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Abstract 

Pollution levels and the effect of air pollution on human health can be modified 
by synoptic weather type and aeroallergens. We investigated the effect 
modification of aeroallergens on the association between CO, O3, NO2, SO2, 
PM10 and PM2.5 and asthma hospitalisation rates in seven synoptic weather types 
using single air pollutant models, adjusted for the effect of aeroallergens and 
stratified by synoptic weather type, with pooled relative risk estimates for asthma 
hospitalisation in ten Canadian cities. Aeroallergens significantly modified the 
relative risk in 19 pollutant-weather type combinations, reducing the size and 
variance for each single pollutant model. Aeroallergens did not significantly 
modify relative risk for any pollutant in the DT or MT weather types, or for PM10 

in any weather type. There is an interactive effect between aeroallergens and CO, 
O3, NO2, SO2, and PM2.5, on asthma hospitalisations that differs under specific 
synoptic weather types. 
Keywords: asthma, hospitalisation, aeroallergens, allergy, air pollution, 
epidemiology, SSC, spatial synoptic classification. 

1 Introduction 

The association of individual climatological variables, such as temperature, with 
human health outcomes has been well studied, and while this approach can draw 
meaningful associations between weather predictors and mortality or morbidity it 
can fail to capture the complex effect of interrelated weather factors on human 
physiology. To account for this, spatial synoptic classification (SSC) can be used 
to group weather patterns using a suite of meteorological parameters into distinct 
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categories [1]. The SSC is becoming more widely used to investigate 
associations between pollutant levels and mortality; one study found that ozone 
in conjunction with dry tropical and moist tropical weather types increased the 
risk of hospitalisation for asthma and myocardial infarction [2].  
     Synoptic weather patterns have been found to affect concentrations of air 
pollutants [3–5]; however, the implications of this for human health are not clear. 
Weather types can affect human health outcomes in their own right due to their 
intrinsic meteorological characteristics: the so called “offensive” SSCs, DT, dry 
tropical, and MT, moist tropical, have been found to increase mortality rates, and 
this effect increases with the duration of exposure to the weather type [6, 7]. 
     Our recent work found air pollution modifies the effect of aeroallergens on 
asthma, increasing the rate of hospitalisations on days of high air pollution [8]. 
These findings were consistent with both animal model and human studies that 
suggested biological interactions between pollutants and aeroallergens [9–12]. 
Airways damaged by air pollutants may be more susceptible to allergen exposure 
[13], while population level studies support an interactive effect between 
pollution and aeroallergens [14, 15].  
     Aeroallergen levels may be increased by synoptic weather conditions such as 
low height and stability in the nocturnal boundary layer [16] or low surface 
pressures [17]. The relationship between pollution, aeroallergens, and asthma is 
therefore complex, and there is potential for further modification of this 
relationship by weather type, due to intrinsic characteristics of the weather type 
itself that can directly affect human health or by the weather type affecting 
pollutant and aeroallergen levels.  
     In this study we explore the relative risk of asthma hospitalisation from single 
air pollutants and the modifying effect of aeroallergens, pooled for ten cities 
across Canada, in the presence of seven synoptic scale weather types.  

2 Methods 

The study population comprised hospitalisations where asthma was recorded as 
principal reason for admission, obtained from the Canadian Institute for Health 
Information (CIHI), for 10 cities across Canada: Calgary, Edmonton, Halifax, 
London, Ottawa, Saint John, Toronto, Vancouver, Windsor, and Winnipeg. Data 
was obtained for the period April 1, 1994 to March 31, 2007 with city population 
data centred on 2000. 
     Air pollution data for each city were obtained from the National Air Pollution 
Monitoring System as one hour maximum daily ozone concentrations, 24 hour 
concentrations of carbon monoxide, nitrogen dioxide, and sulphur dioxide, and 
particulate matter with mean aerodynamic diameters of 10 (PM10) and 2.5 µm 
(PM2.5).  
     Aeroallergens were collected by Aerobiology Research Laboratories, using a 
standardised method for all cities. Rotational impact methods were used to 
obtain 24 hour collections of pollen grains and fungal spores and estimate the 
number of particles present per cubic meter of air sampled. 
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     Spatial Synoptic Classification combines routinely collected meteorological 
variables (air temperature, dew point, wind velocity, pressure, and cloud cover) 
in order to classify a weather situation into one of six weather types, dry 
moderate (DM), dry polar (DP), dry tropical (DT), moist moderate (MM), moist 
polar (MP), moist tropical (MT), plus a transition category (TR) where one 
weather type yields to another. The SSC is a semi-automated classification 
system developed and maintained by Sheridan [1]. The data used for 
classification is obtained from the Meteorological Service of Canada from 
airport weather stations in each of the ten cities. Daily synoptic weather 
classifications for each city are available at the SSC archive 
(http://sheridan.geog.kent.edu/ssc.html). 
     Generalised additive models (S-Plus 6.0.2 (1)) with stringent convergence 
criteria ( < 10-14) were used to test the association between asthma 
hospitalisations and individual pollutants, adjusting for the interactive effect of 
aeroallergens. Each model was developed for days corresponding to one of seven 
synoptic scale weather types. We assumed that the hospitalisation data was 
Poisson-distributed. Natural cubic splines were used to model seasonal and long-
term trends with knots spaced at 13, 25, 49 and 145 days of observation, the 
number of knots selected based on optimisation of Akaike’s Information Criteria 
(AIC) and the Bartlett test for autocorrelation. Day of week was included as an 
indicator variable. The effect of each pollutant on asthma hospitalisation was 
tested for the day of admission and five days preceding admission (lags 0, 1, 2, 3, 
4, 5), selecting the lag period which optimised the observed effect size. Relative 
risks were estimated for an interquartile increase (25th to 75th) in hospitalisation 
for asthma, stratified by weather type. The relative risks of asthma 
hospitalisation for each pollutant were tested with and without adjustment for the 
effect of aeroallergens for days in the presence of each weather type. A z-test 
was used to test for significant differences (P<0.05) in RR before and after 
adjustment by aeroallergens for each single-pollutant model within each weather 
type.  
     Data was pooled for the ten cities using a random effects model with a 
random intercept to account for between-city inhomogeneity, and the effect 
estimates were weighted using the inverse sum of within and between-city 
variance, as in Cakmak et al. [8]. Single-pollutant-specific regression 
coefficients were combined using the restricted maximum likelihood method.  

3 Results 

The frequency of occurrence of the seven weather types during the study period 
is presented in Table 1. The Canadian cities used in this study are spread across a 
large region and experience a varied climate, with some notable national and 
regional trends. The dry moderate (DM) and moist moderate (MM) weather 
types are the most frequent across all cities, while the least common were the dry 
tropical (DT) and moist tropical (MT) weather types, both considered 
“offensive” for their association with adverse health endpoints. Regionally, the 
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Table 1:  Weather type frequency (%) per city and the average frequency for 
all cities during the study period, for seven weather types: DM (dry 
moderate), DP (dry polar), DT (dry tropical), MM (moist 
moderate), MP (moist polar), MT (moist tropical), and TR 
(transitional).  

DM DP DT MM MP MT TR 

Calgary 31 23 3 9 19 1 8 

Edmonton 21 32 2 8 22 1 12 

Halifax 23 18 1 18 13 8 9 

London 27 11 4 19 7 20 8 

Ottawa 29 11 5 21 9 14 9 

Saint John 18 13 NA 21 26 6 11 

Toronto 34 8 7 17 5 18 10 

Vancouver 44 3 NA 28 13 1 9 

Windsor 26 12 5 18 5 23 7 

Winnipeg 27 16 2 16 13 12 11 

All-city 
average 

28 15 3 17 13 10 10 

 
 
dry polar (DP) weather type was most common in the prairies and on the East 
Coast and least frequent in Toronto and Vancouver.  
     Asthma admission rates per 100,000 varied by weather type and city 
(Table 2). Rates of admission were lowest in the DT and MT weather types, at 
17.6 and 30.1 per 100,000 respectively for all cities. The highest all city 
admission rate was recorded for the DP weather type, at 220.6 admissions per 
100,000, although this varied from a low of 35.5 in Vancouver to 392.6 in 
Halifax. The highest individual city rate of admissions for asthma was recorded 
in Halifax, at 434.1 per 100,000 in the MP weather type.  
     Aeroallergen levels varied between cities and by weather type (Figure 1). 
Basidiomycetes spore concentrations were highest in Ottawa in MM, DT, DM, 
and MT weather types and lowest in all cities in the DP weather type. 
Concentrations ranged from 4.83 counts in Edmonton in DT air to 1343 counts 
in Ottawa in the MT type. Ascomycetes concentrations ranged from 
9.05 grains/m3 in Halifax in DP to 1418 in Ottawa in the MM weather type. 
Fungi imperfecti concentrations ranged from 5.59 grains/m3 in Halifax in the DP 
weather type, to 4389.3 grains/m3 in Ottawa in the MT type. For all three fungal 
aeroallergens, means were clustered most tightly in the DP weather type.  
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Table 2:  Asthma admissions per 100,000 city population, and the average 
rate of admissions for all cities during the study period, for seven 
weather types: DM (dry moderate), DP (dry polar), DT (dry 
tropical), MM (moist moderate), MP (moist polar), MT (moist 
tropical), and TR (transitional). 

  DM DP DT MM MP MT TR 

Calgary 316.6 276.5 27.1 87.3 221.5 2.5 87.1 

Edmonton 199.4 307.1 18.9 84.1 212.9 2.5 126.2 

Halifax NA 392.6 4.4 250.3 434.1 47.2 188.4 

London 169.6 108.1 19.3 113.4 122.3 63.1 81.2 

Ottawa 162.7 173.8 16.2 117.5 105.1 32.7 78.8 

Saint John 73.7 150.8 NA 146.1 NA 22.5 132.4 

Toronto 337.0 181.0 33.5 184.2 178.2 80.3 133.0 

Vancouver 208.0 35.5 NA 307.2 226.0 14.3 88.6 

Windsor NA 275.7 39.2 237.5 192.3 NA 142.6 

Winnipeg 229.0 305.0 16.4 166.2 198.0 36.0 127.7 
All-city 
average 

169.6 220.6 17.6 169.4 189.0 30.1 118.6 

 
 
     Regional differences were clearer for pollen counts, with the lowest values for 
weed pollen and grass pollen found consistently in Halifax and Saint John, on 
the East Coast, and the highest values for tree pollen in Vancouver on the West 
Coast. Weed pollen concentrations ranged from 27 counts m3 in Winnipeg in MT 
to 1.09 counts m3 in MP in Halifax. The highest concentration of tree pollen was 
found in Vancouver in MM, 180.5 counts / m3, and the lowest in Edmonton in 
the MP weather type. Grass pollen concentrations were highest in Windsor in 
DT, at 61.3 counts per m3, and lowest in Halifax and Saint John in all weather 
types. 
     Mean daily air pollutant levels varied by city and weather type, with regional 
differences also present (Figure 2). CO concentrations ranged from 0.18 ppb in 
London DP weather to 0.96 ppb in Toronto in MM. In all seven weather types, 
the highest and lowest values were found in Toronto and London respectively; 
Halifax and Saint John tended to be toward the higher end of the range while the 
prairie cities Winnipeg, Edmonton, and Calgary, toward the lower, in all weather 
types. CO concentrations were not highly variable by weather type, however. 
Mean daily O3 concentrations ranged from 27 ppb in Winnipeg in the MP 
weather type to 81.8 ppb in Windsor in DT. The highest values were in the Great 
Lakes cities of Windsor, Toronto, and London, in the DT and MT weather types. 
Mean values were least dispersed in DP and MP weather types, remaining low 
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Figure 1: Mean concentrations of aeroallergens by city for the study period 
of April to October, 1994 to 2007. C: Calgary; E: Edmonton; 
H: Halifax; L: London; O: Ottawa; SJ: Saint John; T: Toronto; 
V: Vancouver; Ws: Windsor, W: Winnipeg. 

for all cities examined. NO2 concentrations were highest in Toronto and Windsor 
in all weather types and lowest in Winnipeg and Saint John in all weather types. 
The highest mean concentration of NO2, 29.3 ppb, was in Toronto in DT 
weather. Mean concentrations of SO2 ranged from 1.39 in Edmonton in MP air 
to 14 ppb in Windsor in DT weather. With the exception of the DT weather type, 
the highest mean concentrations of SO2 were found in the East Coast cities 
Halifax and Saint John. Particulate matter concentrations ranged from 7.87 for 
PM10 in Vancouver in the MP weather type, to 48.6 particulates µg/m3 in 
Windsor in MT (cities with fewer than 50 observations were excluded from these 
figures). The effect of weather type is more apparent in PM2.5, where mean 
particulate concentrations range from 2.62 in Halifax in MP air, to 30 µg/m3 in 
London in MT air. PM2.5 counts are lowest in the DP and MP weather types, and 
highest in the DT and MT weather types.  
     The single pollutant models found significant increases in relative risk for 
asthma hospital admissions in the general population (Figure 3), with the 
exception of PM10 in the DT weather type. After adjustment for the interactive 
effect of aeroallergens the relative risk of hospitalisation declined, but remained 
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Figure 2: Mean pollutant concentrations by city for the study period of April 
to October, 1994 to 2007. C: Calgary; E: Edmonton; H: Halifax; 
L: London; O: Ottawa; SJ: Saint John; T: Toronto; V: Vancouver; 
Ws: Windsor, W: Winnipeg. 

 
above 1.0 in all pollutants in all weather types, with the exception of O3 and 
PM10, both in DT.  
     Significant (P ≤ 0.05) differences in relative risk of asthma hospitalisations 
from air pollutants after adjustment for the interactive effect of aeroallergens 
were found for CO, O3, NO2, SO2, and PM2.5. There were no significant changes 
in RR after adjustment for aeroallergens in any weather type for PM10, and no 
significant differences in RR in DT or MT for any of the pollutants.  
     Aeroallergens significantly increased the effect size of air pollutants in 19 of 
the 42 cases (pollutant and weather type) examined. The largest interactive effect 
was found for CO, in the MP weather type, where the RR of asthma 
hospitalisation increased from 1.065 (95% CI, 1.032–1.098) to 1.282 (95% CI, 
1.163–1.413), and the second largest was for CO in the MM weather type, where 
RR increased from 1.059 (95% CI, 1.027–1.092) to 1.236 (95% CI, 1.158–1.32). 
In the TR weather type, aeroallergens increased the effect size of NO2 on asthma 
hospital admissions from 1.055 (95% CI, 1.012–1.098) to 1.218 (95% CI, 1.125–
1.319). The fourth largest increase in effect size was again for CO, in the DP 
weather type, which increased the RR from 1.04 (95% CI, 1.009–1.073) to 1.187 
(95% CI, 1.081–1.303).  
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Figure 3: Pooled estimates of relative risks of hospitalisation for asthma 
among ten cities, before (black) and after (grey) adjustment for 
aeroallergens. Bars represent 95% confidence intervals. 

     The interactive effect of aeroallergens on air pollution was significant for SO2 
for the DM, DP, MM, MP, and TR weather types, with the largest change after 
adjustment for aeroallergens in MM air, from 1.04 (95% CI, 1.016–1.064) to 
1.178 (95% CI, 1.124–1.235); whereas for O3 it was significant only in two of 
the weather types: DP, increasing from 1.05 (95% CI, 1.004–1.098) in the 
unadjusted model to 1.175 (95% CI, 1.083–1.275) in the adjusted model, and in 
the MM weather type, from 1.094 (95% CI, 1.055–1.134) to 1.174 (95% CI, 
1.11–1.241). 
     In the DP weather type, the effect estimate of pollutants on asthma 
hospitalisations was significant after adjustment for aeroallergens for all of the 
pollutants except PM10, with the largest increase for CO and the smallest for 
PM2.5, where RR went from 1.077 (95% CI, 1.035–1.121) to 1.175 (1.09–1.268).  

4 Discussion 

Pollutants exacerbate asthma [9, 18, 19] and have been associated with increased 
emergency hospitalisations [20, 21]. Aeroallergens also exacerbate asthma both 
independently [22] and in interaction with air pollution [8, 23, 24].  
     The present study also finds that aeroallergens positively influence the 
relationship between air pollution and asthma, and that this interactive effect can 
be modified by the synoptic weather type present. This latter finding is consistent 
with a study of asthma admissions in New York City, that showed cold and dry 
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weather types (DT and DP) to be associated with spikes in 
asthma hospitalisations [25]. While we also observed an increased RR of asthma 
hospitalisation in the DT weather type in all the single pollutant models, it was 
insensitive to adjustment for aeroallergens; however, this weather type was also 
the least frequently experienced in Canada. For the DP weather type, RRs were 
consistently elevated in all the pollutant models except for PM10, and in each 
case except PM10 were significantly reduced after adjustment for aeroallergens. 
Dry, cold, DP-type weather is typically associated with asthma exacerbation [26] 
and this weather type is the third most commonly experienced in Canada, with 
the highest overall rate of asthma admissions.  
     DT and MT are associated with high mortality due to the effects of heat [27]; 
however, we found the effect of these two weather types on asthma 
hospitalisations to be less pronounced. The highest RR was for carbon monoxide 
in the MP weather type, and it was also one of the pollutant models most 
affected by adjustment for aeroallergens. There is some evidence that carbon 
monoxide is associated with asthma exacerbation [28], and our recent work 
comparing low and high air pollution also found significant increases in 
hospitalisations for CO with increases in the aeroallergens ascomycetes, 
basidiomycetes, and deuteromycetes equivalent to their pooled interquartile 
ranges [8].  
     There is consistent evidence that ozone is associated with asthma [29], that it 
interacts significantly with allergens, possibly by priming airways for 
inflammation [10], and that it can be modified by weather type [2]. The highest 
RR of asthma hospitalisation in the present study was found for ozone in the TR, 
transitional, weather type, as was also found by Hanna et al. [2]. However, we 
did not observe as large an effect for DT weather; DP and MP were more 
important, likely related to the greater frequency of occurrence of these types in 
Canada.  
     The RR of PM10 exposure on asthma hospitalisations was not significantly 
affected by adjustment for aeroallergens in any of the seven weather types. This 
is consistent with confounding of the results as fungal spores and pollen also fall 
within the particulate size range encompassed by PM10. Additionally, while the 
PM10 model did find elevated RR, the effect size was lower than for any of the 
other pollutants. The effect of PM10 on asthma is not considered to be as great as 
that of PM2.5. While one study in Canada found an effect of PM10 on asthma 
admissions and none for PM2.5 [30], the greater effect of PM2.5 is supported by 
laboratory studies. PM2.5 has been shown to be more associated with oxidative 
stress in rat lung epithelial cells than PM10, suggesting it may be more involved 
in asthma exacerbation [31]. A number of human studies further support a role 
for PM2.5 in the etiology of asthma exacerbations [32–34].  
     For NO2 and SO2, we found the highest RR occurred in the DM weather type, 
and in both cases this was significantly different after adjustment for 
aeroallergens. Our findings suggest an additional interactive effect for SO2 and 
aeroallergens.  
     Study limitations: pooling the effect size estimates was necessary to obtain 
sufficient statistical power, but heterogeneity in the dataset, from using ten cities 
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spaced across a wide geographical range, limits the applicability of these 
findings to individual cities. While we found regional similarities the cities vary 
in pollution levels and types of vegetation and thus exposure to aeroallergens, 
and also in socioeconomic factors, which may affect how the population 
responds to environmental stress. Some of the weather types were relatively 
infrequent in Canada and the SSC approach is a relative, rather than absolute, 
classification. As a result, comparisons between synoptic weather types in 
Canada may not be readily comparable elsewhere. Insufficient numbers of 
observations for aeroallergens in some of the weather types likely contributed to 
the higher confidence intervals. This situation arises as the pollen season for 
trees, grasses, and weeds, peak at different times of the year and do not persist 
for as long as that of fungal spores, and pooling the aeroallergen counts, as was 
done here, limits exploration of these differences.  

5 Conclusions 

Synoptic weather types are known to modify levels of air pollution and 
aeroallergens. The dry polar, moist moderate, moist polar and transitional 
weather types present the highest relative risks of asthma hospitalisation, and this 
risk can be modified by adjustment for aeroallergens. Synoptic forecasting may 
help prepare for and mitigate spikes in asthma admission rates, particularly when 
used in combination with information on airborne allergens.  
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