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Abstract This paper forms the first part of an introduction
to a synoptic weather typing approach to assess differential
and combined impacts of extreme temperatures and air
pollution on human mortality in south–central Canada,
focusing on historical analysis (a companion paper—Part II
focusing on future estimates). In this study, an automated
synoptic weather typing procedure was used to identify
weather types that have a marked association with high air
pollution levels and temperature extremes, and facilitates
assessments of the differential and combined health impacts
of extreme temperatures and air pollution. Annual mean
elevated mortality (when daily mortality exceeds the
baseline) associated with extreme temperatures and acute
exposures to air pollution, based on 1954–2000, was 1,082

[95% confidence interval (CI) of 1,017–1,147] for Mon-
treal, 1,047 (CI 994–1,100) for Toronto, 462 (CI 438–486)
for Ottawa, and 327 (CI 311–343) for Windsor. Of this
annual mean elevated mortality, extreme temperatures are
usually associated with roughly 20%, while air pollution is
associated with the remaining 80%. Three pollutants
(ozone, sulfur dioxide, and nitrogen dioxide) are associated
with approximately 75% of total air pollution-related
mortality across the study area. The remaining 25% is
almost evenly associated with suspended particles and
carbon monoxide, the other two pollutants addressed in
this study. Of the five pollutants, ozone is most significantly
associated with elevated mortality, making up one-third of
the total air pollution-related mortality. PM2.5 and PM10

were not used as a measure of particulate in the study due
to brief data records. The study results also suggest that, on
the basis of daily mortality risks, extreme temperature-
related weather presents a much greater risk to human
health during heat waves and cold spells than air pollution.
For example, in Montreal and Toronto, daily mean elevated
mortality counts within the hottest weather type were twice
as high as those within air pollution-related weather types.
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Introduction

It is well known that air pollution has been strongly linked
to human health problems, particularly in vulnerable
populations such as the elderly, young children, and those
suffering from cardio-respiratory conditions (World Health
Organization 2004). For example, Judek et al. (2004)
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pointed out that the annual excess number of deaths
associated with short-term and long-term exposure to air
pollution was estimated to be 1,800 and 4,200, respectively,
for eight Census Divisions in Canada with a population of
8.9 million (national total population of 30.0 million in the
2001 Census). Another report released by Toronto Public
Health (2004) estimated that about 1,700 premature deaths
each year in the City of Toronto (population=2.5 million in
the 2001 Census) were associated with acute or short-term
exposures to ozone (O3), nitrogen dioxide (NO2), carbon
monoxide (CO), sulfur dioxide (SO2), and chronic or long-
term exposures to fine particulate matter (PM2.5). About
700 of these deaths were attributable to acute exposures
alone. The Ontario Medical Association (OMA 2005)
estimated that, based on acute exposure to O3, SO2, NO2,
CO, and PM, air pollution causes approximately 5,800
premature deaths per year in Ontario (population=11.4 mil-
lion in the 2001 Census) and almost $8 billion in direct
costs to the provincial health care system.

It is also well known that temperature extremes are
responsible for significant numbers of deaths during hot
and cold days. For example, a recent study (Medina-Ramón
and Schwartz 2007) investigated the relationships between
temperature extremes and mortality in 50 US cities,
resulting in mortality increases associated to both extreme
heat (+5.74%) and extreme cold (+1.59%). In the US,
during the hot summer of 1980, an estimated 10,000 deaths
were related to oppressive heat (Ross and Lott 2003). The
severe 5-day heat wave over the central United States
during mid-July 1995 caused 830 deaths, with 525 of these
deaths in the City of Chicago (Changnon et al. 1996).
During August 2003, western European countries experi-
enced a record-breaking, heat-wave event; in France alone
over 14,800 deaths may have been directly caused by this
heat wave (Pirard et al. 2005).

Many chronic diseases, especially those of the respira-
tory and cardiovascular systems, are exacerbated most
frequently during or after a period of specific weather
conditions (e.g., Kalkstein 1991; Cheng 1991; Nichols et al.
1995; Sheridan and Kalkstein 2004; Shin et al. 2008) and/
or high air pollution concentrations (Schwartz et al. 1991;
Burnett et al. 1994, 1999; Schwartz 2000, Basu and Ostro
2008). As shown in Table 1 for examples, a number of the
previous studies in this field have examined how human-
made factors such as atmospheric pollutants affect human
health; many others have focused on how natural stressors
such as extreme temperatures influence death rates. Some
other studies (e.g., Rainham and Smoyer-Tomic 2003; Hu
et al. 2008) have investigated associations between extreme
temperatures and mortality, considering confounding
impacts of air pollutants. However, the differential and
combined impacts of extreme temperature-related weather
events and high air pollution episodes on human health are

poorly understood. In the light of these concerns, Environ-
ment Canada, in partnerships with Toronto Public Health,
McMaster University, Health Canada, and Public Health
Agency of Canada, has completed a 3-year research project.
This project, funded by the Health Policy Research
Program, Health Canada, proposed a method based on
synoptic weather typing in addition to air pollution levels to
evaluate differential and combined impacts of extreme
temperatures and air pollution on human mortality in south–
central Canada. The results from this study, expressed as
elevated mortality (above the baseline) associated with
different factors (e.g., heat, cold, pollutants), could be usable
by governmental agencies and stakeholders for assisting in
developing better policies on health protection and balancing
policy decisions. This study may enhance current understand-
ing of environmental problems related to human health in
south–central Canada.

The current paper describes the background to the
development of an analysis approach to quantitatively
estimate elevated mortality, applying an automated synoptic
weather typing and mortality baseline analyses. The
synoptic weather typing has been adapted to develop a
heat–health watch/warning system piloted in Philadelphia,
Cincinnati, Rome, Shanghai, and Toronto for the UN
Showcase Project (Sheridan and Kalkstein 2004). This
method promises to evaluate relationships among a variety
of weather elements rather than only individual variables—
the synergistic impact of several elements being more
significant than the sum of their individual impacts
(Kalkstein 1991; Pope and Kalkstein 1996; Kalkstein et
al. 1997). Part of the current study focusing on climate
change impacts analysis on both future air pollution- and
temperature extreme-related mortality in south–central
Canada is presented in a companion paper (Part II, Cheng
et al. 2009). To effectively estimate climate change-induced
future elevated mortality, historical analysis is essential for
us to build a solid science foundation on health impacts of
air pollution and extreme temperatures. For this study, four
cities, Montreal, Ottawa, Toronto, and Windsor, located in
south–central Canada, were selected (Fig. 1). There are
several reasons for selection of the cities. First, the cities,
especially for Windsor, have experienced the hottest
weather situation in the country. Second, Toronto and
Montreal are the two largest cities, in terms of population,
in Canada. Finally, Ottawa is the capital of Canada.

Data sources and treatment

To evaluate differential and combined impacts of air
pollution and extreme temperatures on human mortality,
meteorological, air pollution, and mortality data are needed.
The detailed information, regarding data sources, variables,
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and record length, is described in Table 2. In this study,
hourly surface meteorological data for the period 1954–
2000 were used for the treatment of missing data. Missing
data of each meteorological variable were interpolated
using a temporal linear method in cases where the data
were missing for three consecutive hours or less; days with
data missing for four or more consecutive hours were
excluded from the analysis. Of the total dataset, about 1%
of the total days required missing data interpolation; after
interpolation, the dataset was over 99.7% complete.
Additionally, only six-hourly weather variables observed

at 03:00, 09:00, 15:00, and 21:00 local standard time (LST)
were used in the study. For air pollution data, several
monitoring sites listed in Table 2, based on the length and
completeness of the available data records, were chosen to
calculate hourly/daily mean concentrations representing
average air pollution conditions for each of the selected
cities (refer to Cheng et al. 2007a for details on air pollution
data treatment).

To effectively evaluate extreme temperature- and air
pollution-related health risks, the daily aggregated non-
traumatic mortality data have to be treated to remove inter-

Table 2 Data used in the study

Description Variable Source City

Total non-traumatic mortality (1954–2000):

ICD-6 (1953–1957): 001–795 Daily aggregated mortality counts Statistics Canada Montreal (Island)

ICD-7 (1958–1968): 001–795 Ottawa

ICD-8 (1969–1978): 000–796 Toronto (Metropolitan)

ICD-9 (1979–1999): 001–799 Windsor

ICD-10 (2000): A00–R99

Six-hourly surface meteorological
observations at 03:00, 09:00,
15:00, 21:00 local standard
time (1954–2000)

Air temperature (°C) Environment Canada’s National
Climate Data and
Information Archive

International airports in
Montreal, Ottawa, Toronto,
and Windsor

Dew point (°C)

Sea-level air pressure (hPa)

Total cloud cover (tenths)

U-wind and V-wind (m s−1)

Hourly/daily air pollution observations:

1980–2000 for ozone Carbon monoxide (CO) Environment Canada’s National
Air Pollution Surveillance
(NAPS) network

Monitoring stations:

1974–1996 for suspended particles Nitrogen dioxide (NO2) Montreal: 7

1974–2000 for rest of pollutants Ozone (O3) Ottawa: 1

Sulfur dioxide (SO2) Toronto: 3

Suspended particles (SP) Windsor: 2

Fig. 1 Location map of the four
selected cities
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annual trends and seasonal fluctuations. The inter-annual
trends over time for total non-traumatic mortality are shown
in Fig. 2. These upward trends likely resulted from several
factors, including increases in total population and changes
in population age structure (Kalkstein et al. 1997). Other
factors (i.e., improvements to health care and economic/
living conditions) could reduce the upward trends. Since
this study attempts to analyze health impacts of extreme
temperatures and air pollution, such non-environmental
factors, representing confounding influences within the
mortality data, should be removed. The mortality upward
trends over time can be removed by fitting a polynomial
regression line through annual mean mortality counts
against time (in years), which is the baseline I shown in
Fig. 2. It is noteworthy that the upward trend pattern for
Montreal is different from that of other cities; this is a result
of a decline in population (about 0.2 million) from 1971 to
1981, based on the census data of Statistics Canada. The
residual or difference between each day’s actual mortality
count and the baseline count (Fig. 2) indicates that upward

trends due to non-environmental factors have been re-
moved. From removing non-environmental factors using
the baseline I, some health impacts of extreme temperatures
and air pollution were also removed since the extreme hot
and polluted days were included in construction of the
baseline I. The next step is to modify the baseline I to
develop the baseline II using only weather types associated
with relatively good air quality and comfortable weather
conditions (see the section ‘Results and discussion’ for a
detailed information).

In addition to inter-annual trends, the mortality seasonal
fluctuations need to be removed from the analysis. Using
monthly mortality baseline II, seasonal fluctuations can be
excluded from mortality data by removing monthly inter-
annual trends. The monthly mortality baseline II was
developed by fitting monthly polynomial regression mod-
els, which usually explain over 80% of the data variances
for the four selected cities. In addition to inter-annual and
seasonal fluctuations of mortality, consideration was given
to removing weekly fluctuations of mortality from the data.

Windsor: y = 1.94E-05x3 - 0.0026x2 + 0.1208x + 3.011
R2 = 0.9521   RMSE = 0.1243

Ottawa: y =  0.1627x + 4.48
                         R2 = 0.9848   RMSE = 0.28
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Fig. 2 Inter-annual total non-
traumatic mortality trends
(baseline I). The x described in
equations is set as 1 for the year
1954, 2 for 1955, and so on
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However, the weekly fluctuations within a weather group
were not statistically significant for the four selected cities
and therefore were not considered to be removed.

Analysis techniques

To analyze differential and combined impacts of extreme
temperatures and air pollution on human health, three major
methods or steps are used in the study. First, an automated
synoptic weather typing was employed to classify each day
of the dataset into a distinctive weather type based on
weather characteristics represented by a variety of weather
variables. Second, daily air pollution data were used to
identify the weather types most highly associated with high
air pollution levels for each of the pollutants. Finally,
temperature extreme- and air pollution-related mortality
could be distinguished by linking daily elevated mortality
(above the baseline) with hot/cold/air pollution-related
synoptic weather types. The detailed information on
analysis techniques is summarized in Fig. 3.

Synoptic weather typing

An automated synoptic weather typing, based primarily on
air mass similarity and differentiation within and between
weather types, was used to assign each day of the dataset to
a distinctive weather type. The entire suite of 24 weather
variables, including six-hourly surface weather observa-
tions of air temperature, dew point temperature, sea-level
air pressure, total cloud cover, and south–north and west–
east winds, were used in synoptic weather typing. As part
of this research, Cheng et al. (2007a, 2007b) have
developed weather typing procedures for evaluation of
climate change impacts on air pollution concentrations for
the selected four cities, which were also used in this study.
Due to space limitation, weather typing procedures are
briefly summarized here. Weather typing procedures are

comprised of a two-step process: (1) daily synoptic weather
types were categorized using principal components analysis
(PCA) and a hierarchical agglomerative cluster method—an
average linkage clustering procedure, and (2) all days in the
dataset were regrouped by a non-hierarchical method—
discriminant function analysis using the centroids of the
hierarchical weather types as seeds. First, a hierarchical
agglomerative clustering procedure was suitable for the
initial classification since the number of weather types was
not predetermined (Davis 1986; Kalkstein et al. 1996;
Cheng and Kalkstein 1997; Cheng and Lam 2000). The
correlation matrix-based PCA (Jolliffe 1986; Applequist et
al. 2002) was performed to reduce the 24 inter-correlated
weather variables into seven linearly independent compo-
nents, explaining much of the variance (i.e., 88–92% across
the cities) within the original dataset. Days with similar
meteorological conditions tended to exhibit similar compo-
nent scores. The average linkage clustering procedure
generated statistical diagnostics to produce an appropriate
number of clusters. The diagnostics attempts to minimize
the within-cluster variances and to maximize the between-
cluster variances (Boyce 1996; Cheng and Lam 2000;
Cheng et al. 2007a). Second, following the hierarchical
classification, a non-hierarchical classification procedure
was used to reclassify all days within the dataset.
Improvement in the cluster structure resulting from non-
hierarchical reclassification was evaluated by comparing
within-/between-cluster variances. Cheng et al. (2007a)
have concluded that the reclassification results were better
than the original, with smaller within-cluster variances and
larger between-cluster variances, which is consistent with
that of previous studies (e.g., DeGaetano 1996).

Link between weather types and air quality

Following weather type classification, daily mean and
maximum air pollution concentrations were used to identify
the synoptic weather types most highly associated with high

Six-hourly Surface 
Weather Data
(1954–2000)

Hourly/Daily 
Air Pollution Data 

(1974–2000) 

Missing Data Treatment
Data Treatment:

Calculating Daily Mean Air Pollution 
Concentration Within a City 

Synoptic Weather Typing:
Principal Components Analysis
Clustering Procedure
Discriminant Function Analysis

Identification of Hot/Cold/Air Pollution-related Weather Types

Evaluation of Hot-/Cold-/Air Pollution-related Health Risks

Daily 
Mortality Data  
(1954–2000) 

Data Treatment:
Mortality Baseline to Remove 

Inter-annual Trends and 
Seasonal Fluctuation 

Fig. 3 Flow chart of methodol-
ogies and steps used in the study
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air pollution concentrations for each of the selected
pollutants. As shown in Table 3, two measurements,
within-weather-type mean air pollution concentrations and
frequency of high air pollution episodes, were used to
determine relationships between weather types and air
quality. Daily mean air pollution concentrations for each
type were then determined to ascertain whether the air
pollution levels within the particular weather types were
distinctively high or low. In addition, a ratio of the within-
weather-type occurrence of high air pollution episodes
(actual frequency) to the occurrence of the weather type in
the entire record (expected frequency) was utilized to

determine whether any of the weather types were over-
represented for high air pollution episodes. Weather types
with ratios significantly greater than 1.0 clearly had a
greater proportion of days with high air pollution episodes
than would be expected. If the frequency ratio was greater
than 1.0 and the within-weather-type mean concentration
was higher than the overall mean, that weather type was
selected as an air pollution-related weather type. As shown
in Table 3 for Toronto, nine weather types were defined as
the O3-related types. A χ2 test was used to ascertain
whether the actual frequencies of high air pollution events
(daily air pollution concentration with one, two, and three

Table 3 Within-weather-type O3 level by concentration anomalies (overall mean=17.0 ppb) for nine O3-related weather types (types 1–9) and
examples of nine low-O3-level types (types 17–25) in Toronto (1980–2000)

Synoptic type O3 concentration level

Mean2

(ppb)
1 std. dev. above mean 2 std. dev. above mean 3 std. dev. above mean

Type Days Freq.
(%)1 (a)

Days Freq.
(%)3 (b)

Ratio4

(b)/(a)
Days Freq.

(%)3 (c)
Ratio4

(c)/(a)
Days Freq.

(%)3 (d)
Ratio4

(d)/(a)

1 173 2.26 32.02 130 11.76 5.21 74 18.78 8.31 21 19.09 8.45

2 223 2.91 26.14 136 12.31 4.23 62 15.74 5.40 23 20.91 7.18

3 260 3.40 28.47 186 16.83 4.96 83 21.07 6.20 23 20.91 6.16

4 233 3.04 19.77 115 10.41 3.42 45 11.42 3.75 12 10.91 3.59

5 161 2.10 21.87 88 7.96 3.79 37 9.39 4.47 12 10.91 5.19

6 107 1.40 15.94 40 3.62 2.59 12 3.05 2.18 5 4.55 3.25

7 81 1.06 15.30 35 3.17 2.99 8 2.03 1.92 1 0.91 0.86

8 348 4.54 5.19 64 5.79 1.27 12 3.05 0.67 1 0.91 0.20

9 285 3.72 8.36 64 5.79 1.56 13 3.30 0.89 1 0.91 0.24

17 270 3.53 −13.68 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00

18 235 3.07 −11.72 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00

19 125 1.63 −11.54 1 0.09 0.06 0 0.00 0.00 0 0.00 0.00

20 138 1.80 −15.99 1 0.09 0.05 0 0.00 0.00 0 0.00 0.00

21 70 0.91 −11.29 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00

22 304 3.97 −15.70 1 0.09 0.02 0 0.00 0.00 0 0.00 0.00

23 110 1.44 −9.95 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00

24 203 2.65 −16.80 2 0.18 0.07 0 0.00 0.00 0 0.00 0.00

25 174 2.27 −11.04 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00

Sub-total5 2,114 27.61 18.31 973 88.05 3.19 385 97.72 3.53 110 100 3.62

Total6 7,655 1,105 394 110

1 Percentage occurrence of the weather type or expected frequency for high O3-level events (within-weather-type number of days divided by the
number of total days)
2Within-weather-type daily mean anomalies of O3 concentrations (overall mean=17.0 ppb)
3 Percentage occurrence (actual frequency) of the days with one, two, and three standard deviations above the overall mean (17.0 ppb) within a
particular weather type (within-weather-type number of the events divided by the number of total events)
4 Ratio of actual frequency of the high O3-level events over the expected frequency. A ratio greater than one indicates that a larger proportion of
days in the weather type possess higher O3 levels than would be expected
5 The sum of the nine O3-related weather types and some small weather types that are most associated with high O3 concentration levels, but not
shown in Table 4
6 The sum of all weather types
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standard deviations above the overall mean) were signifi-
cantly different from their expected occurrences (χ2 test
significance level of 0.001). This method was then applied
to different pollutants for each of the selected cities.

Health impacts of extreme temperatures and air pollution

Synoptic weather typing can be used to evaluate the
differential and combined impacts of extreme temperatures
and air pollution on elevated mortality. In this study, the
elevated mortality counts within the weather types associ-
ated with high air pollution concentrations—but with
comfortable weather conditions—are treated as the impacts
of air pollution on human health. The impacts of extreme
temperatures on human health might be determined by the
hot and cold weather types. Although the hot/cold weather
groups are usually associated with high air pollution
concentrations, elevated mortality within the hot/cold
groups was defined as extreme temperature-related mortal-
ity since extreme temperatures are most relevant to elevated
mortality in these weather groups (refer to the section
‘Results and discussion’ for a more detailed information).

The synoptic weather typing procedure can be used to
analyze differential impacts of air pollutants on elevated
mortality counts as well. The air pollution-related weather
types may be associated with high air pollution concen-
trations for one single pollutant or multiple pollutants. For
the former case, within-weather-type elevated mortality can
be identified as associated with that particular pollutant. For
the latter case, the study assumes that within-weather-type
elevated mortality is associated with the one particular
pollutant that is most important to the weather type (refer to
the section ‘Results and discussion’ for a more detailed
information).

Consideration was given to taking into account lag times
of extreme temperature and air pollution impacts on
mortality. Based on the analysis, no-lag-time relationships
between heat and mortality are more significant than other
lag times across the study area. This is consistent with the
previous studies (e.g., Dessai 2002; Rainham and Smoyer-
Tomic 2003; Sheridan and Kalkstein 2004). As a result, the
within-weather-type elevated mortality was estimated in the
study based on lag-zero-day relationships.

Results and discussion

Findings derived from this study are significant in three
areas: (1) extreme temperature- and air pollution-related
weather types, (2) mortality baseline, and (3) differential
and combined health impacts of temperature extremes and
air pollution. The major findings in each of the areas are
discussed in this section as follows.

Extreme temperature- and air pollution-related
weather types

The number of major synoptic weather types (with sizes
above 1% of the total days) identified for the selected cities
varied slightly from one city to another: 39, 37, 36, and 39
for Montreal, Ottawa, Toronto, and Windsor, respectively.
The smaller weather types were still included in the
analysis. As part of this study, Cheng et al. (2007a) have
determined extreme temperature- and air pollution-related
weather types for the selected cities. For each of the four
selected cities, there are three hot weather types, four or
five cold weather types, and the number of air pollution-
related weather types, as shown in Table 4 for Toronto
(similar results were discovered for the other cities as well,
but not shown). The three hot weather types (Hot1, Hot2,
and Hot3) can capture 50–60%, 20–30%, and about 10% of
the total days with 15:00 LST temperature ≥32°C,
respectively, across the study area. For determination of
the cold weather types, the criterion varies from location to
location, based on the difference of January mean 15:00
temperature among the cities. The within-weather-type
mean 15:00 temperature of ≤−6°C was used to define a
cold weather type for Ottawa and Montreal, and of ≤−3°C
for Toronto and Windsor.

As described in the previous section, air pollution-related
weather types were defined based on (1) within-weather-type
daily mean concentrations and (2) the ratios of actual
frequency of high pollution level events over the expected
frequency. The within-weather-type mean concentrations
and ratios for nine O3-related weather types and nine low-
O3-level types in Toronto are shown in Table 3, as an
example. The similar results were found for other selected
cities but not shown due to limitations of space. As
shown in Table 3, daily mean anomalies of O3 concentra-
tion within weather types 1–9 are much higher than the
overall mean (17.0 ppb in Toronto). Most of other weather
types (e.g., weather types 17–25) possess negative mean
anomalies of O3 concentrations. For weather type 1 in
Toronto, the expected frequency of high air pollution events
would be 2.26%, based on the size of the weather type.
However, the actual frequency of the high air pollution
events with one and three standard deviations above the
overall mean was about 12% and 19%, respectively—more
than five and eight times what might otherwise be expected.
Through these analyses, ten, nine, nine, and nine O3-related
weather types were identified for Montreal, Ottawa,
Toronto, and Windsor, respectively, of which the first three
are also called hot weather types. On average across the
four selected cities, these weather types accounted for 83%
and 97% of the total high O3 events with greater than one
and three standard deviations above the overall mean,
respectively.
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Similar analyses were also applied to the remainder of
the pollutants for each of the selected cities. The summa-
rized results of the weather types highly associated with
each of the pollutants are shown in Table 4 (using Toronto
as an example). Some weather types showed significant
linkage with high air pollution concentrations for many
pollutants (up to five); other types possessed good air
quality and were not significantly related to any pollutant.
If a weather type was associated with high air pollution
levels for more than one pollutant, it was important to
determine which air pollutant was most significantly

associated with the weather type, based on the highest
weather-type-frequency ratio described in the section
(‘Analysis techniques’) above. For example, 16 weather
types are associated with relative high SO2 levels in
Toronto; however, only five of them are most significantly
related to SO2, while for the rest of the weather types, other
pollutants are more important. As shown in Table 4,
weather types for this study were divided into ten groups:
three hot weather-related (including air pollution) groups
(Hot1/AP, Hot2/AP, Hot3/AP), one cold weather-related
(including air pollution) group (Cold/AP), five air

Table 4 Ten weather groups in Toronto: three hot, one cold, five air pollutant-related, and one “other”

Type 15:00 LST temperature
(std. dev.)

15:00 LST dew point
(std. dev.)

15:00 LST wind
speed/direction

Pollutants associated with weather
types

Weather groups

1 29.82 (2.73) 17.37 (3.21) 5.63 WSW O3 NO2 SP Hot1/AP

2 27.23 (3.11) 16.44 (3.42) 6.31 WSW O3 SO2 NO2 SP Hot2/AP

3 26.78 (2.63) 14.35 (3.38) 5.05 S O3 SO2 NO2 SP Hot3/AP

4 24.58 (3.04) 18.49 (2.16) 3.95 S O3 NO2 SP AP-O3

5 24.45 (3.04) 15.14 (3.39) 4.58 S O3 SO2 NO2 SP CO AP-O3

6 23.04 (2.91) 9.45 (3.74) 4.53 SSE O3 NO2 SP CO AP-O3

7 25.03 (2.35) 13.26 (2.97) 3.30 SE O3 AP-O3

8 19.31 (3.27) 11.99 (3.22) 3.78 ESE O3 NO2 AP-O3

9 21.03 (3.14) 7.64 (3.65) 4.08 SSE O3 NO2 CO AP-O3

10 16.64 (3.60) 11.95 (3.47) 4.25 SE NO2 AP-NO2

11 13.17 (3.74) 3.74 (3.52) 4.13 SE NO2 CO AP-NO2

12 0.92 (3.03) −3.46 (2.87) 5.90 W SO2 AP-SO2

13 8.73 (4.61) 0.63 (3.61) 5.27 W SO2 NO2 SP CO AP-SP

14 3.63 (3.55) −0.10 (3.14) 6.32 WSW SO2 SP CO AP-SO2

15 2.55 (4.75) −1.74 (4.14) 8.51 WSW SO2 AP-SO2

16 5.32 (3.90) 0.46 (3.59) 3.27 SE SO2 NO2 SP CO AP-NO2

17 7.71 (3.76) 4.23 (3.43) 3.78 SSE SO2 NO2 SP CO AP-SP

18 −2.48 (2.96) −5.67 (3.12) 5.22 ENE SO2 AP-SO2

19 16.23 (4.10) 10.53 (3.65) 5.54 SW SO2 NO2 SP CO AP-SP

20 12.75 (5.65) 2.96 (5.25) 4.27 SSE CO AP-CO

21 −1.10 (4.38) −8.29 (3.42) 5.27 NNW CO AP-CO

22 −2.87 (3.23) −8.03 (3.30) 3.81 SSW SO2 NO2 SP CO AP-SO2

23 −5.25 (3.39) −9.64 (3.67) 6.76 NNW Cold

24 −10.44 (3.55) −14.66 (3.83) 4.81 N SO2 NO2 SP CO Cold/AP

25 −9.77 (4.39) −16.03 (4.20) 4.06 NNW SO2 NO2 CO Cold/AP

26 −7.07 (3.55) −12.15 (3.71) 7.93 W SO2 Cold/AP

27 −2.97 (3.98) −7.60 (3.95) 5.16 SW SO2 SP CO Cold/AP

28 20.66 (3.33) 8.76 (3.50) 6.72 WNW Other

29 23.01 (3.68) 15.38 (3.00) 6.04 WNW Other

30 21.13 (3.09) 8.76 (3.14) 5.68 NNW Other

31 11.75 (4.03) −1.55 (3.67) 5.34 NW Other

32 7.79 (4.13) −0.51 (3.87) 7.29 WNW Other

33 3.37 (3.64) −1.97 (3.15) 5.28 NNW Other

34 2.71 (3.80) 0.42 (3.68) 6.55 E Other

35 2.39 (4.17) 0.44 (4.22) 5.23 N Other

36 −2.22 (4.38) −6.64 (4.39) 9.53 WNW Other
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pollutant-related groups (CO, NO2, O3, SO2, SP), and one
“other” group with relatively good air quality and comfort-
able weather conditions. For each of the four cities being
studied, the percentage occurrences of the ten weather
groups are fairly consistent across the study area, with only
a small variation (Fig. 4). Such weather grouping can
facilitate the analysis of differential and combined impacts
of extreme temperatures and air pollution on human
mortality.

Mortality baseline

The inter-annual upward trends over time for total non-
traumatic mortality (mortality baseline I) shown in Fig. 2
were removed to minimize confounding influences of non-
environmental factors (e.g., increases in total population
and changes in population age structure). However, to
quantitatively assess elevated mortality (above the baseline)
associated with extreme temperatures and air quality, the
mortality baseline I needs to be modified. Following
determination of the ten weather groups, mortality baseline
I can be adjusted to develop baseline II using only the “other”
weather group. In fact, some low-frequency weather types not
shown in Table 4, which were identified as “other,” were also
included in the development of baseline II. Baseline II was
developed by calculating the within-“other”-weather-group
mean mortality from anomalous data against baseline I for
each 3-month season (December–February, March–May,
June–August, September–November). As shown in Fig. 5
for Toronto as an example (similar results were discovered in
other cities), baseline II was lower than baseline I since
baseline I includes all days (including hot/cold/high air
pollution episodes) in its construction. The difference
between two baselines that represents part of the extreme
temperatures and air pollution effects, which was removed
from baseline I, should be added back to the elevated

mortality. As a result, the baseline II can represent normal or
natural deaths without the effects of extreme temperatures
and air pollution. A positive mortality residual (above
baseline II) should represent the elevated mortality associated
with extreme temperatures and air pollution. A negative
mortality residual (below baseline II) indicates a situation
with no elevated mortality relative to extreme temperatures
and air pollution. When within-weather-type annual and
daily mean elevated mortalities were calculated, the daily
negative mortality residual was set as zero.

The advantage of using the mortality baseline, as derived
for the current study, is its enhancement of the relationship
between extreme temperatures/air pollution and mortality. It
could also minimize the confounding impacts of non-
environmental factors such as population increase and
improvements to health care and living/economic condi-
tions. In the health studies, mortality rates were often used
to remove the impacts of population growth. When long-
term health data (e.g., ten-year spans of data records or
more) are considered, it is insufficient to remove only
population effects from mortality data so as to analyze
health impacts of air pollution and extreme temperatures.
To demonstrate this, population census data were used and
tested to calculate mortality rates for the selected four cities.
To effectively remove impacts of population increase and
changes in population age structure, an elderly population
(≥65 years) was used. According to the results, there
appears to be a significant downward trend in mortality
rates for each of the cities, due to improvements to health
care and living/economic conditions (e.g., use of air
conditioning). On average, across the selected four cities,
daily mean mortality rates per 100,000 elderly people were
about 30 in the early 1950s, dropping to 15 by the year
2000. For reliable, long-term, time-series health data, this
downward trend should also be removed in order to prevent
these non-environmental factors from influencing results.
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Health impacts of temperature extremes and air pollution

Figure 6 shows quantitatively summarized results of the
differential and combined impacts of extreme temperatures
and air pollution on elevated non-traumatic mortality for the
four selected cities. A mean annual total elevated mortality
was calculated from the sum of positive mortality residuals
for all days within each of the ten weather groups, divided
by the total number of years. Generally, the proportion of
elevated mortality associated with extreme temperatures
and air pollution was consistent across the study area.
Extreme temperatures were usually associated with over
20% of mean annual total elevated mortality; air pollution
was related to the remaining 80%. Of air pollution-related

mortality, three pollutants (O3, SO2, and NO2) were
associated with about 75% across the study area. The
remaining 25% was almost evenly associated with SP and
CO, the other two pollutants used in the study. Of the five
pollutants, O3 was the most highly associated with elevated
mortality in each of the cities, responsible for one-third of
the total air pollution-related mortality.

Although “other” weather group is usually associated
with relatively good air quality and comfortable weather
conditions, there still exists some degree of within-type
variance. The elevated mortality within the “other” weather
group was still found to be associated with air pollution. To
demonstrate this, days within the “other” weather group
were divided into air pollution concentration deciles for
each pollutant; the daily mean mortality was then calculated
for each of the deciles. The results of the decile evaluation
indicated that in the “other” weather group, there were
significant relationships between air pollution concentra-
tions and elevated mortality counts across the study area.
Within-decile mean mortality residuals in the bottom
deciles were usually lower than those of the top deciles
for all pollutants except for CO. In addition to this decile
analysis, within-“other”-weather-group regression results
also show that only air pollutants other than weather
variables are significantly associated with elevated mortal-
ity, with a model R2 of 0.71, 0.62, 0.40, and 0.30 for
Montreal, Ottawa, Windsor and Toronto, respectively (refer
to a companion paper—Part II, Cheng et al. 2009 for details
on regression). This finding is consistent with that of
previous studies (Lambert et al. 1998; Toronto Public
Health 2001; Vedal et al. 2003), which concluded that
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there is no evidence of clear thresholds of pollutant
concentrations associated with increased elevated mortality.

In addition to annual total elevated mortality counts, the
daily mean elevated mortality breakdown by the ten
weather groups was examined for the four cities. As
Fig. 7 illustrates, daily mean elevated mortality was much
higher for the extreme temperature-related weather groups
than it was for either the air pollution-related or “other”
weather groups, especially in Montreal and Toronto. In
these two larger cities, daily mean elevated mortality counts
within the extreme hot weather group were twice as high as
those within “other” weather group. The smaller difference
between daily elevated mortalities associated with extreme
temperatures and air pollution in Ottawa and Windsor
might be due to the small number of daily mortality counts.
To more effectively analyze health impacts of extreme
temperatures and air pollution for the smaller cities, more
research should be conducted using a larger daily sample
size of health outcomes, such as hospital admissions and
emergency room visits.

Conclusions

A major goal of this study has been to analyze the
differential and combined impacts of extreme temperatures

and air pollution on human mortality for four selected cities
(Montreal, Ottawa, Toronto, and Windsor) in south–central
Canada. The major findings from this study were summa-
rized as follows:

& The annual average number of elevated mortality
attributable to extreme temperatures and acute exposure
to air pollution, based on 1954–2000, was 1,082 [95%
confidence interval (CI) of 1,017–1,147] for Montreal,
1,047 (CI 994–1,100) for Toronto, 462 (CI 438–486)
for Ottawa, and 327 (CI 311–343) for Windsor.

& Of this elevated mortality, extreme temperatures were
usually associated with over 20% across the study area;
air pollution was related to the remaining 80%.

& Of air pollution-related elevated mortality, three pollu-
tants (O3, SO2, and NO2) were associated with about
75% across the study area. The remaining 25% was
almost evenly associated with SP and CO, the other two
pollutants included in the study. Of the five pollutants,
O3 was most highly associated with elevated mortality
in each of the cities, accounting for one-third of total air
pollution-related mortality.

& Daily mean heat-related mortality was much higher than
that associated with air pollution-related and other
weather groups, especially in Montreal and Toronto.
Daily mean elevated mortality within the extreme hot
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weather group in Montreal (5.3; CI 4.7–5.9) and
Toronto (4.6; CI 4.1–5.1) was twice as high as that
associated with “other” weather group (2.7; CI 2.5–2.9).

A general conclusion from this study is that a combina-
tion of synoptic weather typing and mortality baseline
approaches can be useful to distinguish health impacts of
temperature extremes and air pollution concentrations. This
study aims to provide decision makers with scientific
information needed for public policy risk identification
and assessment. The results of this study, expressed as
elevated mortality above the baseline associated with
various factors (e.g., heat, cold, pollutants), can be used
by governmental agencies and stakeholders to help them
develop better policies on health protection and to balance
policy decisions. The study could enhance our understand-
ing of environmental problems related to human health. To
support the recommendation of adaptation policies to
reduce risks to vulnerable populations due to climate
change, it is necessary to estimate possible changes in
future extreme temperature- and air pollution-related mor-
tality, which is the major objective of a companion paper
(Part II, Cheng et al. 2009).
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