air
pollution levels is less well understood.
10
Ozone formation is not solely dependent on temperature; however this has been used as a high-level proxy in
lieu of detailed photochemical/meteorological modeling in the current literature (Bloomer et al., 2009; Dickerson,
2008).
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Infectious Diseases
Over the last five years, there have been 1,036 cases of malaria reported in Canada and no
reported cases of yellow fever. An estimated 127 cases of Lyme disease were reported between
1981 and 1998; 851 probable human cases of West Nile virus fever were reported in 2003, and
32 cases of Hantavirus Pulmonary Syndrome have been reported since December 1999
(Pollution Probe, 2004). Milder winters followed by prolonged summer droughts and heat
waves may impact the occurrence of these vector- and rodent-borne diseases (Health Canada,
2008).
It is well acknowledged that an increase in infectious diseases may occur due to anticipated
climate changes; however there is a lack of modelling and projection data that can be used to
define the climate variable → outcome link.
Food & Water Borne Illnesses
Waterborne and foodborne pathogens affect human health (Health Canada, 2008).
Approximately 160 waterborne disease outbreaks were reported in Canada between 1974 and
1996, involving an estimated 8,000 people. Climate change could exacerbate these outbreaks
(Health Canada, 2008).
The same data gaps and issues occur for food & water borne illnesses as for infectious diseases.
There are some qualitative assumptions on the climate variable →outcome link, but no firm
data quantifying this link.
Social & Mental Stress
The link between social and mental stress and extreme weather events is apparent in the
literature. For example, studies investigating the social and mental stress induced by Hurricane
Katrina indicate high prevalence of posttraumatic stress disorder for adults living in the area
(Galea et al., 2008; Norris et al., 2009). However, to assess the associated social and mental
stress of climate change, projections of extreme weather events due to climate change are
required. While climate change may increase the frequency and/or severity of extreme weather
events, detailed projections of these events are not available.
The social and mental stress associated with climate change is acknowledged; however the
climate variable → outcome link has only been developed in a qualitative manner in the current
literature.
Summary and Conclusion
Exhibit 5 summarizes and completes the assessment of each health endpoint against the
selection criteria proposed above.
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Exhibit 5 Health Endpoint Selection Matrix
Health endpoint
Heat / Cold-related
Morbidity and
Mortality

Respiratory and
Cardiovascular
Disorders (linked to
poorer air quality)

Likelihood of impact

Vulnerability of Canadian
population

Strong confidence in Those living in densely
climate data and
populated urban areas at
health endpoint
increased risk.
relationships.
Many Canadian cities already
experience heat- and coldrelated morbidity and
mortality.
Growing confidence
in climate data and
health endpoint
relationships.

Data availability

Inclusion in
analysis

Relatively well
understood and
researched area.
Many peer-reviewed
studies exist.

Quantitative

Quantitative data
available.

Many Canadians living in
Growing research and
urban and rural areas have
interest in this area.
been affected by poor air
Previous air quality
quality. Human health costs of assessments carried out
air pollution are significant. for climate impacts in
Quantitative
Canada and U.S.
Quantitative data
available.

Death, Injury and
Illness from Violent
Storms

Infectious Diseases

Generally accepted
link between climate
variable changes and
increase in violent
storms.
Linking storms,
severity and health
impacts difficult.

Recognized as potential
health impact.
Data largely qualitative.
Information on storms is Qualitative
mostly related to
property damages. Not
much about health
impacts.

Difficulty defining
Recognized as potential
Recognized as potential
nature of change due threat – currently few cases in health impact.
to indirect and
Canada.
complex relationships.
Qualitative assessments Qualitative
Tropical disease
recognize threat of
threat considered low
imported cases to
for Canada
Canada.

Food & Water Borne Difficulty defining
Illnesses & Increase nature of change due
in Intestinal Diseases to indirect and
complex relationships

Social & Mental
Stress

Violent storms occur
sporadically over the country
– damages dependent on
location, severity of storm,
nature of storm, etc.

Recognized as an important Data largely qualitatively
threat in developing
based
countries. Less of an issue in
Qualitative
developed countries due to
our well-developed water
infrastructure.

Dependent on impact All populations / geographic Qualitative linkage only
locations affected would
Qualitative
experience differing degrees
and nature of stress.
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Based on the selection criteria, the health endpoints selected for quantitative analysis are:



Heat-related Morbidity and Mortality
Respiratory and Cardiovascular Disorders (linked to poorer air quality)

The remaining endpoints are discussed in a qualitative manner with suggestions for further
research provided in Section 7.
3.1.2

Selecting Geographic Locations
While ideally this study would capture the entire nation, health impacts will vary by region
because changes in climate will differ between regions, there will be varying local population
responses to these changes, etc.
For this reason it is necessary to focus the analysis on defined geographic locations. The
locations considered for possible analysis were Canada’s seven largest cities (by population),
plus the largest city in Atlantic Canada (since this region is not represented among the seven
largest cities). The eight candidates were thus:









Toronto
Montreal
Vancouver
Calgary
Edmonton
Ottawa
Quebec City
Halifax

To select the locations to be included in our analysis we considered the following criteria:



Regional susceptibility to the health endpoint
Baseline data availability

Regional susceptibility is dependent on the health outcome in question, environmental
influence of the key climate variables, and existing conditions of the region. Regions are
considered at risk to the health endpoint based on existing conditions, population and
sensitivity.
Baseline data availability refers to the availability of current baseline endpoint rates (either
directly available or readily extracted/extrapolated via existing sources). Quantification of
impacts is strongly dependent on baseline data availability as impact estimates are based on an
observed change from a particular baseline.
The following discussion considers possible geographic locations relative to these criteria, with
specific reference to the health endpoints selected for analysis (above). The discussion
concludes with a summary table that provides the basis for selection of specific geographic
locations for analysis.
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Regional Susceptibility: Heat-Related Morbidity and Mortality
Canadian communities may experience spells of uncomfortable or stressfully hot weather,
particularly portions of British Columbia and the Windsor-to-Quebec corridor (Health Canada,
2008). While populations in rural areas may also be vulnerable to heat-related morbidity and
mortality effects11, these effects are expected to be greatest in urban centers due to the urban
heat-island effect12 (Health Canada, 2005). For this reason, populations residing in large
metropolitan areas are considered to be most exposed to high temperature conditions.
Canadian urban heat-island research has focused on three areas: Toronto, Montreal and
Vancouver (Health Canada, 2008). These are the most populated metropolitan areas in
Canada, based on the most recent census data. Exhibit 6 below presents population rank of the
six most populated Canadian cities and associated population density.
Exhibit 6 Most Populated Canadian Cities
City

Population in 2006

Population national rank, 2006

Population density rank, 2006

Toronto, ON
Montreal, QC
Vancouver, BC
Calgary, AB
Edmonton, AB
Ottawa- Gatineau, ON/QC

4,753,120
3,316,615
1,953,252
988,079
862,544
860,928

1
2
3
4
5
6

1
2
4
8
12
5

Source: Stats Canada table Population and dwelling counts, for urban areas, 2006 and 2001 census – 100% data.
Available at: http://www12.statcan.ca/census-recensement/2006/dp-pd/hlt/97550/Index.cfm?TPL=P1C&Page=RETR&LANG=Eng&T=801&SR=1&S=1&O=A&RPP=9999&PR=0&CMA=0.

Regional Susceptibility: Respiratory and Cardiovascular Disorders
These urban areas often have poorer air quality, due to various factors such as high levels of
criteria air contaminant emissions, urban canyon effect13, urban heat island, etc.
Geographic locations with air quality issues are defined in this study as those that currently
exhibit ambient ground-level ozone (O3) concentrations that approach or exceed the Canada
Wide Standard (CWS), as shown in Exhibit 7 below.14 This study only investigates changes in
ground-level O3, as links to climate related changes in PM2.5 concentrations remain unclear.

11

Due to such factors as reduced availability of social services, more limited local access to health care, etc.
Urban areas exhibit what has been termed the “urban heat-island effect” due to the large amounts of paved and
dark coloured surfaces in cities. Ambient and surface air temperatures can be up to 3:C higher in these urban areas
compared to the rural surroundings.
13
The urban canyon effect results when high buildings surround emission sources such as roadways. Air enters the
‘canyon’ and begins circling within the confines of the ‘canyon’. This results in very little air exchange and
increased concentrations of undesirable pollutants.
14
The Canada Wide Standard (CWS) for ground-level ozone is 65 ppb (parts per billion by volume) over an 8-hour
th
averaging period. Achievement is based on the 4 highest measurement, annually averaged over three
consecutive years (Environment Canada, 2008). While CWS exist to safeguard natural and human health, there is
current debate regarding acceptable levels of ozone exposure.
12
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Exhibit 7 Regions in Canada That Are Close or Above the CWS for Ground-level Ozone (O3)

Source: Environment Canada, 2006

Baseline Data Availability: Heat-Related Morbidity and Mortality
Numerous baseline estimates of heat-related mortality are available in the literature. Pangelly
et al. found in their 2007 paper that there were 120 heat-related deaths on average per year in
Toronto. Their 95% confidence interval ranged from 105 to 135. Cheng et al. (2005) estimated
that from 1954 to 2000, approximately 120 people died annually due to heat-related causes in
Toronto, 121 in Montreal, 41 in Ottawa and 37 in Windsor.
The IPCC uses present heat-related mortality figures of 69 for Montreal and 19 for Toronto to
estimate future impacts related to climate change (IPCC, 2001b). While Statistics Canada does
collect mortality data, mortality rates due to exposure to extreme temperatures are not reliable
due to the inability of authorities to recognize/code for indirect effects. Statistics Canada data
on total mortality however is considered accurate and reasonable for use.
Heat-related morbidity includes heat stroke, heat exhaustion, skin-rashes, cramps, and
unconsciousness (Health Canada, 2008). Morbidity estimates are considerably more difficult to
identify as the majority of focus in the literature has been on mortality. This may be due to the
fact that ambulance and hospital admission records are not presently designed to capture such
morbidity or mortality data (NRCan, 2007). Since very little is known on the morbidity burden,
work in this area is still in developmental stages with only a handful of attempts to estimate this
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burden. Examples include Bassil et al. (2009) and a Toronto study that found that 911 calls
increased by 10% above normal levels during heat alert and extreme heat alert days between
1999 and 2002 (Dolney and Sheridan, 2005).
Baseline Data Availability: Respiratory and Cardiovascular Disorders
Because this study is interested in air quality impacts associated with concentrations of O3,
baseline assumptions are required for the health endpoints associated with this pollutant.
Health Canada has developed the Air Quality Benefits Assessment Tool (AQBAT) which has
embedded baseline assumptions for health endpoints impacted by changes in air quality.
AQBAT expresses baseline rates of incidence of the health endpoint in the specified population
as the annual events per million specified population.
AQBAT is a powerful tool that can be used to predict health impacts and associated economic
valuations of changes in air quality due to climate change15. AQBAT includes six health
endpoints associated with O3. These endpoints are documented in Exhibit 8. We relied on the
baseline rates of incidence embedded in AQBAT to assess the mortality and morbidity impacts
of changes in O3 expected over the study periods/cities.
Exhibit 8 Select Health Endpoints Included in AQBAT
Health Endpoints Related to O3
Acute Exposure Mortality
Acute Respiratory Symptom Days
Asthma Symptom Days
Minor Restricted Activity Days
Respiratory Emergency Room Visit
Respiratory Hospital Admissions

AQBAT provides baseline data for all eight of the candidate cities for each of the above health
endpoints.
Summary and Conclusion
Exhibit 9 presents the geographic locations considered and assesses them based on the criteria
defined above.

15

For further information on AQBAT, see Chapter 4, Annex 3 in Health Canada, 2008.
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Exhibit 9 Geographic Location Selection Matrix
Geographic
location
(rank in
population)
(rank in
population
density*)
Toronto,
ON (1) (1)

Montreal,
QC (2) (2)

Vancouver,
BC (3) (4)

Calgary, AB
(4) (8)

Edmonton,
AB (5) (12)

OttawaGatineau
(6) (5)
Quebec, QC
(7) (13)

Halifax, NS
(14) (11)

Regional susceptibility to health
Baseline data availability
endpoint
Respiratory and
Respiratory and
Heat-related
cardiovascular
Heat-related morbidity
cardiovascular
morbidity &
disorders
& mortality
disorders (linked to
mortality
(linked to air
air quality)
quality)
Densely populated O3 – CWS
Mortality – Quantitative Quantitative data
urban area
exceeded
data available (via
available via Health
(~80ppb)
literature)
Canada (HC) and
Temp Normals**:
Morbidity – QuanEnvironment Canada
Min = -7.3
titative data required (EC) (e.g. AQBAT
Max = 26.4
documentation)
Densely populated O3 – CWS
Mortality – Quantitative Quantitative data
urban area
exceeded (~70 data available (via
available via HC & EC
Temp Norms:
ppb)
literature)
(e.g. AQBAT
Min = -15.2
Morbidity – Quandocumentation)
Max =26.4
titative data required
Densely populated O3 – within 10% Mortality & morbidity -- Quantitative data
urban area
of CWS (~60ppb) Quantitative data
available via HC & EC
Temp Norms:
required
(e.g. AQBAT
Min = 1.2
documentation)
Max = 20.5
Moderately dense O3 – within 10% Mortality & morbidity -- Quantitative data
populated
of CWS (~60ppb) Quantitative data
available via HC & EC
Temp Norms:
required
(e.g. AQBAT
Min = -15.1
documentation)
Max = 22.9
Less densely
O3 - @ CWS
Mortality & morbidity -- Quantitative data
populated urban
(~65ppb)
Quantitative data
available via HC & EC
area
required
(e.g. AQBAT
Temp Norms:
documentation)
Min = -16
Max = 22.8
Moderately densely O3 – CWS
Mortality – Quantitative Quantitative data
populated area
exceeded (~70 data available (via
available via HC & EC
Temp Norms:
ppb)
literature)
(e.g. AQBAT
Min = -14.8
Morbidity – Quandocumentation)
Max = 26.4
titative data required
Less densely
O3 – within 10% Mortality & morbidity -- Quantitative data
populated urban
of CWS (~60ppb) Quantitative data
available via HC & EC
area
required
(e.g. AQBAT
Temp Norms:
documentation)
Min = -17.6
Max = 25
Less densely
O3 - below CWS Mortality & morbidity -- Quantitative data
populated urban
(~45ppb)
Quantitative data
available via HC & EC
area
required
(e.g. AQBAT
Temp Norms:
documentation)
Min = -8.6
Max = 23

Include/
exclude for
analysis
Include

Include

Include

Include

16

Exclude

Exclude

Exclude

Exclude

2

*Population density calculated as people/km using 2006 Census data from Statistics Canada.
**Temperature normals refer to daily maximum (summer) and daily minimum (winter) Canadian Climate Normals
for 1971-2000. Data from Environment Canada Weather Office, reported in :C.
16

Initially, Ottawa was recommended instead of Calgary. After consultation with the client and taking into
consideration the comments of the steering committee, Calgary was selected in lieu of Ottawa to ensure a higher
degree of national representation.
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Based on the selection criteria, the following geographic locations were selected for
quantitative analysis:





Toronto
Montreal
Vancouver
Calgary

3.2

Assumptions and Emission Scenarios

3.2.1

Socio-Economic Assumptions
This sub-section discusses the socio-economic assumptions that were made in order to
estimate future climate change impacts. Our analysis groups relevant socioeconomic variables
into three categories:




Population
Economic growth
Other socio-economic variables

These categories are described below.
Population
The health sector will be affected by changes in total population and changes in age
distribution. Total population by 2050 in Canada is expected to be between 37 and 40 million,
15% more than current levels (based on NRTEE estimates). At the same time, Canada’s
population is ageing17. These two factors combined would likely represent an increase in the
sector’s vulnerability to climate change without further adaptations.
We based our analysis on the provincial population projections provided by the NRTEE18.
Because our analysis is carried out at the city level, population projections by city were
generated for each of the LS and WM scenarios using city/province population ratios derived
from Stat’s Canada 2006 Census19 data. We assumed the city/province ratio would remain
constant through to year 2100.
Population projections and derivation are provided in Appendix B.
Economic Growth
The NRTEE provided two growth scenarios for National GDP, to be used consistently in the four
sectoral studies:



World Markets (WM), a high economic growth scenario (3% growth per annum)
Local Stewardship (LS), a moderate/ slow growth scenario (1.25% growth per annum).

17

Population projections provided by NRTEE indicate that Canada-wide, the cohort aged 65 and older represent
about 12% of total population in 1995, increasing to a maximum of about 24% in 2061 and decreasing thereafter.
18
National and provincial population projections for years 1995 – 2100, age disaggregated until 2075. Provided to
NRTEE by Infometrica.
19

www12.statcan.ca/census-recensement/2006/dp-pd/hlt/97-550/Index.cfm?TPL=P1C&Page=RETR&LANG=Eng&T=101
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Other Socio-Economic Variables
People are affected by climate impacts differently, depending on a number of socio-economic
variables. There is a strong understanding that at varying stages of life, an individual’s health is
determined by a complex interaction between many social and economic factors, their physical
environment, and individual traits and behaviours. These have been termed ‘determinants of
health’. It is the combined influence of these determinants that dictate the health status of
individuals and populations. Health Canada has identified the following determinants of health:













Income and social status
Social support networks
Education and literacy
Employment/working conditions
Social environments
Physical environments
Personal health practices and coping skills
Healthy child development
Biology and genetic endowment
Health services
Gender
Culture

Predicting all of these variables for the study population, let alone for the entire population
base, is a nearly impossible task and far beyond the scope of this study. Nonetheless, we
consider these socio-economic variables as part of our discussion and analysis of the results.
3.2.2

Emission Scenarios
We followed NRTEE guidelines by including two emissions scenarios:



A high warming scenario that is consistent with SRES A2 global emissions and temperature
changes
A low warming scenario that is consistent with SRES B1 global emissions and temperature
changes.

According to the IPCC Special Report on Emission Scenarios (Nakicenovic et al., 2000), the A2
storyline describes a very heterogeneous world. The underlying theme is “self-reliance and
preservation of local identities.” In this scenario, the global GDP reaches about US$250 trillion
by 2100.
The B1 storyline describes a convergent world with the same global population that peaks in
mid-century and declines thereafter. It considers a future with high level of environmental and
social consciousness combined with a globally coherent approach to a more sustainable
development. The B1 storyline considers a world with high levels of economic activity (a global
GDP of around US$350 trillion by 2100) and significant and deliberate progress toward
international and national income equality.
Based on these storylines, global emissions in the B1 scenario are significantly lower than those
in the A2 scenario.
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Estimating Physical Impacts
This section documents our approach to estimating the physical impacts of climate change on
the human health sector.
Estimating physical impacts required the following steps:





3.3.1

Step 1. Identify key climate variables associated with each health endpoint
Step 2. Develop climate scenarios and assess change in key climate variables
Step 3. Estimate changes to health endpoints based on changes in key climate variables
Step 4. Generate impact estimates for the target geographic areas.

Step 1. Key Climate Variables
This section lists the climate variables that are expected to have the most influence over a
particular health outcome. The information is based on our review of the literature (Health
Canada, 2008, 2005; Environment Canada, 2004a, 2004b, 2002; WHO, 2010). Each health
endpoint can be either directly or indirectly linked to a key climate variable as shown in Exhibit
10.
Exhibit 10 Health Endpoints and Climate Influences
NRTEE health endpoint
Heat-related Morbidity and Mortality

Examples of climate-related causes
More frequent and severe heat waves;
Overall warmer weather, with possible
colder conditions in some locations.

Respiratory and Cardiovascular
Disorders (linked to poorer air quality)

Increased air pollution: higher levels of
ground-level ozone and airborne dust;
Increased production of pollens and
spores by plants.

Key climate variables
Temperature (direct)
Heat Wave Intensity &
Duration (direct)
Cold Wave Intensity &
Duration (direct)
Temperature (indirect)
Other mechanisms
(indirect)

Source: Health Canada, 2008

3.3.2

Step 2. Climate Scenarios
An important component of this study is comparability with the three other sector studies
being carried out for the NRTEE (forestry, coastal, and infrastructure). One key aspect of
comparability relates to the consistent use of emissions scenarios. As defined by the NRTEE,
SRES A2 and B1 emissions scenarios and associated outputs of global climate models are to be
used for each of the analyses. While this is of paramount importance to the comparability of
the four sectoral studies, each study will have its own unique set of climate scenarios which
may or may not be related to the same climate variables.
A climate scenario is the “combination of the climate change scenario and the description of the
current climate as represented by climate observations” (IPCC, 2001). The following discussion
documents our method of generating the climate scenarios used in the study.
Climate Models and Output Data
Climate scenarios were developed using the delta method20. This involved applying the GCM
signals expected for the future to the observed climate. The scenario is obtained by adjusting
20

The delta method represents the most popular means to develop climate change information. This method
applies the GCM signal or anomalies calculated in the future to the observed climate (Environment Canada CCCSN,
2010).
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the baseline observations by the difference between period-averaged results for the GCM
experiments and corresponding averages for the GCM simulated baseline period (Environment
Canada, 2010b). Limitations of this method include: it assumes no change in variability
expected in the future; and it assumes any biases in simulation of present-day climate are the
same as in the simulation of future climate. Nonetheless, the combined use of GCMs and
different downscaling techniques21 provide the most suitable approach for the construction of
climate change scenarios for impacts and adaptation studies (Environment Canada, 2010b).
We used outputs of five of the GCMs used for the IPCC Fourth Assessment Report (2007). Refer
to Appendix A for the list of climate models used in climate scenario development.
Scenario Summary
Climate scenarios were constructed based on GCM outputs for current climate (1971-2000)22
and climate change scenarios (2020s, 2050s, 2080s). We used the average of the key climate
variables over the baseline time period (1961-1990; 1971-2000) to define our current climate
key variables. We used the average of the key climate variables over the study time periods
(2011-2040, 2041-2070, 2071-2100) to define our climate change scenario key variables.
Climate scenario key variables are defined by: current climate + climate change scenario.23
Using the method described above, we developed climate scenarios for SRES A2 and B1
emission scenarios. To incorporate uncertainty, multiple model outputs were used to estimate
changes in climate variables. Changes in temperatures (average mean, average min and
average max) were developed using an average of two GCMs; changes in heat wave duration
were developed using an average of three GCMs.
Climate Change Effects
Climate change effects are dependent on anticipated changes in climate variables. This
assessment used the following GCM output:


Average Mean Air Temperature (:C)

Our heat mortality impact calculations are dependent on changes in seasonal mean
temperatures (June, July, August months)24; our ozone impacts are dependent on annual mean
temperature changes25. While changes in average minimum and maximum temperatures and
heat wave duration were developed, these outputs were not used in the analysis. However, for
reference purposes, projected changes in average annual minimum and maximum
temperatures and summer heat wave duration for the study cities under the A2 and B1
scenarios are included in Appendix A26.
21

Downscaling was not undertaken in this study. Given the high level nature of the analysis, finer resolution data
was not considered necessary (i.e. the resolution provided by the GCM outputs was considered appropriate for our
purposes).
22
Originally, it was assumed the baseline would be 1961-1990 for all health endpoints; however after the
development of damage functions, estimates required a change in temperature relative to the 1990s. As such,
1971-2000 data was used.
23
In other words, the climate change scenario is an increment relative to the baseline (current climate).
24
Our calculations do not account for any impact of longer duration heat spells. This is because we could not find
clear evidence in the literature to guide such an approach. This is consistent with others who have projected
future impacts (Dessai 2003; Knowlton et al., 2007).
25
For the purposes of AQBAT simulation, annual changes in temperature were used to approximate ozone
concentration increases. While ozone is particularly a summertime pollutant, AQBAT requires annual ozone
concentration changes for estimating mortality impacts. These annual changes were also used to approximate
seasonal impacts, because morbidity estimates in AQBAT are a function of seasonal changes.
26
Relative to 1961-1990.
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Step 3. Changes to Health Endpoints (Damage Functions)
For estimating changes in health endpoints we relied on a field expert to:





Review results of previous assessments carried out in the U.S., Canada and Europe
Use expert judgment to extrapolate results to Canada
Assist in developing damage functions for each health endpoint
Provide guidance and advice in applying damage functions27.

In developing these damage functions, two factors introduce a degree of uncertainty in the
data: synergistic effects and spontaneous adaptation.
Synergistic Effects
Climate change is likely to enhance ozone formation, partially through increasing temperatures.
Increases in acute mortality have been linked to elevated daily ozone concentrations in past
epidemiologic studies, with ozone effects that are independent of direct temperature effects on
mortality. While it is possible that ozone and temperature could act synergistically in their
mortality impacts (i.e., an effect that is larger than the addition of the two independent
effects), we deem the quantitative evidence for synergism to be too limited at present to justify
applying synergistic exposure-responses in our physical estimates. Instead, we treat each effect
on mortality as independent and additive. This approach is justified in that the original
epidemiologic studies upon which the ozone and temperature effects are based controlled for
the other environmental factor in deriving their effect estimates.
Spontaneous Adaptation
Spontaneous adaptation occurs when a population adapts to a situation without being
instructed to do so and without going through some period of adjustment that results in
significant impacts. For example, heat illnesses are preventable by behavioural changes such as
limiting exposure to hot weather, accessing cool areas to lower body temperature, drinking
plenty of liquids, and/or abstaining from alcoholic or caffeinated beverages.
It is expected that a certain percentage of the population will have some capacity to adjust to
the change in climate without experiencing any major adverse effects. This is more likely the
case with direct heat-related impacts as some will make obvious choices that safeguard their
health. Some determinants of spontaneous adaptation could include:





Education and literacy
Lifestyle
Health
Socio-economic status

Those with a higher socio-economic status are more likely they are to make appropriate
decisions to protect themselves. Generally, income and education allow individuals to have
greater control over their circumstances, particularly during events of high stress (Public Health
Agency of Canada, 2004). The level of spontaneous adaptation will also depend on access to
and availability of measures that protect against the health impact, and on the appropriate
perception of risk. Any measures aimed at safeguarding health in a changing climate will only
27

Our expert partner on the project is Dr. Patrick Kinney, of the Mailman School of Public Health at Columbia
University. Dr. Kinney is the Director of the Columbia Climate and Health Program and Professor of Public Health
(Environmental Health Sciences).
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be effective in a population that acknowledges and accepts climate-related threats and are
made aware of the specific risks.28
Some Integrated Assessment Models use GDP as an indicator of a population’s capacity to
adapt. While we initially proposed relying on GDP to dictate spontaneous adaptation, we were
unable to find a reliable quantitative expression of the relationship between GDP and degree of
adaptation that would have made possible a quantitative analysis based on GDP. For heatrelated health impacts of climate change, there is reason to believe that adaptation/
acclimatization may occur as temperatures warm in future decades, potentially diminishing the
health impacts compared to the observed impacts under current climate. By not quantifying
adaptation, our estimates of health impacts in future decades can be viewed as upper bound
estimates – i.e., impacts that could be expected if no further adaptation/acclimatization occurs
beyond that embedded in the empirical data used to develop the damage functions.
3.3.4

Step 4. Impact Estimates for the Target Geographic Areas
Based on the climate and geographic data, damage functions, and approach described above,
estimates of physical health impacts were generated for the defined geographic areas (Toronto,
Montreal, Vancouver, and Calgary).
Due to the intricate nature of climate, geography and human health impacts, estimates
generated for these specific geographic locations/health endpoints cannot be extrapolated to
the national level. For example, heat effects that occur in less populated rural areas will likely
be less than those estimated for densely populated urban areas. Similarly, air quality related
effects will be dependent on a number of site-specific inputs, including baseline air quality and
magnitude of projected concentration change.

3.4

Economic Valuation
Economic valuation involves placing a value on the expected health outcomes (physical
impacts). This monetizing process is displayed in simple form in Exhibit 11 below.
Exhibit 11 Economic Valuation for Health

Medical Costs ($)

Morbidity (#)

Lost Productivity ($)

Other Costs (i.e. pain
and suffering) ($)

Health Endpoint

Mortality (#)

Life Lost ($)

28

Berry et al. (2009) have found that while many Canadians are concerned about climate change and generally
perceive significant health risks from climate-related threats, there is little knowledge of the specific health risks.
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The section on physical impacts provides information on changes in health risks associated with
changes in temperature. Economic methods are used to translate these changes in risk into
monetary values. These economic values are calculated in various ways. For instance, the value
of health effects may include the cost of illness (COI) as reflected in lost wages and hospital
costs, as well as the individual’s willingness to pay (WTP) to avoid the change in risk.
Monetizing health impacts is an important topic from a public policy perspective. Its
importance stems from the fact that our society faces a number of different health impacts
while our resources are limited. In addition, monetary valuation allows decision makers to
objectively compare possible scenarios using a common metric. Therefore, monetizing these
health impacts can help inform public decision-makers of the real economic costs of climate
change and how best to employ scarce resources to enhance social welfare. Of particular
relevance to this study is the monetization of human life, illness, and disease.
3.4.1

Mortality Risks
A particularly important consideration is the value assigned to increased mortality risks. This
value typically accounts for a substantial fraction of the economic costs associated with
projected climate change impacts on human health.
Mortality risk valuation studies usually identify the amount an individual would pay for a small
reduction in the risk of death. Willingness to pay values can be derived, for example, from
structured survey data eliciting individual’s responses to trade-off questions (Freeman, 2003).
These surveys determine the value of reduced mortality risk or value of a statistical life (VSL).
For example, if one individual is willing to pay $500 for a reduction in risk of 1/10,000, then the
value of saving one statistical life equals $500 times 10,000—or $5 million. It is important to
mention that the purpose of a VSL is to estimate what a population would pay for a small risk
reduction spread over a group. It does not attempt to estimate the intrinsic value of a life.
Not surprisingly, VSL estimates in the literature vary considerably. The US EPA did an intensive
literature review of previous VSL studies and found values from $ 0.7 million to $ 16.3 million in
1997 US dollars (US EPA, 2000). A report prepared for Environment Canada and Health Canada
found a mean VSL of $5.2 million with a range from a low of $3.1 million to a high of $10.4
million in 1996 dollars (Chestnut et al., 1999). The mean value adjusted for inflation (from 1996
to the end of 2004) gives a value for the VSL of about $6.1 million in 2004 $C and $6.4 million in
2006 $C. This is the VSL value that is recommended by the Cost Benefit Analysis Guide of the
Treasury Board. For comparison, the US EPA currently recommends using a VSL of $7.0 million
in 2006 US$ (US EPA, 2008b). We use the Treasury Board recommended value for this study.
Two other valuation measures have been proposed to monetize mortality risks: the value of life
years (VOLY) and disability adjusted life years (DALY). VOLY has been applied in health
economics studies to account for the age dependent nature of mortality. The lifetime
consumption model assumes that the WTP to reduce mortality risks is equal to the present
value of expected utility of consumption for the remaining years of life (Boardman et al., 2006).
Therefore, the WTP for mortality risk reductions is inversely proportional with age. However, by
assuming a constant VOLY, this approach ignores the scarcity value of life (i.e. individuals with
only a few years left may have a higher WTP for these remaining years).
The VOLY can be computed from an estimate of the VSL using the formula
VOLY = VSL x A(T-a,r)
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where A(T-a,r) is the annuity factor and is composed of the expected number of reaming years
of life (T-a) and the utility discount rate (r).29
DALY is a further refinement to VOLY (Boardman et al., 2006). DALY weights the VOLY by the
quality of an individual’s health during that year. A weight of 1 is given for perfect health; a
weight of 0 is assigned for death; and weights in between are given for varying degrees of
health. DALY explicitly incorporates the fact that not all life years should be valued the same.
VOLY and DALY can provide health policy makers with additional information to compare costeffectiveness between various health intervention options and measures. The underlying issues
are relevant to our study because older people bear the majority of heat-related and ozone
mortalities. Given this, the mortality estimates presented in this report can be characterized as
“deaths brought forward”. For example, in an evaluation of ozone mortalities in the U.S., Levy
et al. (2001) present estimates that show the average period of death brought forward to be 12
months (i.e. on average the individuals who die from ozone would have passed away
12 months later in the absence of ozone). However, the exact values to use for VOLY and DALY
are uncertain because direct and credible estimates of these measures are lacking. Applying
estimates from other countries can be problematic because of currency conversions and
accounting for income differences.
3.4.2

Morbidity
To monetize the impacts of different morbidities, we used the embedded valuation metrics in
AQBAT. AQBAT relies on willingness-to-pay (WTP) to value morbidity. The WTP approach is
based in microeconomic theory and on the trade-offs individuals make between health and
wealth. Health valuation studies estimate WTP for different health endpoints by examining the
trade-offs individuals currently make (revealed preference), or presenting hypothetical choice
situations (stated preference) (Krupnick, 2004). The WTP for standard health endpoints can be
characterized as the total loss in social welfare. Therefore, medical expenditure and work
income losses are only two of the components of total WTP. Because they measure total
welfare losses, WTP estimates are favoured in economic analysis of health outcomes (Krupnick,
2004).
Exhibit 12 shows a sample of AQBAT morbidity costs that were used in our analysis.
Exhibit 12 Willingness-To-Pay (WTP) Health Endpoint Valuation in AQBAT
Health endpoint
Acute Respiratory Symptom Days
Asthma Symptom Days
Minor Restricted Activity Days
Respiratory Emergency Room Visits
Respiratory Hospital Admissions

WTP value (CAD$2008)
$16/day (mean value)
Standard Error =$9/day
$35/day (most likely value)
$9/day (minimum value)
$151/day (maximum value)
$28/day
Standard Error = $11/day
$2,524/visit
Standard Error = $265/visit
Bundled with Respiratory Emergency Room
Visits

Source: Judek, S. and Stieb, D. Air Quality Benefits Assessment Tool (AQBAT). Version 1.0 (Review), October 2006.

29

The exact formula of the annuity factor is r/(1-(1+r)^-(T-a)).
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For each scenario evaluated, we rely on the monetary outputs of AQBAT and scale to the
appropriate population for the socio-economic scenarios evaluated. Fundamentally, monetary
impacts are estimated as follows:
( )

∑

Where,
i = health endpoint
Populationi : population affected by health endpoint
ΔMorbidityi : number of individuals affected
Valuationi : unit cost of illness (or health endpoint)
For more information on the AQBAT approach, see Health Canada (2008), Chapter 4, Annex 3.
See Judek and Stieb (2006) for more information on detailed AQBAT calculations.

3.5

Planned Adaptation
Planned adaptation is defined as “the result of a deliberate policy decision, based on an
awareness that conditions have changed or are about to change and that action is required to
return to, maintain, or achieve a desired state” (The World Bank, 2010). Climate change
adaptation is unique as it requires both decision makers and individual Canadians to plan for
and adjust behaviours in response to events and conditions that are uncertain and, in some
cases, not yet experienced.
A review of current adaptation measures and their effectiveness demonstrates that locally
tailored, short- and long-term intervention strategies are required. In considering adaptation
options, it is important to recognize the difference between preventative policies and measures
(i.e. reduce exposure) versus secondary (i.e. monitor and intervene) versus tertiary (i.e.
response actions). Health Canada notes that secondary and tertiary adaptation measures are
“in general, less effective than primary prevention measures and can be more expensive in the
long-term” (Health Canada, 2008, page 416).
Below we elaborate on some examples of planned adaptation measures and the considerations
required for assessment. From among these options, two preventative adaptation options were
selected for assessment as part of this study. We quantified the effects of these two planned
adaptation options by estimating the number of mortality and morbidity cases that could be
avoided, together with the corresponding economic benefits. Our more detailed methodology
is described in Section 6. Due to the wide range of assumptions that had to be made, and the
limited data available, our assessment is intended to be indicative only.
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Preventative Adaptation (assessed in this study)
Increase albedo and plant trees – Albedo refers to the reflective capacity of a surface, or how
strongly it reflects light. Dark surfaces such as asphalt have a very low albedo, meaning sunlight
is absorbed and the surface is heated. Increasing albedo would result in more sunlight being
reflected back to the atmosphere and, to some degree, counteract the urban heat-island
effect.30 In fact, it has been shown that the “albedo of an urban area is one of the most
important determinants of the magnitude of the heat island” and that increasing albedo could
reduce air temperature by 1-3.5: C (O’Neill, 2009). Planting trees to increase the natural canopy
cover could also decrease air temperatures, by up to 1-3:C (O’Neill, 2009). An assessment of
these options would need to consider the degree to which the albedo could be increased in the
study areas (i.e. identify space available for planting trees, potential area that could be
converted to green-roofs, greenery, etc).
Reduce air pollutants – Health Canada has noted that “mitigation actions to reduce both
pollutants and GHGs are in line with the preventative approach to climate change advocated by
the public health community” (Health Canada, 2008). An assessment of air pollution reduction
as an adaptation option would need to determine air pollutant emission sources in the study
areas, identify means to reduce these emissions, and then finally assess the potential difference
in health endpoints due to reduced emissions (related to a change in concentration of harmful
air pollutants, which in this study is considered primarily to be O 3). Potential options include
regulations to reduce emissions from fossil-fuel generation stations or traffic restrictions to
reduce vehicle emissions (Health Canada, 2008).

3.5.2

Secondary Adaptation (not assessed in this study)
Heat alert and response systems – Heat alert systems use meteorological forecasts to reduce
heat-related impacts to humans during hot weather via numerous mechanisms, including:
media announcements, website bulletins, telephone calls and home visits to vulnerable
populations, and cooling centres. These interventions have been shown to reduce excess
mortality (O’Neill et al., 2009). Other systems (such as reverse 911 calls) could be adapted to
target vulnerable people during a heat wave. Assessing this option would involve a review of
current systems and their performance. Assumptions on effectiveness would be required.
Air quality indices and smog advisories - Smog advisories can represent a first line of defence
when attempting to safeguard Canadians from effects of poor air quality. A number of
provinces and municipalities have developed their own indices and these are considered
relatively successful (Health Canada, 2008). Health Canada and Environment Canada have also
developed an Air Quality Health Index (AQHI), a national index that provides information on
current air quality levels and health risks. It was designed as a protection tool to help people
make decisions to protect their health by limiting short-term exposure to adverse air quality
and/or adjusting activity levels during air quality episodes. Assessment of this response option
would require research concerning the impact of the current indices.
Smog response plans – Smog response plans include a series of connected communication and
operational action plans. Typically there are four main components: education, documenting
and tracking air quality, management strategy development, and response preparation. Many
communities in south-central Canada have developed long-term clean air plans. This action
30

Solar radiation reaching the Earth’s surface consists of approximately 46% visible, 49% near-infrared and 5%
ultraviolet. While a material may have a high reflectivity in the visible range, visible light is only about half of total
incoming radiation. Therefore the solar reflectance of a surface over the total range of incoming wavelengths can
be lower (due to the absorption of the other invisible wavelengths) (Gaskill, 2004).
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may be considered a blend of both preventative (due to the efforts to reduce harmful air
emissions) and secondary (due to the responsive nature of the remaining components) (Health
Canada, 2008). To assess this response, research on existing programs and their effectiveness
would be required as well as assumptions on applicability to the study areas.
Air conditioning – Increased use of air-conditioning can be a form of spontaneous adaptation
when individuals independently decide to install new systems or make greater use of existing
equipment. However, increased use of air conditioning can also be a planned adaptation
option. For instance, governments could introduce measures to accelerate the installation of
new systems through some type of incentive program or through building code provisions. Such
initiatives would have implications on electricity demand that should be considered, including
the corresponding air pollutant and GHG emissions.
3.5.3

Tertiary Adaptation (not assessed in this study)
Treating heat-related morbidity and respiratory/cardiovascular events can be considered to
be tertiary adaptation options. Rather than taking action to prevent or avoid health impacts,
tertiary options involve treatment of the impacts as they arise.

3.6

Assumptions, Limitations & Uncertainties
This section documents the assumptions, limitations and uncertainties in the analysis.

3.6.1

Assumptions
A number of significant assumptions were required in order to carry out the analysis of physical
impacts. These included the following:


Population ratios will remain constant for the selected cities: We assume that city versus
provincial population ratios remain constant over the study period. This may under or
overestimate city population estimates and, as a result, may under or overestimate the
number of individuals affected by climate change in these cities.



Changes in climate variables for the selected cities are a plausible representation of how the
future climate may change in the study areas. We used selected GCM models to determine
changes in climate variables. Downscaling was not undertaken in this study, meaning that
the modelled changes apply to a larger geographic area than the city boundaries. Given the
high level nature of the analysis, the resolution provided by the GCM outputs was
considered appropriate for our purposes.



The relationships between mortality and heat in the study areas are similar to those in the
literature. While our temperature → heat mortality damage function is based on
temperature → mortality relationships of various North American cities, this assumption
may or may not be valid in all circumstances, given geographic and social differences.



Temperature is a suitable metric to measure climate change-related influences on O3
formation. This assumption is considered reasonable as it is accepted by the scientific
community that temperature can be used as a surrogate for meteorological factors
influencing surface ozone formation (Jacob et al., 1993; Ryan et al., 1998; Camalier et al.,
2007; Bloomer et all, 2009).



Ozone correlations as observed in the literature are applicable to the Canadian cities
examined in this study. The results of Bloomer et al., 2009 indicate that “for all regions, at
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all times and at any location, ozone concentrations increase with increasing temperatures”.
While different areas will exhibit unique ozone-temperature relationships, there are no
readily available correlations for the cities of interest to this study, so we have used
correlations from the literature. Also, to isolate the effects of climate only, we assume
future time periods experience the same baseline air quality as currently observed (i.e. we
assume that, in the absence of climate change, policy and/or technological advancements
will maintain air quality at current levels).


The relationships between temperature increase and heat-related mortality, and between
temperature increase and ozone formation, are linear in all future time periods. This
assumption is consistent with the way damage functions have been treated in the
literature. However, these relationships may or may not be linear, depending on the
magnitude of future temperature increases, the pattern of daily temperature fluctuations,
and other influences. While the use of linear approximations may underestimate the effects
in a higher warming future (at least in the case of heat-related mortality), this is somewhat
offset by the fact that we have not separately accounted for adaptation/acclimatization
(which would decrease impacts in a higher warming future). To better understand the
possible effects of a non-linear relationship, we have undertaken a sensitivity analysis based
on a +/- 50% change in our damage functions. The results of this analysis are presented in
Appendix E.

In addition, for our assessment of indicative adaptation options, a number of significant
assumptions were made concerning unit costs and impacts. These assumptions are specific to
each option, and so are presented as a part of the discussion of those options in Section 6.
3.6.2

Limitations
This study was intended to be an initial assessment, undertaken within a defined set of
boundaries that defined the scope of the analysis based on available resources and other
factors. Some of the key limitations of this study therefore include the following:


Health Endpoints: We did not analyse the full suite of potential health impacts. This study
evaluated a sub-set of the health endpoints of interest based on vulnerability, data
availability and likelihood of impact. Further, within the endpoints considered, not all
factors influencing the health endpoint could be assessed based on current knowledge.



Populations/Geographic Locations: We did not analyse health impacts on the entire
Canadian population. While the four geographic areas considered capture approximately
one-third of Canadians and include some of the most exposed groups of people, remaining
urban and rural populations and effects are not taken into account.



Climate Influences: We only analysed the impacts associated with changes in average mean
temperatures expected over the study period. While climate scenario development also
included temperature extremes (minimum and maximum) as well as heat wave duration,
these metrics did not provide any additional quantitative insight for the study (i.e. no
quantitative scientific data was available to assess the impact of the change in these
extremes to the health endpoints). These metrics did, however, provide some additional
insight for our qualitative assessment of impacts.



Climate Scenarios: The climate scenarios assume no change in variability in the future. They
also assume that any biases in simulation of present-day climate are the same as in the
simulation of future climate. These are inherent limitations when utilizing GCM model
output data. This study has captured some uncertainty by including two different emission
scenarios, A2 and B1.
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Economic Impacts: Lacking specific age-based mortality estimates, we use the same VSL
values for the entire population, regardless of age. The empirical evidence suggests that
individuals over 70 have a lower VSL than individuals under 70 (Alberini et al. 2006). Using
non-age adjusted VSL values will tend to overstate the economic impacts because the
majority of climate-induced heat-related and ozone mortalities occur in individuals over 70.



Planned Adaptation: The planned adaptation options considered represent only one option
for each of the health endpoints considered and are not presented as preferred or
recommended options.

Uncertainties
The assumptions and limitations articulated above give rise to uncertainty in a number of areas.
Taken together, key areas of uncertainty include the following:


Climate variable outputs of GCMs: Uncertainty arises in the outputs used for analysis. We
have attempted to minimize this by using an average of multiple model outputs in
developing our climate scenarios; however the certainty with which these models can
predict future temperature is limited. Regardless, we have relied on accepted model
outputs and only those used for the most recent IPCC assessment.



Temperature-mortality and temperature-ozone relationships: There is uncertainty within
the temperature-mortality and temperature-ozone relationships used to derive the
recommended correlations for this study. As estimates are derived in part from expert
judgment on the development and applicability of damage functions, a certain degree of
uncertainty is inherent in the estimation method.



Effects of planned adaptation: It is uncertain whether the planned adaptation options
assessed will be capable of offsetting physical impacts to the degree estimated. There is
inherent uncertainty in the data used for quantification, which stems from the various
studies utilized to quantify the potential physical impacts offset and their costs (e.g. costs of
ozone abatement in the U.S. versus Canada).
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This section presents estimates of heat-related mortality associated with the temperature
projections embedded in our climate scenarios. The discussion is organized into five subsections:





4.1.1

Projected temperature increases
Correlation between temperature and heat-related mortality
Estimates of mortality with no climate change (baseline)
Estimates of mortality with climate change (baseline plus additional heat-related mortality)
Estimates of net climate change-induced heat-related mortality.

Projected Temperature Increases
Exhibit 13 presents the seasonal mean temperature increases used for our heat-related
mortality analysis. These increases are based on climate scenarios developed using the
approach and GCM models described in Section 3.3 and Appendix A.
Exhibit 13 Climate Change Scenarios for Heat Mortality Analysis (Relative to 1971-2000)
Mean daily temperature increase for June, July, and August (⁰C)
Toronto

4.1.2

Montreal

Calgary

Vancouver

A2

B1

A2

B1

A2

B1

A2

B1

2020s

1.23

1.22

1.24

1.11

1.28

1.10

1.39

1.30

2050s

2.78

1.94

2.66

2.02

2.60

1.63

2.69

1.89

2080s

4.70

2.34

4.55

2.29

4.17

2.19

4.25

2.34

Correlation between Temperature and Heat-Related Mortality
Published correlations between mean temperature and daily mortality rates were used to
generate physical estimates of heat-related mortality. Specifically, we selected a mortality
factor based on expert review of recent literature on heat-related mortality in northern U.S.
and Canadian cities.
Attention was restricted to studies reporting continuous functions of mortality versus
temperature31. This eliminated the work by Cheng et al. (2005), which used synoptic
classifications for exposure32. However, three multi-city studies reported results in a usable
format. These were Anderson and Bell, 2009, Doyon et al., 2008, and Curriero et al., 2003.
Results for Chicago and Minneapolis/St. Paul were taken from Anderson and Bell online
supplement, Figure 5a and d, respectively. The average effect across the two cities was a 0.9%
increase in mortality per 0C change in two-day average mean daily temperature. Doyon
31

This is because GCMs have been most fully validated for temperature projections. Other weather variables that
may be important in defining synoptic categories, such as humidity and wind, are less-consistently modeled by
GCMs, particularly at small geographic scales. Thus, we prefer to limit the focus to temperature projections.
32
A continuous approach directly fits the exposure response relationship between temperature and mortality.
A synoptic approach first classifies days into various discrete (and somewhat arbitrary) categories and then
quantifies whether mortality is greater in one category than another.
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reported results from three cities in Quebec: Montreal, Quebec City and Saguenay. Heat effects
were similar in each city, and approximated a 1.8% increase in internal cause mortality per 0C,
in the range 15-25 :C (for lag 0 temperature33). Curriero et al., 2003 report hot slopes for two
northern U.S. cities, Boston and Chicago. Taking the mean slope and re-expressing in 0C yields a
1.9% per 0C increase in mortality risk.
Based on these three studies, for our analysis of heat-related mortality we selected a value of
1.375% increase in daily mortality per 0C increase in mean daily temperature for the June,
July, and August period in each scenario decade34.
Our estimates are not stratified by age (e.g., >65 versus others) as there was no consistent
difference in effects by age reported in recent multi-city analyses (Anderson and Bell, 2009;
O’Neill et al., 2003; Medina-Ramon et al., 2007). While there is a lack of data to support
stratification by age cohorts, the majority of impacts will be realized in the most vulnerable
populations (i.e. >65, and/or pre-existing health conditions), since baseline death rates are
highest in these groups.
Acclimatization was not directly modeled due to the high degree of uncertainty concerning
future patterns of acclimatization. Some degree of acclimatization is inherently embedded
within the 1.375% increase derived from the recent literature. This is because the temperaturemortality relationships in the studies reviewed relied on observed relationships between
mortality and temperature.35
In part to account for this uncertainty in levels of acclimatization, and more generally to
account for uncertainty in the 1.375% mortality factor, we have undertaken a sensitivity
analysis based on a +/- 50% change in this factor. The results of this sensitivity analysis are
presented in Appendix E.
4.1.3

Mortality with No Climate Change (Baseline)
Future mortality with no climate change is a function of current mortality rates (non-external
causes only) for each city, scaled to the appropriate socio-economic scenario, LS and WM.
Statistics Canada data was used to generate current monthly non-external cause mortality rates
for each city in the study. Total mortality age-standardized rates per 100,000 population were
used as baseline mortality rates for Toronto, Montreal, Calgary and Vancouver36. These total
baseline rates were netted to include non-external cause mortality only37. This annual data was
33

Lag 0 temperature assumes there is no lag-time between heat dose and response.
This figure is an average of the data points from the three studies cited in the text (Anderson and Bell, 2009,
Doyon et al. 2008, and Curriero et al. 2003). To be conservative, and to recognize that the Anderson and Bell data
was based on a two day average daily mean temperature, a double weight was assigned to Anderson and Bell’s
0.9% increase in mortality.
35
0
Anderson and Bell, 2009 report that across cities there is a 70% decrease in the heat effect for every 5 C increase
in summer mean temperatures. However, these results must be used with caution. Acclimatization can be due to
such things as access to air conditioning, local behaviour, etc., and is not necessarily reflective of the capacity for
0
physical acclimatization and may overlap the effects of adaptation. Dessai (2003) assumed acclimatization to 1 C
warming would appear every three decades, but this was based on judgement rather than empirical evidence.
Future warming is expected to significantly outpace this rate of change. These observations and assumptions
highlight the large uncertainty faced in assessing the expected impacts of a changing climate.
36
Based on data for the following health regions: Toronto District Health Council, Ontario; Region de MontrealCentre, Quebec; Calgary Health Region, Alberta; and Vancouver Health Service Delivery Area, British Columbia.
37
External causes netted out included: accidents (unintentional injuries), intentional self-harm (suicide), assault
(homicide), legal intervention, events of undetermined intent, operations of war and their sequelae, and
complications of medical and surgical care. These external causes made up approximately 7.4%, 6.5%, 9.2% and
7.1% of total mortality for Quebec, Ontario, Alberta and British Columbia, respectively. We assumed that provincial
non-external causes represent city non-external causes.
34
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then distributed by month for each city using Provincial monthly death rates38. As the 1.375%
mortality factor relates to summer months only, baseline mortality figures were derived for the
summer months only.
Exhibit 14 below presents the expected baseline mortality during the summer months for the
four cities under the various emissions/socio-economic scenarios.
Exhibit 14 Baseline Mortality (Non-External Mortality in June/July/August, per Year)
Toronto
A2

Montreal
B1

A2

Calgary
B1

A2

Vancouver
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

2020s

7,658

7,914

7,658

7,914

5,778

5,971

5,778

5,971

1,603

1,656

1,603

1,656

3,231

3,339

3,231

3,339

2050s

8,402

9,395

8,402

9,395

6,467

7,231

6,467

7,231

1,631

1,823

1,631

1,823

3,484

3,896

3,484

3,896

2080s

10,015

11,133

10,015

11,133

7,749

8,614

7,749

8,614

1,891

2,102

1,891

2,102

4,117

4,577

4,117

4,577

4.1.4

Mortality with Climate Change (Baseline plus Additional Heat-Related Mortality)
Gross future mortality with climate change (baseline plus additional heat-related mortality) was
estimated using the 1.375% mortality factor (1.375% increase in heat-related mortality per 0C
increase in daily mean temperature during the summer months). This factor was applied to the
temperature changes estimated for each study city (Exhibit 13) and the baseline mortality rates
(Exhibit 14). Exhibit 15 presents the resulting estimated non-external mortality during the
summer months, including climate change-induced heat mortality.
Exhibit 15 Gross Mortality with Climate Change (Baseline plus Additional Heat-Related
Mortality in June/July/August, per Year)
Toronto

A2

Montreal

B1

A2

Calgary

B1

A2

Vancouver

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

2020s

7,787

8,047

7,787

8,047

5,877

6,073

5,867

6,062

1,631

1,686

1,627

1,681

3,293

3,403

3,289

3,399

2050s

8,723

9,754

8,626

9,646

6,704

7,496

6,647

7,433

1,689

1,888

1,667

1,864

3,613

4,040

3,575

3,998

2080s

10,662

11,853

10,337

11,492

8,233

9,153

7,992

8,885

1,999

2,223

1,948

2,165

4,358

4,845

4,250

4,724

4.1.5

Net Climate Change-Induced Heat-Related Mortality
Net climate change-induced heat mortality was determined by subtracting baseline mortality
(Exhibit 14) from gross mortality with climate change-induced heat mortality (Exhibit 15).
Exhibit 16 presents the estimated net heat-related mortality for the four selected cities over the
summer months.

38

An average of five years data was used to develop provincial monthly death rates. Monthly city death rates were
assumed to be the same as monthly provincial death rates.
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Exhibit 16 Net Climate Change-Induced Heat Mortality (June/July/August, per Year)
Toronto
A2

Montreal
B1

A2

Calgary
B1

A2

Vancouver
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

2020s

129

133

129

133

99

102

88

91

28

29

24

25

62

64

58

60

2050s

321

359

224

250

236

264

180

201

58

65

37

41

129

144

91

102

2080s

647

720

322

358

485

539

243

271

109

121

57

63

241

268

133

148

As expected, the table shows mortality increases in all cities in all scenarios. For example,
Toronto experiences an increase in non-external mortality of approximately 1.7% in the 2020s,
increasing to 3.8% in 2050s and 6.5% in the 2080s under the A2 scenario, with the B1 scenario
also showing increases. The same trend is observed in the other study cities.
The worst case scenario (SRES A2 emission scenario, World Market socio-economic scenario)
exhibits the highest mortality rates, and the best case scenario (SRES B1 emission scenario,
Local Stewardship socio-economic scenario) exhibits the lowest mortality rates, for all cities, for
all time periods, as displayed in Exhibit 17 below.
Exhibit 17 Net Climate Change-Induced Heat Mortality (June/July/August, per Year)
800

700

# Deaths

600
2020s

500
400

2050s

300

2080s

200
100
0
LS

WM

LS

A2

WM

LS

B1
Toronto

WM

LS

A2

WM
B1

Montreal

LS

WM

LS

A2

WM
B1

Calgary

LS

WM
A2

LS

WM
B1

Vancouver

The majority of impacts will be observed in the highest-risk populations, particularly the elderly,
infirm and those with compromised health. The percentage of the Toronto population that is
65 years or older increases from about 19.6% in the 2020s, peaks at about 23.8% in the 2050s,
and decreases thereafter for both LS and WM scenarios39. Similar trends are observed for the
other three cities.
39

Both LS and WM scenarios exhibit the same patterns as they are derived from the same baseline case.
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The estimates presented in this section pertain to increased incidence of heat-related mortality
for summer months only. Recent studies suggest there may be modest impact in heat-related
mortality in the spring season as temperatures rise into the 2050 to 2080 time period.
However, the uncertainty associated with these estimates is substantial (i.e. impacts in future
could be positive or negative). As such, we have not included heat-related mortality estimates
for the spring season.
It is important to recognize that these projected impacts are not certain to occur; rather they
are presented to illustrate the potential risks posed by current temperature projections and
heat-mortality observations. As previously indicated, we have undertaken a sensitivity analysis
to illustrate the impact of these uncertainties. This analysis is based on a +/- 50% change in the
mortality factor used to derive our estimates. Further details are presented in Appendix E.

4.2

Cold-Related Mortality
Previous studies have suggested that future climate induced heat-related mortality may be
offset by a reduction in cold-related mortality. For example, Donaldson et al., 2001, predicted a
net annual reduction in mortality for future periods 2020 to 2080 in the United Kingdom due to
increased avoidance of cold-related mortality versus increased incidence of heat-related
mortality. Other authors have suggested the same trend (Martens, 1998; Tol, 2001).
However, these previous assessments were carried out prior to the emergence of relevant new
empirical findings from the heat-mortality literature. Recent American and Canadian heatmortality epidemiology studies have compared mortality effects across cities with differing
average temperatures. These studies found no clear evidence that the widely-observed
increase in winter-season mortality is any less prominent in warmer locales (Medina-Ramon
and Schwartz, 2007; Anderson and Bell, 2009; Doyon et al., 2008). This suggests that winterseason mortality is not sensitive to differences in annual or seasonal temperatures across
locations and, by implication, will not be affected by changes over time related to climate
change.
For example, Doyon et al., 2008 studied three Quebec cities: Montreal, Quebec City and
Saguenay. They concluded that the “increase in summer mortality would not be balanced by a
reduction in winter mortality” and that “it is rather unlikely that warming will have a great
impact, on average, on winter mortality”. The authors report that the effect of seasons on
mortality can easily be confused with the effect of daily temperatures (Doyon et al., 2008). They
observe that the apparent effect of cold temperatures is largely explained by high mortality
during the winter season due to complications from flu and other respiratory diseases
(irrespective of temperature). They further observe that this apparent effect is reduced
substantially after properly controlling for seasonality in the analysis. While the Doyon et al.,
2008 study does indicate a modest change in cold-related impacts for both the winter and fall
seasons, the significance appears to be minor relative to heat-related mortality. These findings
are consistent with the American multi-city studies as well.

4.3

Temperature-Related Morbidity
Temperature-related morbidity can include cold- and heat-related illnesses, respiratory and
cardiovascular illness, and increased occupational health risk (Health Canada, 2005). Bassil et al.
(2009) found that both heat-related 911 calls and emergency room visits increased dramatically
during Heat Alert Days in the summer in metropolitan Toronto. In addition to direct heatrelated impacts, heat waves can also increase the hospitalization risk for people with underlying
medical conditions. An analysis of all inpatient hospital admission during the 1995 heat wave in
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Chicago found that patients with diabetes, renal diseases, nervous system disorders, and other
medical conditions had relatively higher hospitalization rates than under normal temperature
conditions (McGeehin and Mirabelli, 2001). During a heat wave in 1980, Kansas City witnessed
a 5% increase in hospital admissions (McGeehin and Mirabelli, 2001).
Notwithstanding these impacts, most climate change research on temperature-related health
impacts has focused on mortality. Only a few studies examine morbidity impacts, and results
have been inconsistent. One of the main reasons that reliable temperature-related morbidity
estimates do not exist is the difficulty in accurately quantifying morbidity impacts. Studies that
do quantify morbidity rates rely on hospital inpatient data or 911 calls (as above). However,
hospitals do not necessarily record all patients with temperature-related symptoms as
temperature-related morbidity cases. In addition, it is probable that a large portion of
temperature-related morbidity goes unreported (i.e. people with heat stress do not go to a
hospital). For these reasons, there has been an observed inconsistency in reported morbidity
impacts (Hajat and Kosatky, 2009).
While a recent assessment carried out in Quebec concluded that the increase in heat-related
morbidity will outweigh the decrease in cold-related morbidity (Doyon et al., 2008), the exact
extent of these changes is largely uncertain. Due to the lack of quantitative data available, it is
not feasible to provide quantitative estimates of changes to these health endpoints.

4.4

Respiratory and Cardiovascular Impacts
This section presents estimates of respiratory and cardiovascular impacts (mortality and
morbidity) caused by the increased concentrations of ground-level ozone expected as a result
of climate change. The discussion is organized into three sub-sections:




4.4.1

Projected temperature increases
Correlation between temperature and ozone formation
Net cardiovascular and respiratory impacts with climate change (ozone-related).

Projected Temperature Increases
Exhibit 18 presents the annual mean temperature increases used for our respiratory and
cardiovascular impacts analysis. These increases are based on climate scenarios developed
using the approach and GCM models described in Section 3.3 and Appendix A. (The sub-section
below outlines the rationale for using temperature as the basis for this analysis.)
Exhibit 18 Climate Change Scenarios for Cardiovascular and Respiratory Impacts Analysis
(Relative to 1971-2000)
Annual Mean Temperature Increase (⁰C)
Toronto

4.4.2

Montreal

Calgary

Vancouver

A2

B1

A2

B1

A2

B1

A2

B1

2020s

1.36

1.18

1.49

1.26

1.24

1.28

2.04

2.04

2050s

2.80

1.93

3.06

2.15

2.62

1.88

3.32

2.73

2080s

4.62

2.47

5.02

2.67

4.07

2.34

4.81

3.10

Correlation between Temperature and Ozone Formation
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To estimate future ozone concentrations, this study used correlations between temperature
(:C) and ozone concentration (parts per billion by volume, ppbv) as observed in the literature.
While ozone formation is not strictly governed by temperature, the current literature does not
allow for assumptions to be made on the relative contribution of the many factors in ozone
formation. Accordingly, based on empirical data we have used temperature correlations to
estimate changes in ozone concentrations.40
To elaborate further: ground-level ozone formation is a highly complex process involving
hundreds of organic compounds and thousands of chemical reactions. These reactions are
dependent on a number of climatic and atmospheric variables. Ideally, future ozone
concentrations under a climate change scenario would be analyzed via detailed modelling
exercises, incorporating the signals of GCM output data into meteorological models coupled
with land-use change models, emissions models and integrated into air quality models.
However these exercises are labour and cost intensive and in some cases result in differing
ozone signals (i.e. some models estimate an increase in ozone concentration while other
models estimate a decrease in ozone concentration, depending on atmospheric chemistry
assumptions). When comparing modeled climate change impacts on U.S. regional ozone
concentrations, Weaver et al. (2009) found identical climate and land use change scenarios
would result in either increases or decreases in ozone concentrations.41
Some academics have used temperature as a surrogate variable to estimate ozone
concentrations under future climatic conditions and compared this against detailed model
outputs (Lin et al., unpublished; personal correspondence with Dr. Christian Hogrefe 42). The
authors concluded that the simple ozone-temperature approach allows straightforward analysis
of the changes in regional air quality imposed by climate change, allowing one to bypass the
challenges of modelling chemical mechanisms and attempting to downscale dynamics and
chemistry from global to regional models (Lin et al., unpublished). Further, studies investigating
ozone and meteorological influences indicate that temperature has the largest impact on ozone
formation, particularly above concentrations in the 60 ppb range (Dawson et al., 2007; Jacob
and Winner, 2009).43
Bloomer et al., 2009 observed linear relationships between temperature and 1-hour ozone
concentrations in four chemically coherent receptor regions in the U.S. (Great Lakes,
Northeastern, Southwest and Mid-Atlantic). The authors performed a statistical analysis of 21
years of ozone and temperature observations across the rural eastern U.S. The authors observe
that all regions, at all times, see increases in ozone concentration with increasing temperature.

40

Other major climatic factors that affect ozone formation include spatial and temporal variation in wind speed,
boundary layer dynamics (air mass stability and mixing height), diurnal variations in insolation, and loss of ozone
and ozone pre-cursors by dry and wet deposition.
41
The authors report that this variation appears to be due to differences in the representation of isoprene
chemistry in the models.
42
Dr. Christian Hogrefe, Bureau of Air Quality Analysis and Research, New York State Department of Environmental
Conservation, Albany NY & Atmospheric Sciences Research Center, University of Albany, Albany, NY. Personal
correspondence via telephone and e-mail June, 2010.
43
Jacob and Winner (2009) indicate that in addition to temperature, relative humidity is also an important
predictor variable of ozone formation.
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Our estimates of ozone formation were derived from the observations of Bloomer et al, 2009,
and specifically from Figure 3 in their report. An average of their results for the Great Lakes and
Northeastern regions was used44. Taking the average of these two chemically coherent receptor
regions results in a relationship of 2.25 ppb(v) increase in 1-hr ozone concentrations per 0C
increase in average annual temperature.
This simple temperature-ozone relationship was derived from empirical data of concurrent
temperature and 1-hour ozone measurements. These empirical data sets were ideal for use in
this study as increases in 1-hour ozone concentrations are consistent with the concentration
response functions of AQBAT.45
This temperature-ozone correlation aligns with other studies that rely on the simple proxy of
changes in temperature to estimate changes in ozone concentration. For example, Sailor and
Dietsh, 2005 use a range of 1 to 4 ppb(v) per 0C increase in temperature in their USEPAendorsed urban heat island mitigation impact screening tool.
Based on this temperature-ozone correlation and the projected temperature increases
presented in Exhibit 18, the associated changes in ambient ozone concentration are shown in
Exhibit 19. These changes arise solely from the projected temperature increases; for the
purpose of this analysis, we have assumed that ozone levels are otherwise held constant
(through policy and regulatory measures designed to meet prescribed ambient air quality
standards, for instance).
Exhibit 19 Changes in Ozone Concentration for Cardiovascular and Respiratory Impacts
Analysis (Relative to 1971-2000)
Ozone Concentration Increase (ppb)
Toronto

4.4.3

Montreal

Calgary

Vancouver

A2

B1

A2

B1

A2

B1

A2

B1

2020s

3.07

2.66

3.36

2.85

2.79

2.88

4.58

4.59

2050s

6.31

4.34

6.88

4.84

5.88

4.23

7.46

6.15

2080s

10.39

5.55

11.30

6.01

9.15

5.27

10.82

6.97

Net Cardiovascular and Respiratory Impacts with Climate Change (Ozone-related)
Future ozone-related health impacts would ideally be calculated by determining projected
health impacts with and without climate change, with the difference representing the net
climate change impact. However, because future ozone concentrations are uncertain (i.e.
dependent on levels of precursor emissions, trans-boundary impacts, etc), we are unable to
make useful projections concerning future baseline ozone concentrations.

44

The other two regions included in Bloomer et al., 2009 were Mid-Atlantic and Southwest. These two chemicallycoherent receptor regions were not considered as the Great Lakes and Northeast regions were considered most
representative of Canadian conditions. Post-2002 ozone-temperature functions were chosen as opposed to pre2002 ozone-temperature functions, because it was assumed current Canadian standards/regulations regarding air
quality/emissions would be more closely related to U.S. conditions in a post-2002 world and hence, more
representative of current air quality.
45
We apply the 1-hour ozone concentration changes as based on changes in annual mean temperature to all
ozone CRFs in AQBAT. This may slightly underestimate the impacts in May-September. For more information on
AQBAT, see Judek and Stieb, 2006.
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An alternative is to use the Health Canada Air Quality Benefits Assessment Tool (AQBAT) to
estimate the impacts associated with changes in ozone concentration for various climate
scenarios. AQBAT was designed to estimate benefits that could be expected based on changes
in air quality. These benefits can be positive or negative, depending on the air quality signal
(decreasing pollutant concentrations = positive benefits, increasing pollutant concentrations =
negative benefits). We used AQBAT to estimate the negative benefits associated with the
increased ozone concentrations observed for the various scenarios.
The ozone-related impacts that are considered in AQBAT are as follows:






Acute exposure mortality
Acute respiratory symptom days
Asthma symptom days
Respiratory emergency room visits
Respiratory hospital admissions.

Appendix C presents baseline rates of incidence used by AQBAT for each of the health impacts.
Using the embedded baseline, the Concentration Response Functions (CRFs) within AQBAT
quantify the impact of a pollutant on the health endpoints. CRFs are statistically derived
estimates of percent excess health endpoint associated with a unit increase in pollutant
concentration (i.e. x% more individuals suffer acute respiratory symptom days due to a 1 ppb
increase in O3 concentration).
Based on the expected changes in ozone concentration for the various climate change scenarios
(Exhibit 19), we used AQBAT to estimate the net impact of these concentration changes. We
then scaled these results to the population projections for the LS and WM scenarios.
The results are presented in Exhibit 20, which shows the additional annual cardiovascular and
respiratory health impacts associated with the estimated climate change-induced changes in
ozone concentrations. The results presented are based on mean values from AQBAT.
As expected, for each time period the worst case scenario (SRES A2, world markets) results in
the highest impact while the best case scenario (SRES B1, local stewardship) results in the least
impact. Also as expected, impacts increase with time. For example, annual cases of acute
exposure mortality for SRES A2 local stewardship scenario for Toronto increase from 105 in the
2020s to 237 in the 2050s and to 466 in the 2050s. The largest impacts are observed for acute
respiratory symptom days, reaching almost 1.5 million additional in the worst case scenario for
Toronto in the 2080s.
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Exhibit 20 Annual Cardiovascular and Respiratory Impacts due to Climate-Induced Increases in Ozone Concentrations
Annual
cases
2020s
Acute
Exposure
Mortality
Acute
Respiratory
Symptom
Days
Asthma
Symptom
Days
Minor
Restricted
Activity
Days
Respiratory
Emergency
Room Visits
Respiratory
Hospital
Admissions

Toronto
A2

Montreal
B1

A2

Calgary
B1

Vancouver

A2

B1*

A2

B1*

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

105

108

91

94

91

94

77

80

17

17

17

17

75

78

76

78

324,089

334,892

280,810

290,170

240,456

248,471

203,961

210,759

61,699

63,756

61,699

63,756

197,978

204,577

197,978

204,577

47,826

49,420

41,424

42,805

35,494

36,677

30,093

31,096

9,103

9,406

9,103

9,406

29,256

30,231

29,256

30,231

29,858

30,853

25,867

26,730

22,155

22,893

18,789

19,416

5,684

5,873

5,684

5,873

18,247

18,855

18,247

18,855

136

141

118

122

108

111

92

95

24

24

24

24

86

89

86

89

34

35

29

30

27

28

23

23

6

6

6

6

21

22

21

22

* For these scenarios, the B1 temperature signals indicated higher temperature changes than the associated A2 temperature signals.
This was due to unusually high mean temperatures for winter months in the GCM model output data. As it was considered not
intuitively likely that SRES B1 scenario have faster warming than the SRES A2 scenario, B1 temperature changes were considered
equal to those of the A2 temperature changes, for this time period only. These anomalies were not observed in future time periods.
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Annual
cases
2050s
Acute
Exposure
Mortality
Acute
Respiratory
Symptom
Days
Asthma
Symptom
Days
Minor
Restricted
Activity Days
Respiratory
Emergency
Room Visits
Respiratory
Hospital
Admissions

Toronto

Montreal

A2

B1

Calgary

A2

B1

Vancouver

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

237

265

163

182

208

233

147

164

36

40

26

29

133

148

109

122

730,786

817,151

502,656

562,061

551,003

616,121

387,643

433,456

132,266

147,898

95,155

106,400

347,683

388,773

286,638

320,513

108,161

120,944

74,263

83,040

81,594

91,237

57,297

64,068

19,569

21,881

14,057

15,718

51,513

57,601

42,418

47,431

67,389

75,353

46,326

51,800

50,819

56,824

35,731

39,954

12,195

13,637

8,769

9,806

32,072

35,862

26,431

29,554

308

345

212

237

248

277

174

195

51

57

36

41

151

169

124

139

76

85

52

58

61

69

43

48

13

14

9

10

37

42

31

34

Annual
cases 2080s
Acute Exposure
Mortality
Acute
Respiratory
Symptom Days
Asthma
Symptom Days
Minor
Restricted
Activity Days
Respiratory
Emergency
Room Visits
Respiratory
Hospital
Admissions

-Final Report-

Toronto

Montreal

A2

B1

Calgary

A2

B1

Vancouver

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

LS

WM

466

518

248

276

411

457

218

242

65

72

37

41

227

253

146

163

1,434,069

1,594,283

766,124

851,715

1,084,196

1,205,322

576,714

641,144

238,640

265,301

137,459

152,816

595,772

662,332

383,819

426,699

213,042

236,843

113,313

125,972

161,200

179,209

85,334

94,867

35,412

39,368

20,326

22,596

88,542

98,433

56,842

63,192

132,398

147,189

70,632

78,523

100,123

111,309

53,177

59,117

22,024

24,485

12,672

14,088

55,010

61,156

35,400

39,355

606

673

323

359

488

543

259

288

92

102

53

59

259

288

166

185

149

166

80

89

121

134

64

71

23

25

13

14

64

71

41

46
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To illustrate the differences between cities and between the different scenarios, some of the
cardiovascular and respiratory impacts due to climate-induced increases in ozone concentrations are presented graphically in Exhibit 21 and Exhibit 22 for the 2050s period.
Exhibit 21 Additional Ozone-Related Impacts in 2050s (Annual)
700

Respiratory Hospital Admissions
Respiratory Emergency Room Visits
Acute Exposure Mortality

600

500

# Cases

400

300

200

100

0
LS

WM

LS

A2

WM
B1

Toronto
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WM

LS

A2

WM
B1

Montreal

LS

WM

LS

A2

WM
B1

Calgary

LS

WM

LS

A2

WM
B1

Vancouver
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Exhibit 22 Additional Ozone-Related Impacts in 2050s (Annual)
Minor Restricted Activity Days

1,200,000

Asthma Symptom Days
Acute Respiratory Symptom Days
1,000,000

# Cases

800,000

600,000

400,000

200,000

0
LS

WM

LS

A2

WM
B1

Toronto

LS

WM

LS

A2

WM
B1

Montreal

LS

WM

LS

A2

WM
B1

Calgary

LS

WM

LS

A2

WM
B1

Vancouver

Due to data limitations, the estimates presented above consider climate-induced changes to
ozone concentrations only, and do not consider changes to other pollutants that may impact
the identified health endpoints Lamy et al., 2008 investigated the effects of a 4:C warming
scenario on air quality using the AURAMS model, focusing specifically on ozone and PM2.5
concentrations. Their results suggest that while a warming scenario may result in higher
ambient ozone concentrations, further research is needed to better explain the effect of
climate change on PM formation.
The estimates presented above also do not explicitly consider the effect of increased
temperature on biogenic emissions linked to ozone formation. Not accounting for increases in
biogenic emissions could potentially underestimate the impacts. For example, Hogrefe et al.,
2004 estimate that an increase in biogenic emissions alone can add 1-3 ppb to summertime
average daily maximum 8-hour ozone concentrations, while other climate effects (other than
changes in biogenic emissions) can generate increases of 3-5 ppb. The authors emphasize that
these results are hypothetical as the synergistic effects cannot be isolated in reality (Hogrefe et
al., 2004). Because our approach relies on empirical data in the literature, biogenic emissions
should in principle be embedded in the data. However it is unknown how empirical
relationships will respond in an uncertain future. Climate change can influence the
concentration and distribution of air pollutants through a multitude of indirect and direct
influences including changes to biogenic emissions, chemical reaction rates, mixing-layer
heights and synoptic flow patterns governing pollutant transport (Hogrefe et al., 2004).
It should also be noted that we have assumed a linear relationship between ozone and
temperature, which may or may not correlate with actual experience, given other climate
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change signals (such as wind patterns, insolation, etc). Additionally, a changing climate may
also impact other mechanisms affecting air quality, such as increased dust, pollen and allergens.
As such, the estimates presented above are likely an underestimation of the full suite of
impacts that may occur, and as such tell only a portion of the story. It is also important to
recognize that these projected impacts are not certain to occur; rather they are presented to
illustrate the potential risks that may occur based on current climate projections and
correlations in the literature.
As in the case of heat-related mortality, we have undertaken a sensitivity analysis to illustrate
the impact of these various uncertainties. This analysis is based on a +/- 50% change in the
temperature-ozone correlation factor used in the analysis above. Further details and results are
presented in Appendix E.
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Economic Impacts
This section monetizes the physical impacts estimated in Section 4, based on the valuation
techniques outlined in Section 3. For each health endpoint we first discuss the adjustments
required to monetize the impacts, and then present the valuation of these impacts.

5.1

Heat-Related Mortality

5.1.1

Monetizing Mortality Impacts
To monetize mortality impacts, we used the value of a statistical life (VSL) concept. The VSL is
the aggregate willingness of a group to pay for mortality risk reductions that would prevent one
death among the group. Although there is quite a wide range of VSL estimates, the
recommended VSL estimate to use in a Canadian cost benefit analysis is $6.4 million (2006 C$).
We use this estimate in our analysis, as discussed in Section 3.4.
Economic theory and empirical evidence suggest that VSL increases as real income increases.46
The EPA has recently conducted a survey of the literature on the relationship between real
income growth and VSL estimates (US EPA, 2008b). It concludes that the income elasticity is 0.4
(i.e. for each 10% increase in real GDP per capita, VSL increases by 4%). Therefore, we need to
adjust the recommended VSL estimate. This is a two step process. First we need to convert the
$6.4 million ($2006) estimate into 2008 Canadian dollars by adjusting for both real income
growth and inflation. The adjusted VSL in 2008 Canadian dollars is $6.8 million.
The next step is to adjust to the VSL estimate to account for real income growth over the three
time periods and two socio-economic scenarios. It is important to note that because real
income growth is different for each 30 year time period and each socio-economic scenario,
there will be a different VSL estimate for each of the six cases. Clearly, the VSL will be higher the
more real income increases. Therefore, the World Market scenario in 2080s has the highest
VSL. Exhibit 23 summarizes the different adjustments to VSL for the three time periods and two
socio economic scenarios.
Exhibit 23 VSL Adjustment Factors for Heat-Related Mortality
Real per capita
income growth

Adjustment factors
47
for VSL

Adjusted VSL
($2008 millions)

WM

LS

WM

LS

WM

LS

2020s

49.4%

6.5%

1.17

1.03

8.0

7.0

2050s

212.4%

44.1%

1.58

1.16

10.7

7.9

2080s

548.3%

77.8%

2.11

1.26

14.4

8.6

46

This reasoning has also been used argue that the VSL of a richer individual is higher than a poorer individual.
Therefore, if incomes are higher in Calgary than Montreal, for example, a single heat mortality in Calgary would
have a higher VSL estimate relative to Montreal. However, from an ethical policy standpoint, adjusting for incomes
across the population may not be appropriate or desirable. Following EPA guidelines (US EPA (2006)), we adjust
the VSL for income growth across time, but do not make any cross sectional adjustments.
47
The adjustment to the VSL is computed as (y_2020s/y_2008)^0.4, where y_t is per capita income in year t.
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Net Climate Change-Induced Heat Mortality
Exhibit 24 presents the net climate-change induced economic impact associated with heatrelated mortality for the various socio-economic scenarios considered in this study. The data
was derived using the increase in mortality presented in Exhibit 16 (Section 4.1) and the VSL
adjustment factors presented in Exhibit 23. The figures in the exhibit below are in 2008 dollars
and are undiscounted (see Section 5.3.3 for discounted present value calculations). For
comparison, unadjusted VSL results are presented in Appendix D.
Exhibit 24 Annual Undiscounted Climate Change-Induced Economic Impact: Heat-Mortality
Toronto
($2008 millions)

Montreal

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

2020s

$901

$1,066

$899

$1,064

$687

$813

$617

$730

2050s

$2,524

$3,845

$1,762

$2,685

$1,861

$2,835

$1,417

$2,158

2080s

$5,542

$10,337

$2,759

$5,146

$4,150

$7,739

$2,084

$3,887

Calgary
($2008 millions)

A2

Vancouver
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

2020s

$197

$233

$169

$200

$429

$508

$404

$478

2050s

$459

$700

$288

$438

$1,014

$1,544

$714

$1,089

2080s

$929

$1,733

$487

$908

$2,061

$3,845

$1,136

$2,119

The net climate induced economic impacts increase through time for three main reasons:




Increasing impacts with increasing temperatures (as reported in Section 4, the annual heat
mortality cases increase with each thirty year period due to increasing temperatures)
Increasing impacts with population growth
Increasing VSL with increasing GDP.

As society becomes richer (i.e. increased GDP), people have a higher WTP to avoid mortality
risks, increasing VSL estimates. Therefore over time each net climate-induced mortality case
has a higher economic impact. The higher VSL and population projections also explain why the
economic impacts are much higher in the high economic growth scenario (i.e. World Markets),
relative to the low economic growth scenario (i.e. Local Stewardship).

5.2

Cardiovascular and Respiratory Disorders

5.2.1

Monetizing Mortality and Morbidity Impacts
To monetize mortality impacts of increased ozone concentrations, we relied on the physical
mortality estimates presented in Section 4.4, and the recommended VSL of $6.4 million
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(2006 C$). This was done for consistency with our heat mortality analysis48. We made the same
VSL adjustments as above (Exhibit 23).
To monetize morbidity impacts, we relied on the monetary estimates of AQBAT associated with
the ozone concentration changes. The morbidity valuation computed in AQBAT was adjusted to
reflect real income growth (to reflect the difference between the LS and WM scenarios). AQBAT
outputs were also converted to 2008 Canadian dollars (from 2004 Canadian dollars). We
adjusted for both inflation (from 2004 to 2008) and real income growth (2004 to 2020s, 2004 to
2050s, and 2004 to 2080s), following the same procedure as above. Elasticity of income of 0.4
was used as recommended by the US EPA (US EPA, 2008b). Adjustment factors for the six cases
are summarized in Exhibit 25 below.
Exhibit 25 Morbidity Adjustment Factors for Cardiovascular and Respiratory Impacts
Adjustment factors for
morbidity values
WM
LS
2020s

1.20

1.05

2050s

1.61

1.18

2080s

2.16

1.28

*Note: Adjustment factors are higher than the VSL adjustment factors due to
different base years prior to adjustment

5.2.2

Net Climate Change-Induced Cardiovascular and Respiratory Impacts
Exhibit 26, Exhibit 27, and Exhibit 28 present the net climate change-induced economic impacts
associated with increases in O3 concentrations for the 2020s, 2050s and 2080s respectively. The
valuation is based on the health impacts presented in Exhibit 20 (Section 4.4) and the VSL and
morbidity adjustment factors presented above. The figures in the exhibits below are in 2008
dollars and are undiscounted (see Section 5.3.3 for discounted present value calculations). For
comparison, unadjusted VSL and morbidity valuation results are presented in Appendix D.
Exhibit 26 Annual Undiscounted Climate Change-Induced Economic Impact: Ozone-Related
Cardiovascular and Respiratory Disorders (2020s)
Toronto 2020s
A2

($2008 millions)

Montreal 2020s
A2
B1

B1

LS

WM

LS

WM

LS

WM

LS

WM

Acute Exposure Mortality

$731

$865

$634

$750

$633

$749

$537

$636

Acute Respiratory Symptom Days

$5.5

$6.5

$4.8

$5.6

$4.1

$4.8

$3.5

$4.1

Asthma Symptom Days

$3.3

$3.8

$2.8

$3.3

$2.4

$2.8

$2.0

$2.4

Minor Restricted Activity Days

$0.9

$1.0

$0.7

$0.9

$0.6

$0.8

$0.5

$0.6

Respiratory Emergency Room Visits

$0.4

$0.4

$0.3

$0.4

$0.3

$0.3

$0.2

$0.3

Total

$741

$877

$643

$760

$640

$758

$543

$643

48

We employ this method as opposed to relying on the monetary outputs of AQBAT for consistency. AQBAT
assumes a VSL of $4.1 million (1996 C$). It should be noted that the new version of AQBAT will use $6.5 million.
Source: Michael Donohue, Air Quality Economics Section, Health Canada.
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Calgary 2020s
A2

($2008 millions)

Vancouver 2020s
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Acute Exposure Mortality

$117

$138

$120

$143

$526

$622

$527

$623

Acute Respiratory Symptom Days

$1.1

$1.2

$1.1

$1.2

$3.4

$4.0

$3.4

$4.0

Asthma Symptom Days

$0.6

$0.7

$0.6

$0.7

$2.0

$2.3

$2.0

$2.3

Minor Restricted Activity Days

$0.2

$0.2

$0.2

$0.2

$0.5

$0.6

$0.5

$0.6

Respiratory Emergency Room Visits
Total

$0.1

$0.1

$0.1

$0.1

$0.2

$0.3

$0.2

$0.3

$119

$140

$122

$145

$532

$629

$533

$630

Exhibit 27 Annual Undiscounted Climate Change-Induced Economic Impact: Ozone-Related
Cardiovascular and Respiratory Disorders (2050s)
Toronto 2050s
A2

($2008 millions)

Montreal 2050s
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Acute Exposure Mortality

$1,864

$2,840

$1,281

$1,952

$1,641

$2,500

$1,153

$1,757

Acute Respiratory Symptom Days

$14.0

$20.9

$9.6

$14.4

$10.5

$15.8

$7.4

$11.1

Asthma Symptom Days

$8.2

$12.3

$5.6

$8.4

$6.2

$9.3

$4.4

$6.5

Minor Restricted Activity Days

$2.2

$3.3

$1.5

$2.2

$1.6

$2.5

$1.2

$1.7

Respiratory Emergency Room Visits

$0.9

$1.4

$0.6

$0.9

$0.7

$1.1

$0.5

$0.8

$1,889

$2,878

$1,298

$1,978

$1,660

$2,529

$1,167

$1,777

Total

Calgary 2050s
A2

($2008 millions)

Vancouver 2050s
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Acute Exposure Mortality

$283

$431

$203

$310

$1,043

$1,590

$860

$1,310

Acute Respiratory Symptom Days

$2.5

$3.8

$1.8

$2.7

$6.7

$9.9

$5.5

$8.2

Asthma Symptom Days

$1.5

$2.2

$1.1

$1.6

$3.9

$5.9

$3.2

$4.8

Minor Restricted Activity Days

$0.4

$0.6

$0.3

$0.4

$1.0

$1.6

$0.9

$1.3

Respiratory Emergency Room Visits
Total

$0.1

$0.2

$0.1

$0.2

$0.4

$0.7

$0.4

$0.5

$287

$438

$207

$315

$1,055

$1,608

$870

$1,325
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Exhibit 28 Annual Undiscounted Climate Change-Induced Economic Impact: Ozone-Related
Cardiovascular and Respiratory Disorders (2080s)
Toronto 2080s
A2

($2008 millions)

Montreal 2080s
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Acute Exposure Mortality

$3,985

$7,432

$2,124

$3,962

$3,518

$6,562

$1,867

$3,482

Acute Respiratory Symptom Days

$29.7

$53.9

$15.9

$28.8

$22.4

$40.7

$11.9

$21.7

Asthma Symptom Days

$17.5

$31.8

$9.3

$16.9

$13.3

$24.1

$7.0

$12.7

Minor Restricted Activity Days

$4.6

$8.4

$2.5

$4.5

$3.5

$6.4

$1.9

$3.4

Respiratory Emergency Room Visits
Total

$1.9

$3.5

$1.0

$1.9

$1.6

$2.8

$0.8

$1.5

$4,039

$7,530

$2,153

$4,014

$3,559

$6,636

$1,889

$3,522

Calgary 2080s
A2

($2008 millions)

Vancouver 2080s
B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Acute Exposure Mortality

$556

$1,036

$319

$596

$1,947

$3,632

$1,252

$2,336

Acute Respiratory Symptom Days

$4.9

$9.0

$2.8

$5.2

$12.3

$22.4

$7.9

$14.4

Asthma Symptom Days

$2.9

$5.3

$1.7

$3.0

$7.3

$13.2

$4.7

$8.5

Minor Restricted Activity Days

$0.8

$1.4

$0.4

$0.8

$1.9

$3.5

$1.2

$2.3

Respiratory Emergency Room Visits
Total

$0.3

$0.5

$0.2

$0.3

$0.8

$1.5

$0.5

$1.0

$565

$1,052

$325

$605

$1,970

$3,672

$1,267

$2,362

We can see that for cardiovascular and respiratory disorders, acute exposure mortality
represents by far the largest economic impact. This is directly due to the substantially higher
value individuals place on mortality versus morbidity risks. In addition, we see that by the
2080s, economic impacts under the A2 scenario are almost double B1 economic impacts.
Another point that should be noted is the relative trend of economic impacts. Montreal has
only nominally higher economic impacts than Vancouver through the 2020s. However, by the
2080s, the economic impacts in Montreal are closer to double the economic impacts in
Vancouver. Because we do not adjust VSL estimates and morbidity values across population
centers, this divergence in economic values is completely due to the physical estimates
presented in Section 4. This deviation can be partly explained by population projections.
Montreal’s population is approximately double that of Vancouver by the 2080s.

5.3

Total Net Climate-Induced Economic Impacts
This section presents the aggregated economic impacts for the climate change-induced health
impacts assessed in this study: heat-related mortality and ozone-related cardiovascular and
respiratory disorders. It is important to note that while these impacts were selected for
assessment based on the criteria set forth in Section 3, the values presented below account for
only a portion of the potential impacts we may face in an uncertain climatic and socioeconomic future.
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Mortality
Exhibit 29 and Exhibit 30 present the total annual economic impact of the climate-induced
mortality modelled in this study (i.e. the combined economic impact of heat-related mortality
and ozone-related mortality). The figures in the exhibits are in 2008 dollars and are
undiscounted (see Section 5.3.3 for discounted present value calculations).
Exhibit 29 Annual Undiscounted Economic Impact of Climate Change-Induced Mortality
(Heat- and Ozone-Related)

Exhibit 30 Annual Undiscounted Economic Impact of Climate Change-Induced Mortality
(Heat- and Ozone-Related)
Toronto
($2008 millions)

Montreal

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

2020s

$1,632

$1,931

$1,533

$1,814

$1,320

$1,562

$1,154

$1,366

2050s

$4,387

$6,685

$3,043

$4,636

$3,502

$5,336

$2,570

$3,916

2080s

$9,527

$17,770

$4,883

$9,108

$7,668

$14,302

$3,951

$7,370

Calgary
($2008 millions)

Vancouver

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

$314

$371

$289

$343

$955

$1,130

$931

$1,101

2050s

$742

$1,130

$491

$748

$2,057

$3,134

$1,574

$2,398

2080s

$1,485

$2,769

$806

$1,504

$4,009

$7,476

$2,388

$4,454

2020s
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The economic impact is largest in the SRES A2 WM scenario. This is expected due to the high
warming and fast GDP and population growth in this scenario: impacts are likely to be greatest
in a world with higher temperature changes and many wealthy individuals. The lowest
economic impacts are observed in the B1 LS scenario, where temperature changes, population
and GDP growth rates are more modest.
5.3.2

Morbidity
Exhibit 31 and Exhibit 32 present the total annual economic impact of the climate changeinduced morbidity modelled in this study (i.e. the ozone-related morbidity). The figures in the
exhibits are in 2008 dollars and are undiscounted (see Section 5.3.3 for discounted present
value calculations).
Exhibit 31 Annual Undiscounted Economic Impact of Climate Change-Induced Morbidity
(Ozone-Related)
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Exhibit 32 Annual Undiscounted Economic Impact of Climate Change-Induced Morbidity
(Ozone-Related)
Toronto
($2008 millions)

Montreal

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

2020s

$10

$12

$9

$10

$7

$9

$6

$7

2050s

$25

$38

$17

$26

$19

$29

$13

$20

2080s

$54

$98

$29

$52

$41

$74

$22

$39

Calgary
($2008 millions)

Vancouver

A2

B1

A2
LS

B1

LS

WM

LS

WM

WM

LS

WM

2020s

$2

$2

$2

$2

$6

$7

$6

$7

2050s

$5

$7

$3

$5

$12

$18

$10

$15

2080s

$9

$16

$5

$9

$22

$41

$14

$26

As with mortality, the economic impacts of morbidity also exhibit an increasing trend from the
low warming, low growth scenarios to the high warming, high growth scenarios.
5.3.3

Cumulative Economic Impacts
Exhibit 33, Exhibit 34 and Exhibit 35 show the present value cumulative economic impacts of
climate change on human health from 2010 to 2100. The impacts that are included are heatrelated mortality and the mortality and morbidity impacts of increased ozone exposure. Results
are presented using discount rates of 3%, 1% and undiscounted.
Exhibit 33 Cumulative Present Value of Economic Impact of Climate-Induced Mortality and
Morbidity (2010-2100, 3% discount rate)
Toronto
$2008 billions

Montreal

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$44.0

$66.4

$30.9

$45.0

$38.4

$58.1

$26.9

$39.3

Heat Mortality

$57.4

$87.4

$41.9

$60.7

$43.0

$65.4

$31.1

$45.4

Total

$101.3

$153.8

$72.8

$105.7

$81.4

$123.5

$58.0

$84.7

Calgary
$2008 billions

Vancouver

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$6.6

$9.9

$5.3

$7.5

$26.0

$38.2

$22.2

$31.5

Heat Mortality

$10.9

$16.2

$7.4

$10.7

$23.9

$35.7

$17.9

$25.7

Total

$17.5

$26.1

$12.7

$18.2

$49.9

$73.9

$40.1

$57.2
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Exhibit 34 Cumulative Present Value of Economic Impact of Climate-Induced Mortality and
Morbidity (2010-2100, 1% discount rate)
Toronto
$2008 billions

Montreal

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$113.4

$185.6

$72.7

$115.3

$99.5

$163.0

$63.7

$101.3

Heat Mortality

$151.2

$249.1

$97.0

$153.0

$113.0

$186.0

$73.3

$116.1

Total

$264.6

$434.6

$169.7

$268.3

$212.5

$349.1

$137.0

$217.4

Calgary
$2008 billions

Vancouver

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$16.7

$27.1

$11.8

$18.5

$62.4

$99.8

$48.9

$75.8

Heat Mortality

$27.3

$44.3

$16.9

$26.6

$60.2

$97.8

$40.6

$63.8

Total

$44.0

$71.4

$28.8

$45.1

$122.6

$197.6

$89.6

$139.6

Exhibit 35 Cumulative Present Value of Economic Impact of Climate-Induced Mortality and
Morbidity (2010-2100, Undiscounted)
Toronto
$2008 billions

Montreal

A2

B1

A2

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$200.8

$339.4

$123.4

$203.3

$176.4

$298.5

$108.5

$178.9

Heat Mortality

$269.9

$458.5

$163.5

$267.9

$201.6

$342.5

$124.2

$204.0

Total

$470.7

$797.9

$287.0

$471.2

$378.1

$640.9

$232.7

$382.9

Calgary
$2008 billions

5.4

B1

Vancouver

A2

B1

A2

B1

LS

WM

LS

WM

LS

WM

LS

WM

Ozone Morbidity and Mortality

$29.2

$49.1

$19.7

$32.1

$107.2

$177.9

$80.6

$130.1

Heat Mortality

$47.8

$80.2

$28.5

$46.6

$105.6

$177.4

$68.0

$111.0

Total

$77.0

$129.3

$48.2

$78.7

$212.8

$355.3

$148.6

$241.2

Alternative Valuation Measures
As noted in Section 3.4, an alternative approach to mortality valuation is to use a VOLY measure
(value of a life year). VOLY is not as well developed empirically as VSL, and is generally inferred
from VSL values. For example, using the formula for VOLY in Section 3.4, allowing 40 years of
life lost and a utility discount rate of 3%, a VSL of $6.8 million implies a constant VOLY of
$318,400.49 Other assumptions would produce different values for VOLY (and these values
could potentially be substantially higher or lower).
49

In this example we have used illustrative assumptions regarding life expectancy and discount rates from Abelson
(2007).
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Our estimates of increased mortality speak of lives lost, not life years lost, so to use VOLY it is
necessary to convert the lives lost data into life years lost. A recent evaluation of ozone and
mortality in the U.S. used an estimate of 12 months as the period of death brought forward (i.e.
life expectancy lost per death) (Levy et al., 2001). Applying this suggested correlation to our
data means that lives lost will equal life years lost.
As an example, the premature mortalities caused by higher levels of ozone in Toronto in the
2020s under the A2-LS scenario is 105 (Exhibit 20), so life years lost would also be 105 (based
on the 12 month assumption). Using this figure and the VOLY value of $318,400, the annual
economic impact in this scenario is $33.4 million (unadjusted for income growth). This is
substantially smaller than the $731 million value derived using the VSL approach. This is as
expected, since the VOLY value used in this example is more than an order of magnitude
smaller than the more conventional and well-accepted VSL value.
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Planned Adaptation
This section documents our assessment of two indicative adaptation measures that aim to
reduce the health and economic impacts presented in Sections 4 and 5. We examined one
adaptation measure designed to offset the climate-induced effects of heat-related mortality,
and one designed to offset the climate-induced effects of ozone exposure. Both measures are
examples of preventative adaptation:



Reducing the urban heat island effect
Reducing ozone precursor emissions

This section outlines the cost effectiveness of these measures.

6.1

Reducing the Urban Heat Island Effect

6.1.1

Introduction
Urban heat island studies have shown that one of the most important determinants of the
magnitude of the heat island effect is the albedo (reflectivity) of the urban area (Kolokotroni
and Giridharan, 2008; Carlson et al., 2009). Simulation studies have indicated that altering citywide albedo can reduce air temperatures by 1-3.5:C (Coutts et al., 2008; Rizwan et al., 2008;
Synnefa et al., 2008; Taha, 2008). Changing the albedo of city can be achieved by measures
such as painting or converting dark surfaces to lighter ones (particularly white), installing white
or ‘cool’ roofs50, increasing canopy cover, and implementing green roofs.
Many cities have already adopted such strategies. Vancouver, Toronto and Portland are
examples of North American cities that have promoted green roofs with the hope of achieving
benefits such as reduced energy consumption, improved air quality, improved storm water
retention, habitat creation and reduced urban heat island effect (Banting et al., 2005; Peck and
Kuhn, date unknown; City of Portland, 2008).51
To investigate how planned adaptation may reduce future heat-related mortality, this study
considered city-wide implementation of green roofing systems as a means to alter albedo and
thereby decrease ambient air temperatures. This option was selected for illustrative purposes
only; it is not presented here as a preferred or recommended option.

6.1.2

Data Inputs
In 2004, the City of Toronto commissioned a team from Ryerson University to carry out a study
investigating the potential environmental benefits of widespread implementation of green
roofs in the City of Toronto (Banting et al., 2005). This study concluded that widespread
implementation of green roof technology would provide substantial economic benefits,
particularly in terms of storm water management and reduced the urban heat island effect. The
study also determined that widespread implementation of green roofs in Toronto could reduce

50

While white roofs are coolest, dark roofs can also be made to reflect the invisible near-infrared portion of
sunlight.
51
Since 2005, the City of Toronto has been developing a green-roof policy with a commitment to greening new and
existing roofs on municipal buildings (where feasible). Also in 2005, Portland City Council adopted a resolution that
requires all city owned buildings to be roofed or re-roofed with eco-roofs (where practical). For more information
on these policies and cost-benefit analyses, see the references.
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the local ambient air temperatures by 0.5 to 2:C, depending on time of year 52. While the study
did not quantify any health benefits associated with the reduction in ambient air temperatures,
we have relied on the study’s estimated temperature reduction potential to generate estimates
of possible reductions in heat-related mortality.
Specifically, for this study we assumed implementation of a green roofs program in Toronto, as
described in the Ryerson study. We further assumed that by the 2050s a 1:C reduction in
ambient air temperature will be realized for months June, July and August.53 Relative to the
range presented in the Ryerson results, this reduction is less than the median value, and is thus
considered conservative in the context of our study (which is focused on the months when
greatest temperature impact is expected).
6.1.3

Physical Impact Results
To estimate the effect of this 1:C decrease in ambient air temperature in Toronto, we reduced
the temperature signals for the 2050s time period (June, July, August) by 1:C for both the A2
and B1 scenarios. We then compared impacts of this reduced temperature scenario to those
generated by the original temperature scenarios presented in Chapter 4.
Exhibit 36 compares the number of annual heat-mortality cases in the 2050s, based on this
approach and assumptions.
Exhibit 36 Number of Annual Heat-Mortality Cases with Climate Change and with Climate
Change Temperature Signal Reduced by 1⁰C (Toronto)
Annual heat-mortality cases
with climate change
A2
2050s

LS
321

B1
WM
359

LS
224

WM
250

Annual heat-mortality cases with
climate change temperature
signal reduced 1⁰C
A2
B1
LS
WM
LS
WM
205
229
108
121

Net heat-mortality
cases avoided
A2
LS
WM
116
129

B1
LS
WM
116
129

These results should be considered a very high level assessment, intended to provide an order
of magnitude estimate of the possible reduction in heat-mortality should ambient air
temperatures be reduced by 1:C by the 2050s.
6.1.4

Economic Impact Results
In accordance with the Ryerson analysis, we assumed that this temperature reduction will be
achieved through the implementation of green-roofs on 50,000,000 m2 of existing building
roofs in Toronto. Specifically, we assumed that beginning in the year 2035 available roof space
will be converted to green roofs as traditional roofs reach the end their lifetime, so costs
incurred will be only the incremental costs relative to conventional roofing. Given the 15 year
lifespan of conventional roofing, this replacement cycle implies that the 50,000,000 m2 of green
roofs will be completely installed by 2050. Further details are presented in Appendix F.
52

Temperature reductions by time of year were not provided in the report. However, personal communication
with the project contact, Professor Hitesh Doshi at Ryerson University, confirmed that the largest temperature
difference due to urban heat island mitigation strategies will occur when the amount of solar radiation and solar
inclination are high, particularly in the summer months June to September.
53
Actual temperature reduction will be a function of complex atmospheric relationships, dependent on a number
of inputs such as heat transfer mechanisms, area converted/new implementation, building distribution, type of
vegetation, climate, presence/absence of other interventions, etc.
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Our analysis considers the time period from 2035 to 2059. On the benefits side, to be
conservative we assumed that the reductions in heat-related mortality do not occur until 2050
and continue until 2059. Therefore, our analysis ignores potential heat-related mortality
benefits from 2035 to 2050 that are due to partial installation of green roofs.
The present value of benefits was calculated as the cumulative sum of the stream of benefits
from 2050 to 2059 discounted to 2010 using the relevant discount rate. The present value of
costs was determined the same way as the benefits but covers the time period from 2035 to
2059 as per our assumptions. In our analysis, we considered three discount rates: 0%, 3% and
1%. Exhibit 37 presents the present value of costs and benefits, the net present value, and the
benefit-cost ratio for Toronto for reducing the urban heat island effect through widespread
implementation of green roofs (increasing albedo).
Exhibit 37 Net Present Value of Planned Adaptation: Reducing Urban Heat Island Effect via
Green Roofs (Toronto)

($2008 millions)

For the benefits period 2050-2059 (see text)
LS
0%
3%
1%
0%

WM
3%

1%

Present Value Benefits

$9,093

$2,449

$5,843

$13,856

$3,732

$8,902

Present Value Costs

$21,432

$7,290

$14,834

$21,432

$7,290

$14,834

Net Present Value

-$12,339

-$4,841

-$8,991

-$7,576

-$3,558

-$5,931

Benefit Cost Ratio

0.42

0.34

0.39

0.65

0.51

0.60

These results are presented as order of magnitude estimates intended to speak to the costeffectiveness of planned adaptation strategies aimed at modifying city-wide albedo.
As shown, the negative net present values result in a cost-benefit ratio of less than one for both
the World Market and Local Stewardship scenarios. This cost-benefit ratio would likely be
above one if all benefits of green roofs were accounted for; however this study focused solely
on the benefits associated with the reductions in heat-related mortality from a 1:C change in
ambient air temperatures.
Other benefits of green roofs not considered or quantified in this assessment include energy
savings in individual buildings, improved storm water management, air quality impacts, green
amenity space, habitat preservation and improved property values, among others. The City of
Toronto study estimated the economic value of air quality benefits related to green roofs to be
approximately $2,500,000 per year.54 Further, the authors estimate that the direct and indirect
economic benefits from the reduction of the urban heat island effect would result in annual
energy savings of $33 million.
It is clear that complex atmospheric relationships are not yet completely understood and
individual versus synergistic effects cannot be completely isolated. As such, the results
presented above consider only the impact on heat-related mortality, based on the large set of
assumptions presented above.

54

This estimate was based on reductions in CO, N2O, O3, PM10 and SO2.
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Ozone is not directly emitted to the environment, but is formed via highly complex atmospheric
reactions, primarily in the presence of NOx (NO, NO2) and VOCs and during the summer
months. Efforts to reduce ozone pre-cursor emissions (NOx and VOCs) have been considered by
the U.S. and Canadian governments as pathways to reduce ozone concentrations and the
associated negative health and environmental impacts. Standards have been set in both the
U.S. and Canada that aim to safeguard human health and the environment.
To investigate how planned adaptation may reduce future ozone-related mortality and
morbidity, this study considers reducing ozone precursor emissions to decrease ambient ozone
concentrations, off-setting the climate change-induced increase in ozone concentrations
expected as a result of increased temperatures. This adaptation option has been selected for
illustrative purposes only; it is not presented here as a preferred or recommended option.
6.2.2

Data Inputs
Recently, the US EPA has reconsidered their ozone National Ambient Air Quality Objective
(NAAQO) standard55. Extensive work was carried out detailing costs and benefits of attaining
increasingly stringent ozone standards. As outlined below, this U.S. cost data has been used as a
proxy for estimating costs in our analysis.
The EPA findings are documented in their proposal: Final Ozone NAAQS Regulatory Impact
Analysis, US EPA, 2008a.56 This document presents the potential costs and benefits of reducing
ozone precursor emissions to achieve various ozone attainment concentrations by 2020.
Emission reductions are expected to be realized via implementation of current known air
pollution control technologies and future, unknown technologies in the following source
categories: electric generating units (EGU), mobile sources, non-EGUs and area sources.
The US EPA calculates the cost of national attainment for various ozone standards based on
reductions in NOx and VOC emissions in non-attainment areas of the U.S. Exhibit 38 below
shows the increase in costs as ozone standards become more stringent, due in part to increased
geographic areas of non-attainment and to more costly control technology.

55

Canada does not currently have a NAAQO for ozone; however there are existing Canada Wide Standards (CWS),
to be achieved by 2010. A draft proposal for a new comprehensive air management system for Canada was
sanctioned in 2009 by the federal Cabinet and by all governments through the Canadian Council of Ministers of the
Environment (CCME). This draft proposal includes discussion on National Ambient Air Quality Standards for fine
particulate matter and ozone. It does not include suggested standards but rather implies that standards will be
developed by 2010 and come into effect by 2015.
56
Proposed changes have been made to the National Ambient Air Quality (NAAQS) for ozone as of January 6, 2010
that would reduce the primary (health-based) standard from 75ppb (8-hr averaging time) to somewhere in the
range of 70 to 60 ppb (8-hr averaging time). These standards will be finalized in August 2010. For more information
see: http://www.epa.gov/glo/actions.html.
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Exhibit 38 Costs of Attainting Various Ozone Standards in the U.S.

Annual Cost (Billions 2006 USD)

140
120
100
80
Low
60

High

40

Mid

20
0
0.079

0.075

0.07

0.065

0.06

0.055

8-hour ozone standard ppm
Source: Adapted from US EPA, 2008a.

To develop emission reduction costs for use in this study, we used the mid-range US EPA
estimates and scaled these costs to the Canadian context. This method makes use of available
data, but the resulting costs must be considered indicative only (a proxy for use in the absence
of readily available and current Canadian cost data). Appendix E provides further details on the
derivation of our cost estimates.
6.2.3

Physical Impact Results
To counteract the net climate-induced impacts on ozone formation (as developed in this study),
ozone concentration reductions would be required equal in magnitude to the estimated
increases arising from increased temperatures. Thus, ozone concentration reductions required
in Toronto for the 2050s and 2080s match the increases shown previously in Exhibit 19. These
reductions are summarized in Exhibit 39 below:
Exhibit 39 Ambient Ozone Reductions to Offset Climate-Induced Impacts (Toronto, ppb)
A2

B1

2050s

6.31

4.34

2080s

10.39

5.55

These levels of reduction would offset all the estimated climate change-induced increases in
ozone concentration and the associated health impacts (i.e. no residual impacts). Consequently
the physical impacts (benefits) of these reductions correspond directly to, and offset, the
negative physical impacts presented previously in Exhibit 20. The reduced physical imapcts
(benefits) are summarized in Exhibit 40 below.
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Exhibit 40 Reduction in Climate-Induced Ozone-Related Physical Impacts (Toronto)

LS
Acute Exposure
Mortality
Acute Respiratory
Symptom Days
Asthma Symptom
Days
Minor Restricted
Activity Days
Respiratory
Emergency Room
Visits
Respiratory Hospital
Admissions

Annual counts 2050s
A2
B1
WM
LS
WM

LS

Annual counts 2080s
A2
B1
WM
LS

WM

237

265

163

182

466

518

248

276

730,786

817,151

502,656

562,061

1,434,069

1,594,283

766,124

851,715

108,161

120,944

74,263

83,040

213,042

236,843

113,313

125,972

67,389

75,353

46,326

51,800

132,398

147,189

70,632

78,523

308

345

212

237

606

673

323

359

76

85

52

58

149

166

80

89

The physical impacts (benefits) presented above are meant to be indicative of the potential
reduction in climate-induced impacts, based on the reduction in ozone concentrations
presented in Exhibit 39. These are not absolute values, but rather high level order of magnitude
estimates.
6.2.4

Economic Impact Results
Based on the use of US EPA data as described in Section 6.2.2 above, Exhibit 41 displays the
assumed (proxy) costs to achieve the various ozone concentration reductions presented in
Exhibit 39.
Exhibit 41 Assumed Annual Cost to Attain Required Ozone Reductions (Toronto)
($2008 millions)

A2

B1

2050s

$1,215

$291

2080s

$3,126

$861

Exhibit 42 and Exhibit 43 present the annual present value of costs and benefits, the net
present value, and the benefit-cost ratio to Toronto of reducing ozone precursor emissions to
the level required to achieve the desired ozone concentration reductions. These values can be
interpreted as the benefits and costs of reducing ozone precursor emissions in Toronto that
would be accrued each year for the two time periods.
To discount these costs and benefits, years 2050 and 2080 were selected as the reference years
to be discounted. These values are discounted to 2010 using the relevant discount rate to yield
a present value of future annual benefits and costs. In our analysis, we consider three discount
rates: 0%, 3% and 1%. The 0% discount rate presents the analysis in undiscounted terms.
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Exhibit 42 Annual Present Value Costs and Benefits of Planned Adaptation for Toronto:
Reducing Ozone Precursor Emissions (2050, $2008 millions)
A2

B1

LS
Undiscounted

3%

Benefits

$1,898

Costs

WM
1%

Undiscounted

3%

$582

$1,274

$2,868

$1,215

$351

$800

Net Benefits

$683

$231

Benefit Cost
Ratio

1.56

1.66

LS
1%

Undiscounted

3%

$879

$1,926

$1,304

$1,215

$351

$800

$475

$1,653

$528

1.59

2.36

2.50

WM
1%

Undiscounted

3%

1%

$400

$876

$1,971

$604

$1,324

$291

$84

$192

$291

$84

$192

$1,127

$1,013

$316

$684

$1,680

$520

$1,132

2.41

4.48

4.75

4.57

6.77

7.18

6.91

Exhibit 43 Annual Present Value Costs and Benefits of Planned Adaptation for Toronto:
Reducing Ozone Precursor Emissions (2080, $2008 millions)
A2

B1

LS
Undiscounted

3%

Benefits

$4,073

Costs

WM
1%

Undiscounted

3%

$514

$2,030

$7,492

$3,126

$372

$1,527

Net Benefits

$947

$142

Benefit Cost
Ratio

1.30

1.38

LS
1%

Undiscounted

3%

$946

$3,733

$2,171

$3,126

$372

$1,527

$503

$4,366

$574

1.33

2.40

2.54

WM
1%

Undiscounted

3%

1%

$274

$1,082

$3,994

$504

$1,990

$861

$102

$420

$861

$102

$420

$2,207

$1,311

$172

$662

$3,133

$402

$1,570

2.45

2.52

2.68

2.57

4.64

4.92

4.73

These results are presented as order of magnitude estimates intended to speak to the costeffectiveness of planned adaptation strategies aimed at reducing ozone pre-cursor emissions
and the associated health impacts.
As shown, the benefits outweigh the costs in both time periods, for all climate and socioeconomic scenarios, and under all three discount rates considered. The benefits are higher
under the World Market scenario compared to the Local Stewardship scenario because the VSL
is higher under the World Market scenario.
Other benefits of reducing ozone pre-cursor emissions are not quantified in this assessment.
These benefits include reduced impact on the natural environment (such as reduced impact of
ozone on forest health and agricultural crop production) and other co-benefits (such as those
associated with reductions in other pollutants, reduced fuel consumption, etc).
These results are presented to be indicative of the costs and benefits of preventative measures
to reduce ozone precursor emissions and are not absolute costs/benefits relating to any
particular technology or mechanism for achieving these reductions. The results represent order
of magnitude estimates of costs that may be incurred to implement known and unknown
technologies to achieve emission reductions and, as a result, reduce ambient ozone
concentrations.
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Discussion
This section discusses the findings of this study in four sections:





7.1

Confidence in overall assessment
Distributional outcomes
Role of planned adaptation in reducing climate change impacts
Policy implications

Confidence in Overall Assessment
Exhibit 44 summarizes our confidence levels in the assessment and results for each component
of the study.
Exhibit 44 Confidence in Overall Assessment for Each Study Component
Specific impact quantified

Human Health
Impacts

Economic Impacts

Confidence in
overall assessment

Heat Mortality

C

Ozone Mortality

C

Ozone Morbidity

C

Based on Physical Estimates

C

AQBAT Outputs

C

Adaptation Analysis
Adaptation Costs and Mitigation Levels
D
Confidence: A = Very confident, very reliable; B = Confident, reliable; C = Plausible
D = Low Confidence and somewhat unreliable; and E = Very low confidence, very unreliable

The specified confidence levels are consistent with the initial exploratory nature of this study,
the general lack of credible data with which to make confident assessments of expected
impacts, and the long term and highly uncertain nature of climate change and its impacts.
Working within these constraints, we have used available knowledge to provide an indicative
analysis of likely economic impacts. Thus, while the study findings cannot be considered
definitive, we are confident that the study provides a directionally valid assessment of likely
impacts based on current knowledge and available analytic tools.

7.2

Distributional Outcomes
An analysis of distributional outcomes seeks to identify where impacts will be greatest from a
socio-economic perspective. We have included two types of discussion in this section:



Quantitative discussion
Qualitative discussion

In the quantitative discussion we examine i) geographic distribution of total mortality impacts
per 100,000 population, ii) geographic distribution and comparison of heat versus ozone
mortality impact cases per 100,00 population, and iii) geographic distribution of ozone
morbidity cases per 100,000 population .
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Quantitative Discussion
Total Mortality Impacts per 100,000 Population
Exhibit 45 below presents the deaths per 100,000 population for combined heat and ozone
exposure mortality over the various time periods57.
Exhibit 45 Deaths per 100,000: Combined Heat and Ozone Impacts, per Year
18

16
14

# deaths/100,000

7.2.1

- Final Report-

12
10
2020s

8

2050s

6

2080s

4
2
0
A2

B1

Toronto

A2

B1

Montreal

A2

B1

Calgary

A2

B1

Vancouver

As can be seen, the deaths per 100,000 population increase over the time horizons and are
larger for the SRES A2 scenario. In the higher warming SRES A2 scenario, impacts per 100,000
population are largest in Vancouver in the 2020s. In the 2050s, impacts are largest in Vancouver
and Montreal and by the 2080s, impacts are largest in Montreal. Under the SRES B1 scenario,
we see a similar but slightly different trend, with Vancouver seeing the largest impact over all
time horizons. This is important to note since absolute mortality impacts are almost double in
Montreal compared to Vancouver for all time periods.
Heat versus Ozone Mortality Impacts per 100,000 Population
Exhibit 46 below disaggregates the impacts and shows the relative contribution of heat versus
ozone mortality for each of the study cities.

57

Differentiation between the WM and LS scenarios is not material because the impacts are presented per
100,000 population.
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Exhibit 46 Deaths per 100,000: Heat Versus Ozone Impacts, per Year

0
Heat

Ozone

Heat

A2

10

2020s

8

2050s

6

2080s

4
2

0
Heat

Ozone

Ozone
A2

B1

2020s

8

2050s

6

2080s

4
2

0
Heat

A2

Ozone
B1

Montreal

# deaths/100,000

# deahts/100,000

10

Ozone

Ozone
B1

Calgary

Toronto

Heat

Heat

10

2020s

8

2050s

6

2080s

4
2

0
Heat

Ozone

Heat

A2

Ozone
B1

Vancouver

For nearly all cases, heat-mortality contributes most to total mortality impacts. This is
particularly apparent in the SRES A2 2080s scenarios where temperature increases are largest.
In the SRES B1 scenario, heat impacts again outweigh ozone impacts, except for Vancouver
where ozone impacts are slightly higher. This implies that Vancouver may be more susceptible
to ozone impacts under a slower warming scenario. This can be rationalized by the difference
in mean seasonal versus mean annual temperature changes expected and the baseline rates of
heat-mortality versus acute ozone exposure mortality. This highlights the importance of
various averaging times and baseline rates used for estimating impacts.
Again, it is important to note that this is only a comparison between two possible impact
pathways, based on the assumptions documented throughout the report. It is unknown if heat
and ozone exposure mortality will exhibit these relationships in the future based on unknown
inputs (i.e. changes to natural environment).
Ozone Morbidity Impacts per 100,000 population
Exhibit 47 shows the annual events per 100,000 population for climate change-induced ozonerelated morbidity impacts.
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Exhibit 47 Morbidity Cases per 100,000 Population: Ozone-Related Morbidity, per Year
Annual cases 2020s

Toronto

Montreal

Calgary

Vancouver

A2

B1

A2

B1

A2

B1

A2

B1

5,572

4,828

6,098

5,173

5,064

5,227

8,312

8,330

Asthma Symptom Days

822

712

900

763

747

771

1,228

1,231

Minor Restricted Activity Days

513

445

562

477

466

482

766

768

Respiratory Emergency Room Visits

2

2

3

2

2

2

4

4

Respiratory Hospital Admissions

1

1

1

1

0

0

1

1

Acute Respiratory Symptom Days

Annual cases 2050s

Toronto

Montreal

Calgary

Vancouver

A2

B1

A2

B1

A2

B1

A2

B1

Acute Respiratory Symptom Days

11,451

7,876

12,485

8,784

10,671

7,677

13,538

11,161

Asthma Symptom Days

1,695

1,164

1,849

1,298

1,579

1,134

2,006

1,652

Minor Restricted Activity Days

1,056

726

1,152

810

984

707

1,249

1,029

Respiratory Emergency Room Visits

5

3

6

4

4

3

6

5

Respiratory Hospital Admissions

1

1

1

1

1

1

1

1

Annual cases 2080s

Toronto

Montreal

Calgary

Vancouver

A2

B1

A2

B1

A2

B1

A2

B1

Acute Respiratory Symptom Days

18,854

10,072

20,504

10,907

16,604

9,564

19,634

12,649

Asthma Symptom Days

2,801

1,490

3,049

1,614

2,464

1,414

2,918

1,873

Minor Restricted Activity Days

1,741

929

1,894

1,006

1,532

882

1,813

1,167

Respiratory Emergency Room Visits

8

4

9

5

6

4

9

5

Respiratory Hospital Admissions

2

1

2

1

2

1

2

1

As expected, morbidity impacts increase with increasing temperatures. Impacts are highest for
the SRES A2 scenario for all endpoints and geographic locations. Vancouver exhibits the largest
morbidity impacts for both SRES A2 and B1 scenarios for all time periods (except for the 2080
A2 scenario, when Montreal impacts outpace those of Vancouver). These observations stem
from the climate scenario projections. Vancouver sees a higher change in mean annual
temperature up to the 2050s; Montreal sees the largest change in mean annual temperature
for the SRES A2 scenario and, hence, the largest increases in ozone concentrations. These
results again speak to the importance of averaging times used for analysis.
Overall, the results presented above suggest a future where distributional effects vary based on
nature of temperature increases (i.e. annual versus seasonal) and baseline rate of incidence.
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Qualitative Discussion
There are a number of other factors not quantified in this study that will impact the distribution
of the climate related health impacts assessed in this study. These primarily include income
and social status and age.


Income and social status: Individuals in a lower income bracket are more susceptible to
climatic impacts. This can be due to a number of factors including decreased access to air
conditioning, social activities, knowledge base, etc. Individuals with a lower income and
social status are expected to be at higher risk of the health impacts presented in this paper.



Age: The most vulnerable age cohorts to the health impacts investigated in this study are
children and particularly, the elderly. Although this study did not separate the impacts on
an age basis due to data limitations, it is assumed these two age groups will be impacted to
a greater degree.

Other variables that could impact the distribution of health impacts include culture, physical
environments, and employment/working conditions.

7.3

Role of Planned Adaptation
The two planned adaptation measures investigated focused on reducing climate-induced health
impacts for the two health endpoints considered in this assessment: heat-related mortality and
respiratory and cardiovascular disorders linked to poorer air quality (ozone).
The planned adaptation option selected to reduce heat-related mortality involved preventative
measures to reduce the urban heat island. We considered city-wide implementation of green
roofs, which have been shown to be capable of altering city-wide albedo and reducing ambient
air temperatures (O’Neill, 2009; Sailor and Dietsch, 2007; Banting et al., 2005). Based on our
analysis, the World Market and Local Stewardship scenarios had cost benefit ratios below one.
Other benefits associated with reducing urban heat island and/or green-roofs were not taken
into account, and these benefits could be considerable (i.e. energy benefits, societal benefits). If
these co-benefits had been considered, the cost-benefit ratio would likely be above one;
however this cannot be said with certainty in the absence of a detailed cost-benefit
assessment.
The planned adaptation measure selected to reduce cardiovascular and respiratory disorders
associated with poorer air quality involved reduction of ozone precursor emissions. In lieu of
comprehensive Canadian data, US data was used as a proxy to estimate costs of reducing ozone
precursor emissions. Benefits associated with these reduced precursor emissions are equal to
the avoided climate induced impacts (temperature induced increases in ozone concentration).
In this case the benefit cost ratio for all scenarios was above one, indicating a net benefit.
Actual costs may be higher or lower, which could alter the results of the cost-benefit ratio. No
other benefits (such as those associated with reduced fuel consumption or other air
contaminants) were included in the analysis, suggesting that a full cost-benefit analysis would
yield more positive results.
In summary, our results suggest that planned adaptation can play a role in reducing climate
induced impacts to human health, for the health endpoints considered. The economic evidence
suggests that the benefits of planned adaptation may outweigh costs for one of the planned
adaptation measures considered in this assessment, as per the valuation methodology used.
The benefits of the other adaptation measure might also outweigh the costs if all co-benefits
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are considered, but not if only the heat related mortality benefits are considered as per the
valuation methodology used.

7.4

Policy Implications
Decision making to protect human health in a changing climate will not be easy, nor will the
appropriate course of action always be clear. There are still many unknowns: How exactly will
the climate change? How will humans be impacted and how will they react to an uncertain
climatic future? What unforeseen impacts will arise? How will our cities, towns, and settlement
patterns change? What barriers will limit our ability to adapt?
Policy makers are given the task of deciding the best way forward, sometimes based on a less
than robust knowledge base. This study has applied current scientific knowledge to provide
initial estimates of future impacts for two health endpoints that are expected to be impacted by
a changing climate. This study does not attempt to identify the absolute impacts or costs;
rather it attempts to provide initial and indicative information that will help build
understanding of the ‘big picture’.

7.4.1

Study Results
In the absence of effective adaptation, climate change will impact human health.
Human health will be affected by climate change. For example, this study found that climate
change-induced heat-mortality will be significant in all four study cities, with levels approaching
or exceeding 100 additional deaths per year in Montreal and Toronto by the 2020s, and with
steady increases thereafter. Similarly, this study found that climate induced ozone-related
mortality will be significant in all cities, with levels that are nearly as high as those projected for
heat-related mortality (and higher in the case of Vancouver). The projected cumulative present
value of the economic impacts assessed in this study could be as high as $154 billion in Toronto,
$124 billion in Montreal, $26 billion in Calgary, and $74 billion in Vancouver (Exhibit 33, 3%
discount rate). Moreover, it is important to re-iterate that this study has attempted to quantify
impacts for just two possible health endpoints. There is a general consensus amongst
governments, scientists and the general public that climate change will likely have wide
reaching and variable impacts. Human health will be significantly impacted beyond the health
endpoints considered in this study.
Climate impacts will vary.
In quantifying impacts, this study has found that climate change impacts will affect urban
centers to varying degrees. Physical impacts are dependent on baseline conditions, degree of
climate change anticipated and the nature of change (i.e. seasonal vs annual). Underlying
geographic and socio-economic factors will also influence the scale of impacts expected.
Higher rates of warming will have higher physical and economic impacts.
Aggressive, high warming futures are likely to result in higher physical and economic impacts.
These impacts stem from the physical response of Canadians to the changing climate and
associated environmental stressors. This physical response is sensitive to the nature and scale
of these stressors.
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Rates of climate change are likely to exceed capacity for spontaneous adaptation.
This study investigated selected direct and indirect correlations between changes in climate
variables and impacts on human health. These correlations demonstrate sensitivity to
temperature variation, and support the premise that spontaneous adaptation does not occur to
a sufficient degree or at a sufficient pace to offset the full extent of expected climate change.
This implies that Canadians will benefit from i) efforts aimed at preventing large scale climatic
change, and ii) investments in adaptation.
Planned adaptation can play a role in cost-effectively reducing impacts.
Positive net benefits were calculated for one of the two adaptation measures considered in this
report, and the other adaptation measure would likely generate positive net benefits if the
wide range of co-benefits were also considered in the analysis. More broadly, our analysis of
indicative adaptation options suggests that planned adaptation strategies that aim to prevent
changes to the natural environment (ambient air temperatures and ambient air quality) can
play a role in cost-effectively reducing climate change-induced health impacts.
Multiple strategies will be needed to reduce the health risks of climate change.
The health risks associated with climate change are diverse, and the response to these risks will
need to be equally diverse. Responding to these risks will require collaboration among multiple
levels of government and other stakeholders, and will require a suite of adaptation strategies.
7.4.2

Study Development
Significant data gaps exist to fully quantify impacts.
Data on heat morbidity impacts was particularly difficult to obtain due to the nature of health
data collection and the classification of illnesses. Also, since heat morbidity impacts include
conditions such as fainting, diarrhea, etc., some impacted individuals may not ever see a
hospital or have their conditions documented. Proper documentation and standard reporting
will assist in future identification and interpretation of impacts.
Current air quality modeling practices have key knowledge gaps.
In developing ozone-temperature damage functions this study investigated in depth the current
knowledge base on climate change impacts on ozone concentrations. It is clear that current
modeling techniques are not yet fully convergent, and that there are still knowledge gaps
regarding the complex atmospheric science governing ozone formation (particularly in the
presence of biogenic emissions). Further, the impact of cloud cover, relative humidity and wind
patterns are also expected to be major factors in ozone formation. While coupled GCM and air
quality modeling is evolving, current techniques require broad-based assumptions regarding
these important variables.
Human health impacts will extend beyond those presented here.
This study has quantified only a sub-set of potential climate induced impacts. We have selected
two health endpoints that had sufficient data to support quantification while adhering to the
study requirements. These impacts were bounded to dense urban areas where large
populations reside. Rural populations may be affected by similar health endpoints; however
these were not quantified.
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Mortality valuation techniques for human health are not standard.
There is not one standard method for valuing human health, particularly mortality. We have
used the value of a statistical life (VSL) which is an accepted method used by governments in
contexts similar to this study. However, alternate valuation methods such as the value of a life
year (VOLY) may yield somewhat different results.
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