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Abstract This paper forms the second part of an intro-
duction to a synoptic weather typing approach to assess
differential and combined impacts of extreme temper-
atures and air pollution on human mortality, focusing on
future estimates. A statistical downscaling approach was
used to downscale daily five general circulation model
(GCM) outputs (three Canadian and two US GCMs) and
to derive six-hourly future climate information for the
selected cities (Montreal, Ottawa, Toronto, and Windsor)
in south–central Canada. Discriminant function analysis
was then used to project the future weather types, based on

historical analysis defined in a companion paper (Part I).
Future air pollution concentrations were estimated using
the within-weather-type historical simulation models ap-
plied to the downscaled future GCM climate data. Two
independent approaches, based on (1) comparing future
and historical frequencies of the weather groups and (2)
applying within-weather-group elevated mortality predic-
tion models, were used to assess climate change impacts
on elevated mortality for two time windows (2040–2059
and 2070–2089). Averaging the five GCM scenarios,
across the study area, heat-related mortality is projected to
be more than double by the 2050s and triple by the 2080s
from the current condition. Cold-related mortality could
decrease by about 45–60% and 60–70% by the 2050s and
the 2080s, respectively. Air pollution-related mortality
could increase about 20–30% by the 2050s and 30–45%
by the 2080s, due to increased air pollution levels projected
with climate change. The increase in air pollution-related
mortality would be largely driven by increases in ozone
effects. The population acclimatization to increased heat
was also assessed in this paper, which could reduce future
heat-related mortality by 40%. It is most likely that the
estimate of future extreme temperature- and air pollution-
related mortality from this study could represent a bottom-
line figure since many of the factors (e.g., population
growth, age structure changes, and adaptation measures)
were not directly taken into account in the analyses.
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Introduction

There is a growing consensus that global climate change
will adversely affect human health as the intensity and
frequency of heat waves and high air pollution episodes are
projected to increase under future climate scenarios, (e.g.,
Last and Chiotti 2001; Riedel 2004; Meehl and Tebaldi
2004; Medina-Ramón and Schwartz 2007). As IPCC

(2007) pointed out, increased heat waves could increase
risks of human mortality and morbidity, with very likely
likelihood of occurrence in the middle to late of this century
(90% to 99% probability). A number of the previous studies
have projected that future heat-/air pollution-related human
mortality could increase from the current conditions
(Table 1). Of these studies, in terms of methodology, there
are two major schemes: (1) epidemiological approach and

Table 1 Examples of previous studies on climate change impacts on human health

Study Methodology Major findings Study area

Future increased heat and human health
Kalkstein 1991 Threshold temperature

Monthly GCM outputs
Heat-related mortality at the time of CO2 doubling
could be 6-time higher than the current rates

15 US cities

Kalkstein & Greene
1997

Synoptic weather typing—
multiple regression Daily
GCM outputs

Study-area averaged increase in heat risks
could range from 8% to 125% for the
different GCM scenarios

44 US cities

Chiotti et al. 2002 Threshold temperature Daily
GCM outputs

Heat-related mortality by 2030 could be
several times higher than the current figures

Toronto, Canada

Dessai 2003 Threshold temperature &
nonlinear regression Daily
RCM outputs

Heat-related mortality could increase by
35% to 600% by the 2050s, compared to
the period 1980–1998

Lisbon, Portugal

Knowlton et al. 2007 Threshold temperature Outputs
of a global-to-regional
climate system

Heat-related mortality by the 2050s could
increase by 70% (ranging from 47%
to 95%) from the figures in the 1990s

31 counties, New
York, USA

Takahashi et al.
2007

Threshold temperature—
multiple regression
Daily GCM outputs

Heat-related mortality by the 2090s could
increase by 100%–1,000% from the
current figures of the 1990s

Over the world

Doyon et al. 2008 Generalized linear Poisson regression
Daily GCM outputs

Summertime mortality could increase about
2% by 2020 and about 10% by 2080 from
the current condition

Three cities,
Quebec, Canada

Population acclimatization to the increased heat
Kalkstein & Greene
1997

Technique of “analog cities” Acclimatization could reduced future
heat-related mortality by 20–40%

44 US cities

Dessai 2003 Dose–response relationship Heat-related mortality by the 2050s could
be reduced by 40–54% if the population
is fully acclimatized

Lisbon, Portugal

Hayhoe et al. 2004 Linear regression within five
hottest summer vs. all
summers

Acclimatization could lower heat-related
mortality by 20–25% by the 2080s

Los Angeles, USA

Knowlton et al. 2007 Generalized additive model
with analog cities

Heat-related mortality by the 2050s could be
reduced by 25%

31 counties, New
York, USA

Future increased air pollution and human health
Lashof et al. 2004 US air pollution model

(CMAQ), GCM model
(GISS), regional
climate model (MM5)

Study area averaged O3-related mortality and
asthma hospital admissions could increase
by 0.3% and 2.7% by the 2050s from the
current condition, respectively

15 Eastern US
cities

Knowlton et al. 2004 US air pollution model
(CMAQ), GCM model
(GISS), regional
climate model (MM5)

The O3-related mortality could increase by
a median 4.5% by the 2050s from the 1990s,
across the study area. If considering
population growth and anthropogenic
O3 precursor emission increases, the
corresponding increase could be 60%

31 counties, New
York, USA

Bell et al. 2006 Concentration–response
functions Two emission
scenarios

The economic value of the avoided health
impacts of air pollution is about $21
to $165 billion by 2020

Three Latin
American cities
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(2) synoptic climatological approach. For each of the
schemes, there are two main methods. The epidemiological
approach is achieved by (a) time series analysis by Poisson
regression or generalized additive models and (b) case-
crossover analysis. The synoptic climatological approach
principally involves (a) synoptic weather typing and (b)
threshold temperature to define heat waves (Gosling et al.
2008).

Since a population might acclimatize to increased heat,
some studies have attempted to evaluate acclimated
mortality. If complete acclimatization is achieved, projected
global climate warming might have little impact on heat-
related mortality. Kalkstein (1991) pointed out that partial
acclimatization estimation is probably more realistic, since
changes in a city’s physical structure may lag far behind
human physiological adjustments. Two procedures were
developed in the 1990s to measure acclimated mortality: (1)
the technique of “analog cities” (Kalkstein 1991) and (2)
comparing heat-related mortality rates during heat waves in
both cool and hot summers (Nichols et al. 1995). The first
method assumes that acclimatization can be assessed by
heat-related mortality derived from the analog cities that
currently possess a climate similar to the projected future
climate of the city in question. Unfortunately, analog cities
cannot duplicate the demographics and urban structure of
the target city. The second method assumes that, if people
acclimatize, they would react to heat to a greater extent
during cooler summers, when heat waves are infrequent,
than they would during hotter summers, when heat waves
are a common occurrence.

In the previous studies on climate change and human
health, projections from global climate models (GCM) or
regional climate models (RCM) are most commonly used
as future climates of this century. However, few studies
have used the statistical (empirical) downscaling to analyze
local health impacts of climate change. It is well known that
statistical downscaling is able to derive station-scale future
climate data, which might be more suitable for local climate
change impacts analysis than raw outputs of GCMs and
RCMs. In the light of this concern, this study used a
statistical downscaling approach to derive hourly/daily
future climate information for each of the selected cities.

In addition, as described in Part I (Cheng et al. 2009), a
combination of automated synoptic weather typing and
various regression methods was used to project future daily
weather types and air pollution levels. All these future
information is essential for this study to project the future
heat-/cold-/air pollution-related mortality.

Data sources and treatment

Historical observations used in Part I (Cheng et al. 2009),
including meteorological, air pollution, and mortality data,
were also used in this study. In addition, this study has used
the US National Centers for Environmental Prediction
(NCEP) upper-air reanalysis data and five GCM outputs
(Table 2). The NCEP reanalysis data were used to develop
two types of the models for the study: (1) elevated mortality
prediction models associated with temperature extremes
and air pollution and (2) hourly/daily downscaling transfer
functions. To combine the gridded reanalysis data with the
surface weather observations, the reanalysis data were
interpolated to the airport weather station of each selected
city using the inverse-distance method (Shen et al. 2001).
To estimate possible impacts of future climate change on
human mortality, the GCM model outputs were used in the
statistical downscaling transfer functions to derive future
climate data for two time periods 2040–2059 and 2070–
2089, representing the 2050s and 2080s. In addition to
future time periods, the downscaled GCM control runs
(1961–2000) were used in the study to correct the GCM
model bias. The detailed information, regarding data
sources, variables, and record length, is described in Table 2.

Future synoptic weather types and air pollution
concentrations

To estimate future climate change impacts on human
mortality due to increased heat and changes in air pollution
concentrations, future climate data, synoptic weather types,
and air pollution concentrations are required for this study.
The principal methods and steps used in this study are

Table 2 Data used in the study, in addition to historical observations of meteorological, air pollution, and mortality data used in Part I (Cheng et
al. 2009)

Description Period Variable Source

Reanalysis data: Six-hourly upper-air levels
(925, 850, 700, 600, 500 hPa) at 01:00, 07:00,
13:00, and 19:00 local standard time

1961–2000 Air temperature (°C) Dew
point temperature (°C) U-
wind and V-wind (m s−1)

US National Centers for Environmental
Prediction (NCEP) Website

GCM outputs: Daily surface and upper-air levels
(925, 850, 700, 600, 500 hPa)

1961–2000
2040–2059
2070–2089

Air temperature (°C) Sea-
level air pressure (hPa) U-
wind and V-wind (m s−1)

IPCC IS92a: Canadian GCM—CGCM1
IPCC SRES A2/B2: Canadian GCM—
CGCM2 US GCM—GFDL-R30
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summarized in Fig. 1. This section is comprised of three
subsections: (1) statistical downscaling, (2) projection of
future weather types, and (3) estimation of future air
pollution concentrations. Since these results were published
already as part of the project, the relevant methods and
results are briefly described here, for detailed information,
refer to publications (Cheng et al. 2007a, 2007b, 2008).

Statistical downscaling

As part of this research, Cheng et al. (2008) have developed
a regression-based statistical downscaling method to spa-
tially downscale daily GCM outputs to the four selected
weather stations and temporally downscale daily scenarios
to the hourly. A number of regression methods (i.e.,
multiple stepwise regression, cumulative logit regression,
orthogonal regression, and autocorrelation correction re-
gression) were employed to derive station-scale hourly/
daily future climate information for the standard meteoro-
logical variables that are essential to analyze health impacts
of climate change. Performance of the downscaling
methods was evaluated by (1) analyzing model R2s, (2)
validating downscaling transfer functions using a cross-
validation scheme, (3) comparing data distributions and
diurnal/seasonal variations of downscaled GCM control
runs with observations over a comparative time period of
1961–2000, and (4) examining extreme characteristics. The
results showed that regression-based downscaling methods
performed very well in deriving station-scale hourly/daily
climate information. For example, the hourly downscaling
transfer functions for most of weather elements (e.g., air

temperatures, dew point, and air pressure) possess the
model R2>0.95.

Projection of future weather types

Future weather types projected by Cheng et al. (2007b), as
part of the research, were used in the current study. To
determine future daily weather types, principal components
analysis and discriminant function analysis were employed
with downscaled six-hourly future climate data. Component
scores for each of the future days were calculated by
multiplying the post-eigenvector matrix (using the model
developmental dataset in Part I—Cheng et al. 2009) by the
standardized future weather data matrix. To effectively
compare component scores from both historical and future
datasets as well as to remove the GCM model bias, future
downscaled weather data were standardized using the mean
and standard deviation of downscaled GCM control runs.
Using the centroids of the predetermined weather types as
seeds, discriminant function analysis can assign each of the
future days into one of the predetermined historical weather
types based on component scores. This method is proposed
to be an appropriate approach in light of a changing climate
since discriminant function analysis could assign future
days with a simulated higher temperature beyond the range
of the historical observations into the hottest weather group.
These cases could be rare (typically <1% of the future days)
because many of the future days could be more frequently
warmer than the current past rather than actual truly warmer
than ever observed (Dettinger et al 2004; Hayhoe et al.
2004). The frequency of occurrence and intensity of the

Five GCM Outputs
(1961–2000, 2040–59, 2070–89) 

Six-hourly Data:
Surface Observation (1954–2000) 
Upper-air Reanalysis (1961–2000)

Development of 
Statistical Downscaling

Transfer Function

Future Six-hourly 
Station-scale 

GCM Scenarios

Future Weather Type:
Discriminant Function 

Analysis

Changes in Future 
Hot-/Cold-/Air Pollution-related 

Health Risks

Historical Analysis:
Hot/Cold/Air Pollution-
related Weather Type 

From Part I

Historical 
Weather Typing 

From Part I

Fig. 1 Flow chart of methodol-
ogies and steps used in the study
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hottest weather group could increase under the future
climate.

Percentage occurrences of the eight weather groups are
plotted in Fig. 2, as shown by observations and an average
of three CGCM control runs for the period 1961–2000 as
well as an average of five GCM scenarios for the 2050s and
2080s. The ten weather groups described in Part I (Cheng et
al. 2009) include three hot, one cold, five pollutant-related,
and one other groups. In this study, the three hot weather
groups were combined as one large hot weather group.
From Fig. 2 it is immediately apparent that the frequency of
the hot weather group could double and triple by the 2050s
and 2080s, respectively, across the study area; meanwhile,
the frequency of the cold weather group could markedly
decrease under future climate conditions. For all pollutants
except ozone (O3), the percentage frequency of the
pollutant-related weather groups is projected to be similar
in the future to that witnessed currently. The frequency of
the O3-related weather group could noticeably decrease
since, due to a changing climate, some of the days that
currently fall into the O3-related weather group could, in the
future, fall into the hot weather group. Similarly, the
frequency of the comfortable weather group could decrease
slightly across the study area.

Estimation of future air pollution concentrations

In addition to future six-hourly downscaled climate data
and weather types, future daily air pollution concentrations
are essential in this study for projection of climate change
impacts on human health. As part of the research, Cheng et
al. (2007b) have recently projected future daily air pollution

concentrations for the four selected cities in south–central
Canada, which were used in the current study. To project
future daily air pollution levels, automated synoptic
weather typing and robust orthogonal stepwise regression
were applied altogether with downscaled future hourly
GCM climate information.

Performance of the within-weather-group air pollution
simulation models was evaluated by analyzing model R2s
and validating the models using the independent dataset—
one third of the total years selected randomly (Cheng et al.
2007a). There was a significant correlation between
observed daily mean air pollution concentrations and model
predictions. About 20%, 50%, and 80% of the 80 prediction
models across the study area possessed R2 values ≥0.7, 0.6,
and 0.5, respectively. The results of model validation were
similar to those of model development, with slightly
smaller model R2. In addition, the air pollution simulation
models were evaluated by comparing statistical properties
of air pollution concentrations driven by downscaled GCM
control runs with observations over a comparative time
period of 1961–2000. The evaluation results have indicated
that the air pollution simulation models performed very
well in reproducing historical daily air pollution concen-
trations using downscaled GCM control runs.

To estimate future pollution levels, three future
pollutant emission control scenarios were considered:
Scenario I—emissions decreasing 20% by 2050, Sce-
nario II—emissions remaining at the same level as at
the end of the twentieth century, and Scenario III—
emissions increasing 20% by 2050. The future estimate
results showed that under future pollutant emission
Scenario II, averaging the five GCM scenarios across
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the four selected cities, warm season 6-month (April–
September) daily mean O3 concentrations could increase
2.7 ppb by the 2050s and 4.0 ppb by the 2080s compared
to 1990s levels. Due to the changing climate alone, the
number of days within the high-O3-level category (1-h maxi-
mum ≥81 ppb) could increase by 50% by the 2050s and
100% by the 2080s. The corresponding number of days
within the low-O3-level category (1-h maximum ≤50 ppb)
could decrease by 6% and 9%; the number of days within the
moderate-O3-level category (in between the high and the low)
could increase by 35% and 40%. The changing climate could
also impact future air pollution concentrations of the remain-
ing pollutants [i.e., carbon monoxide (CO), nitrogen dioxide
(NO2), sulphur dioxide (SO2), and suspended particulates
(SP)] even if future pollutant emission levels remain the same
as at the end of the twentieth century. The number of days
within the high pollution level category (one standard
deviation above the overall mean, based on 1981–2000
levels) could increase by 20–40% by the middle and late part
of this century. On the other hand, the corresponding number
of days within the low pollution level category (below the
1981–2000 mean) could decrease in the future; the magnitude
of this change varies among the pollutants.

Elevated mortality predictions

To project future elevated extreme temperature-/air pollu-
tion-related mortality, within-weather-type elevated mortal-
ity prediction models are needed. The orthogonal stepwise
regression procedure was employed on all days within each
of the identified eight weather groups to develop elevated
mortality prediction models. Before developing the models,
within each of the eight weather groups, the data were
regrouped using the SAS Rank procedure (SAS Institute
Inc. 1999). A key variable used for ranking data was
different for each of the eight weather groups. In hot and
cold weather groups, 15:00 local standard time (LST)
temperature was used to sort the data from lowest to
highest; then the days were put into ranking groups with a
roughly equal number of days in each ranking group. The
afternoon was chosen as the time to take the temperature
reading because the analysis revealed this to be the time
when the strongest relationships with elevated mortality
exist; this finding is consistent with previous studies (e.g.,
Smoyer et al. 1999; Davis et al. 2003). In air pollution-
related weather groups, an air pollutant was used to rank the
data for that pollutant-related weather group; for example,
O3 was used to rank the data for O3-related weather group.
For comfortable (“other”) weather group, five air pollutants
were tested for ranking the data; the model with the highest
R2 was used for the analysis. As a result of testing, O3 was
selected to rank data for development of the elevated

mortality prediction model in comfortable weather group
for Montreal, and SO2 for the rest of the cities.

The advantage of using the ranking procedure is that it
allows enhancement of the relationships between elevated
mortality and a certain factor within a particular weather
group, while also minimizing the impacts of other factors.
For each weather group, nine different rankings (20 to 60
groups, in intervals of five) were tested to develop nine
models; the model with the highest R2 was used in the
analysis. The independent variables, including weather and
air pollution predictors, are shown in Table 3. To avoid
multi-collinear effects among explanatory predictors, the
orthogonal stepwise regression, combination of principal
components analysis and multiple stepwise regression, was
used in the study.

In addition to testing different rankings, different lag
times (0–4 days) were also tested to develop elevated
mortality prediction models; the model with the highest R2

was used for the analysis. Across the study area, the no-
lag-time prediction model in the hot weather group was
usually more significant than other lag-time models. This
finding is consistent with that of previous studies (e.g.,
Dessai 2002; Rainham and Smoyer-Tomic 2003; Sheridan
and Kalkstein 2004), although other studies identified a 1-
or 2-day lag between the mortality response and a heat
event (e.g., Rogot and Padgett 1976; Davis et al. 2003).
For the rest of the weather groups (e.g., pollution-related
or cold), most of the prediction models were more
significant with 1-day lag or no lag time between the
deaths and the environmental factors.

The results of within-weather-group elevated mortality
prediction models showed that many weather variables
(such as surface and upper-air temperatures, humidex—

Table 3 Predictors used in principal components analysis for
development of elevated mortality prediction models

05:00, 15:00 Surface temperature
05:00, 15:00 Humidex—Canadian summer temperature and humidity
index (warm season)

05:00, 15:00 Wind chill index (cold season)
05:00, 15:00 Sea level air pressure
05:00, 15:00 Wind speed
05:00, 15:00 Total cloud cover
05:00, 15:00 Inter-diurnal temperature change
05:00, 15:00 Inter-diurnal humidex change
05:00, 15:00 Inter-diurnal wind chill index change
01:00, 13:00 Mean temperature of three upper-air levels (850, 700,
500 hPa)

Daily mean, 1-h maximum ozone concentration
Daily mean, 1-h maximum sulphur dioxide concentration
Daily mean, 1-h maximum nitrogen dioxide concentration
Daily mean, 1-h maximum suspended particles concentration
Daily mean, 1-h maximum carbon monoxide concentration

Times listed are local standard time (LST)
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Canadian summer temperature and humidity index, wind
chill) and all selected pollutants (O3, CO, NO2, SO2, SP)
were significantly associated with elevated mortality in the
different weather groups. The regression results showed
that there were usually strong relationships between
elevated mortality and model predictions for most weather
groups across the study area. Of the 32 models in total, 7,
17, and 23 models possessed an R2 of at least 0.6, 0.5, and
0.4, respectively. These models have the potential for both
short-term prediction and long-term projection of elevated
mortality associated with current and future climate and air
pollution conditions. The relationships between elevated
mortality and weather/air pollution predictors, across the
study area, are outlined as follows:

1. Thermal and moisture weather variables were signifi-
cantly associated with elevated mortality in the hot
weather group; and it was found that the contribution of
O3 to elevated mortality was also statistically signifi-
cant for the selected cities, except Montreal.

2. In cold weather group, low temperatures, low wind
chill equivalent temperatures, and high air pollution
concentrations contributed to elevated mortality.

3. In five pollutant-related weather groups, both air
pollution concentrations and weather conditions were
significantly important to elevated mortality.

4. In comfortable weather group, air pollution levels, but
not weather variables, were significantly associated
with elevated mortality.

Changes in future elevated mortality
without acclimatization

Future elevated mortality was projected in this section
when acclimatization was not taken into account. Following
determination of potential changes in the number of days
within weather types, weather characteristics, and air
pollution concentrations as a result of climate changes,
potential changes in future elevated mortality can be
quantitatively estimated. In this study, two independent
approaches were used to assess climate change impacts on
elevated mortality: (1) comparing future and historical
frequencies of the weather groups and (2) applying
within-weather-group elevated mortality prediction models
with future downscaled climate data. Before assessing
future elevated mortality, it is necessary to ascertain
whether the methods are suitable for the assessment by
comparing elevated mortality driven by the downscaled
GCM control runs with observations over a comparative
time period (1961–2000). As shown in Table 4, the results
indicated that the methods are suitable since there are small
differences between both estimates derived from down-
scaled GCM control runs and observations. These differ-
ences could be resulted from the GCM bias and were used
to adjust estimates of future elevated mortality.

The first method depends on changes in the frequency of
future weather groups alone. Future within-weather-group
elevated mortality is assumed to be directly proportional to
corresponding historical elevated mortality and change in

Table 4 Elevated mortality resulting from weather observations (Obs) and Canadian GCM control runs (C-1: CGCM1, C-A2: CGCM2-A2, C-
B2: CGCM2-B2)

Weather group Data Number of Elevated Mortality

Montreal Ottawa Toronto Windsor

Est. I Est. II Est. I Est. II Est. I Est. II Est. I Est. II

Hot Obs 121 40 120 36
C-1 117 112 41 43 132 113 31 37
C-A2 110 111 38 40 124 108 29 34
C-B2 110 110 38 41 125 107 29 34

Cold Obs 142 53 105 32
C-1 157 165 53 62 87 97 22 26
C-A2 160 169 56 65 63 75 22 27
C-B2 160 169 54 63 62 73 22 27

Air pollution and other Obs 818 368 822 258
C-1 731 829 360 361 803 736 272 289
C-A2 736 831 358 364 833 751 275 290
C-B2 737 830 359 364 833 751 275 285

Total Obs 1,082 462 1,047 327
C-1 1,005 1,106 454 465 1,022 946 325 352
C-A2 1,006 1,111 452 469 1,020 934 326 351
C-B2 1,007 1,109 451 468 1,020 931 326 346

Est. I estimate I based on changes in frequency of weather groups, Est. II estimate II based on elevated mortality prediction algorithms
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frequency of future weather groups. To support this
assumption, the relationships between annual total elevated
mortality and number of days, within each of the eight
weather groups, were evaluated for the period 1954–2000
across the study area. The results show that the relation-
ships are statistically significant for all weather groups,
except for the comfortable weather group in some cities.
Elevated mortality within a weather group generally
increases with the number of days. For example, in

Toronto, as shown in Fig. 3, the daily heat- and cold-
related mortality increases by about 4.0 and 3.5 per 1 day
increase in the hot and cold weather groups, respectively.
Similar results were discovered for the rest of the selected
cities as well. The second method applied within-weather-
group elevated mortality prediction algorithms to project
future elevated mortality, using projected future daily air
pollution and downscaled hourly climate data. Future
climate and air pollution data were ranked according to
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the same criteria as were the historical observations.
Following estimation of future elevated mortality for each
weather group, increase and decrease percentages of future
hot-, cold-, and air pollution-related mortality can be
determined accordingly.

The results on changes in elevated mortality for the five
future climate change scenarios, derived from both meth-
ods, were very similar. However, the magnitude of
increases in future heat-related mortality resulting from
the second method was slightly greater than that from the
first. From Fig. 4, across the study area, heat-related
mortality is projected to be more than double by the
2050s and triple by the 2080s. Additionally, cold-related
mortality could dramatically decrease in the future. For
example, on average across the five GCM scenarios, by the
2050s cold-related mortality could decrease by about 45%
for the two northern cities and by about 60% for the two
southern cities; by the 2080s, corresponding decrease rates
could be more similar across the study area (60–70%).

To assess future air pollution-related mortality, the hot
weather groups should be included, since they possessed
the highest O3 level of all the weather types. The
combination of the hot and O3-related weather groups was
used to develop the O3-related mortality prediction model

for estimating future O3-related mortality. Ozone concen-
tration was used to rank the data for development of the O3-
related mortality prediction model in order to emphasize O3

impacts and minimize other factors (e.g., heat). For other
pollutants, the same procedure was applied except that a
particular important air pollutant was used to rank the data.
Future O3-related mortality and other air pollutant-related
mortality were combined and showed in Fig. 5. The
percentage increases in future air pollution-related mortality
become greater when moving from southwest to northeast.
For example, averaging the five GCM scenarios, air
pollution-related mortality in Montreal is projected to
increase by 30–40% by the 2050s and 40–55% by the
2080s for the three air pollution policy emission scenarios;
however, the corresponding increases were 15–20% and
20–30% for Toronto. These increases would be largely
driven by increases in O3-related elevated mortality.

Assessments of population acclimatization
to the increased heat

Could the population in south–central Canada potentially
acclimatize to the increased heat from global warming? The
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answer is yes, since population will acclimatize to changing
climate via a range of behavioural, physiological, and
technological adaptations. To quantitatively analyze accli-
matization, the method used in Nichols et al.’s study (1995)
was adapted for this study. The difference in daily mean
deaths within the hot weather groups between cooler and
hotter summers was assumed to be a result of the
population acclimatization to the increased heat. It is
assumed that, if people adapt to global warming, they
could react to heat to a greater extent during cooler
summers, when heat waves are infrequent, than they would
during hotter summers, when heat waves are more frequent.
If the results indicate that more people die per hot day
during a cooler summer, and fewer die per hot day during a
hotter summer, it would conclude that there has been some
degree of acclimatization during the warmer summers. For
each of the selected cities, five cool and five hot summers
were selected for assessment of acclimatization. Two
criteria were used for selecting a cool or hot summer: (1)
the frequency of the extreme hot weather group (Hot1) and
(2) the mean temperature within the hot weather groups.
The hot and cool summers were selected when the hot
weather types most and least frequently occurred during the
period 1953–2000, respectively; mean temperature during
heat waves should be similar in both cool and hot summers.

The differences in daily mean deaths within the hot
weather group between the selected five cool and five hot
summers were 1.07, 0.31, 1.08, and 0.17 for Montreal,
Ottawa, Toronto, and Windsor, respectively. These differ-
ences were assumed to be a result of the population
acclimatization to the increased heat and were used to
discount future estimated daily heat-related mortality for
each day within the future projected hot weather group. The
percentage increases in future heat-related mortality result-

ing from averaging the five GCM scenarios are presented in
Table 5 for both non-acclimatization and acclimatization.
When population acclimatization was considered, projected
future heat-related mortality was significantly reduced by
40% from results of non-acclimatization across the study
area. By the 2050s and 2080s, heat-related mortality,
considering people acclimatization, is projected to increase
by about 70–90% and 120–140% from the average
condition of the period 1954–2000, respectively.

The results on population acclimatization to the in-
creased heat, reducing heat-related deaths by 40% in the
middle and late part of this century, are consistent to some
degree with the findings of previous studies. As shown in
Table 1, acclimatization effects are projected to reduce
future heat-related mortality by 20–40% in the United
States (Kalkstein and Greene 1997; Hayhoe et al. 2004;
Knowlton et al. 2007) and by 40–54% in Lisbon, Portugal
(Dessai 2003). These results clearly indicate that the degree
of population acclimatization to increased heat rises
geographically from the south to the north. This implies
that people in higher latitudes might have more potential to
acclimatize to increased heat than those in lower latitudes.

Uncertainties of the study

In many ways, climate change represents a different kind of
problem than many professions typically address. It is
highly complex, interdisciplinary, and in certain need of
more integrated and varied science and policy than many of
today’s problems require. Climate-change issues require
that new approaches and a recasting of existing scientific
methods be developed to deal with potential health
implications. Many uncertainties remain in the assessment
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of potential health impacts of climate change. These
uncertainties include “recognition that various other
changes in social, economic, demographic, technological,
and health care circumstances would unfold over coming
decades and that these developments would ‘condition’ the
impact of climatic and environmental changes on human
health” (IPCC 2001). Many of these factors, especially
population growth and age structure changes, were not
directly taken into account in the current study. As a result,
it is most likely that the estimate of future heat-/cold- and
air pollution-related mortality from this study could
represent the lower bound value for the study area.
Additional research is needed to address the impacts of
these factors and adaptation measures on future elevated
mortality.

Considerable effort was made in this study to transfer
GCM-scale scenarios to station-scale future climate infor-
mation using statistical downscaling transfer functions
(refer to Cheng et al. 2008). Through the downscaling
process, most of the GCM model bias was removed using
the past 50-year historical relationships between regional-
scale predictors and station-scale weather elements. As a
result, the quality of future climate data, following
downscaling, was much improved. For example, data
distribution (including extreme events) of the downscaled
GCM control runs was similar to that of the observation
over a comparative time period (1961–2000). However,
conclusions made in this study about health impacts of
climate change still relied on GCM scenarios and, as a
result, there is corresponding uncertainty about the study
findings. Four major sources of uncertainty related to GCM
scenarios (i.e., model structure, measurement error, vari-
ability, scaling) indicated by Katz (2002) could have an
effect on the results of this study. Of them, the most
important one comes from GCM modeling. Due to model
size and complexity, the GCM models must have inevitably
omitted some factors that affect climate (e.g., effects of the
Great Lakes on southern Ontario weather). However,
following application of the statistical downscaling method,

it seems that the uncertainty on future heat- and air
pollution-related mortality projected from this study is
reduced since the magnitudes of percentage increases in
the future elevated mortality projections are very similar
among the five GCM scenarios.

Conclusions

The overarching purpose of this study was to investigate
the differential and combined impacts of extreme temper-
atures and air pollution on human mortality under future
climates for four selected cities in south–central Canada
(Montreal, Ottawa, Toronto, and Windsor). Synoptic
weather typing used in the study was able to achieve
this goal because of its ability to consider a complex set
of meteorological variables altogether as a coherent
index. The index can identify the various weather
situations associated with temperature extremes and high
air pollution episodes; and in turn, it facilitates to
distinguish the differential and combined health impacts
of oppressive heat, cold, and air pollution under the
current and future climates. This study aims to provide
decision makers with scientific information needed for
improving the adaptive capacity of the health infrastruc-
ture to projected human health impacts of climate
change. Given the results of this study, a national
strategy on human health impacts should be given careful
consideration since the health care system in Canada
could become further stressed by climate change in the
middle and late part of this century. The results of this
study might be helpful in providing scientific information
for the development of a national strategy on human
health adaptation policies in response to projected global
warming.

To estimate future extreme temperature- and air pollu-
tion-related mortality, downscaled future climate informa-
tion, estimated future air pollution concentrations, and
projection of future weather types were required in the

Table 5 Five-GCM-ensemble percentage increases in future estimated heat-related mortality from the average condition of the period 1954–2000

Estimate method Acclimatization Percentage increases in future estimated heat-related mortality

Montreal Ottawa Toronto Windsor

2050s 2080s 2050s 2080s 2050s 2080s 2050s 2080s

Est. I Non-acclimatization 123 168 132 188 130 195 110 154
Acclimatization 67 101 83 127 67 115 71 107

Est. II Non-acclimatization 148 224 148 217 129 197 128 175
Acclimatization 92 158 98 156 66 117 89 128

Values of 100% and 200% indicate that heat-related mortality would double and triple, respectively
Est. I estimate I based on changes in frequency of weather groups, Est. II estimate II based on elevated mortality prediction algorithms
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study. Following determination of this essential future
information, future heat- /air pollution-related mortality
can be quantitatively estimated. Averaging the five GCM
scenarios and across the study area, the model projections
were summarized as follows:

1. Heat-related mortality without consideration of popu-
lation acclimatization to increased heat is projected to
be more than double by the 2050s and triple by the
2080s.

2. When the population acclimatization to the increased
heat was taken into account, projected future heat-
related mortality could be reduced by 40%. By the
2050s, heat-related mortality is projected to increase by
70–90% and by the 2080s, by 120–140%.

3. By the 2050s, cold-related mortality is projected to
decrease by about 45% for Montreal and Ottawa and by
60% for Toronto and Windsor; by the 2080s, the
percentage decrease could be more similar across the
study area (60–70%).

4. Air pollution-related mortality is projected to increase
by about 20–30% by the 2050s and about 30–45% by
the 2080s. This increase would be largely driven by
increases in O3-related elevated mortality.
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