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findings of this study emphasize the importance of 
specific WTs in determining the maximum daily 
concentrations of ozone, fine particles, Betula pollen 
concentrations and health effects such as asthma 
hospitalization. Moreover, the use of data filters 
in the analysis (for temperature and total count of 
hospitalization) also reveals new insights in the 
complex nature of asthma disease and its relationship 
with environmental factors.
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1  Introduction

Environmental factors in the atmosphere (air 
pollution, aeroallergens, and weather conditions) can 
worsen health symptoms such as asthma (Boezen 
et  al., 1999; Cashel et  al., 2004; Dales et  al., 2004, 
2008; Guarnieri & Balmes, 2014; Guillam & Ségala, 
2008; Hebbern & Cakmak, 2015; Robichaud, 2021; 
Thien et al., 2018). These factors could act as triggers 
for respiratory diseases and the sensitivity to them 
can vary from person to person (Ahlholm et  al., 
1998; INSPQ, 2013). Therefore, it is essential for 
asthma patients to identify and avoid specific triggers 
of respiratory disease to help manage their health 
condition effectively. The analysis presented in this 
article emphasizes the importance of environmental 
conditions on asthma such as (1) the level of air 
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pollution (ozone and fine particles), (2) the abundance 
of atmospheric pollen such as Betula (Birch), one of 
the most allergenic bioaerosols according to Guérin 
(1993) and, (3) weather conditions. The study period 
focuses on the pollen tree season (mostly April and 
May in Montreal). Among the most abundant pollen 
monitored in Montreal during spring is birch pollen 
(Betula) (Bapikee, 2005; Robichaud & Comtois, 
2017). Time series of birch phenology has been 
extensively studied by Robichaud and Comtois (2017) 
for Birch (Betula) in Montreal. Moreover, Robichaud 
(2021) has identified synergies between these 
variables and used a weather type (WT) classification 
which is referred to in this paper as the “In-house” 
weather type. This weather type classification is 
based on synoptic meteorology features. On the other 
hand, Sheridan (2002) has developed an independent 
WT classification related to airmasses. This weather 
type classification has been used to assess health 
outcomes in Canada (Hebbern & Cakmak, 2015; 
Vanos et  al., 2014). However, their analysis did not 
include Montreal.

The importance of using a WT classification in 
analyzing environmental variables and its connection 
to other fields (including health issues other 
than asthma hospitalization) has previously been 
demonstrated in the literature over several decades 
(Cheng et  al., 2007; Heidorn & Yap, 1986; Power 
et al., 2006; Robichaud, 1993; Robichaud & Comtois, 
2019; Tian et al., 2020; Zhao et al., 2012) including 
the use of Sheridan’s weather-type classification (Lee 
& Sherida 2018; Sheridan, 2002; Vanos et al., 2014). 
However, evidence for the association between the 
simultaneous presence of air pollution, pollen and 
specific weather type and asthma hospitalization 
is still limited in Canada and elsewhere. One key 
concept associated with WTs is the idea of a holistic 
approach. Instead of examining individual variables 
in isolation, a holistic approach considers the 
interconnections and dependencies between various 
atmospheric elements and the health outcome. This 
approach recognizes that weather patterns emerge 
from the complex interactions of multiple variables, 
such as temperature, humidity, air pressure, wind 
patterns, and cloud cover (Lee &Sheridan 2018; 
Robichaud & Comtois, 2019; Vanos et  al., 2014). 
This understanding is crucial for assessing the impact 
of weather on different aspects of the environment, 
including ecosystems, agriculture, water resources, 

and human activities. For example, knowing the daily 
weather situation in a region can provide valuable 
information for health planning and management 
of asthma hospitalization (Thien et  al., 2018; Tian 
et al., 2020) and can lead to an asthma forecast based 
on weather types. As an example, on Nov. 21, 2016, 
in Melbourne, Australia, convergent environmental 
factors triggered a thunderstorm asthma epidemic of 
unprecedented magnitude, tempo, and geographical 
range and severity, creating a new benchmark for 
emergency and health service escalation (Thien et al., 
2018).

Asthma is a chronic respiratory condition 
that affects the airways in the lungs. It causes 
inflammation and narrowing of the airways, making 
it difficult for a person to breathe. The symptoms 
of asthma can vary in severity and may include 
wheezing, coughing, shortness of breath, and 
chest tightness (INSPQ, 2013, 2022). The causes 
are multifactorial and include outdoor allergens, 
air pollution, weather conditions (factors of the 
atmospheric environment) as well as tobacco smoke, 
respiratory infection, and indoor allergens such 
as dust mites, molds, and animal dander (INSPQ, 
2013). But it is recognized that the presence of 
airborne pollen exacerbates the symptoms of asthma 
(INSPQ, 2013, 2022; Knox, 1993). A large portion, 
approximately 80% of asthmatic patients also have 
allergies (Asthma Canada—htpps://asthma.ca). In the 
province of Québec, it has been established that about 
20% of the population suffers from pollen allergy 
(INSPQ, 2022). On the other hand, air pollution is 
one of the known triggers of asthma as hundreds of 
studies suggest that ozone and PM2.5 are harmful 
to people at levels currently found in urban areas 
(Brauer et  al., 2007; Stewart et  al., 2017, To et  al., 
2020; EPA OAR 2015). Ozone and PM2.5 are among 
the most common pollutants in urban areas such 
as Montreal (Robichaud, 2021; Ville de Montréal 
2023). Both pollutants have been shown over the 
past decades to affect the respiratory, cardiovascular, 
and central nervous system and are also linked with 
asthma (Brauer et  al., 2007; Delfino et  al., 2002; 
Gehring et  al., 2002; Jaffe et  al., 2003; McConnell 
et al., 2003; Rosas et al., 1998).

Pollen allergy is another cause of asthma 
hospitalization in Canada (Dales et  al., 2004, 2008; 
Hebbern & Cakmak, 2015) and elsewhere (Rosas 
et al., 1998). However, the synergy between the triad 
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pollen, air pollution, weather patterns deserve more 
attention (Robichaud, 2021; Robichaud & Comtois, 
2019). Although the relation between thunderstorm 
and asthma has been substantially studied (D’Amato 
et al. 2015; Knox, 1993; Marks & Bush, 2007; Taylor 
& Jonsson, 2004; Thien et  al., 2018), the relation 
between asthma and other weather situations have 
been little examined as discussed in Robichaud 
(2021). While both interior allergens and pollution 
are also involved in asthma (including odors and 
irritants such as wood stove burning), in this paper, 
we examine the interconnection of asthma with 
factors of the atmospheric factors only (outside air) 
and only during tree pollen season (when wood stove 
burning is insignificant).

Studies show that birch trees produce enormous 
quantity of pollen, and which is particularly allergenic 
(Bapikee, 2005; Guérin, 1993). Moreover, there is 
strong evidence indicating the importance of medium 
to long range transport of pollen including birch 
(Comtois, 1996; Damialis et al., 2005; Gregory, 1978; 
Hjelmroos, 1991; Oikonen et  al., 2005; Rogers & 
Levetin, 1998; Smith et al., 2008; Wallin et al., 1991). 
It has been shown by numerical simulation that the 
Laurentides (located to the West, North-West and 
North quadrants with respect to the city of Montreal) 
can bring, under proper meteorological situation high 
quantity of pollen to the Montreal region and in a 
much more abundance than locally produced pollen 
(Robichaud & Comtois, 2021).

On one hand, according to the literature, 
contaminants directly act on specific pollens by 
enhancing their allergenicity. On the other hand, 
they affect the mucous membranes of patients, 
increasing their hypersensitivity and making them 
more susceptible to the action of allergens (Laaidi 
et  al., 1997, 2011). Pollutants such as ozone (O3), 
nitrogen dioxide (NO2), carbon dioxide (CO), sulfur 
dioxide (SO2), and fine particles (PM2.5) impact 
pollen particles by degrading their structure and 
triggering the release of the allergens they contain 
(Laaidi et  al., 2002). Studies have also revealed that 
contaminants can stimulate the synthesis of the IgE 
antibody (Devalia et  al., 1998). In this study, the 
use of weather-type (WT) was chosen to examine 
the complex synergy pollen-pollution-WT and the 
impact on asthma hospitalization in Montreal. Several 
studies have shown that the human body responds 
to overall environmental conditions, rather than to 

individual environmental variables (Rainham et  al., 
2005; Vanos et al., 2014) including the triggering of 
some respiratory diseases such as asthma. Finally, 
maximum air pollution concentrations also depend 
not only on a specific environmental variable but 
on weather patterns as well (Heidorn & Yap, 1986; 
Robichaud, 2021; Robichaud & Comtois, 2019; Tian 
et al., 2020).

2 � Material and methods

2.1 � Study design and setting

In the study presented here, an analysis is done for 
Montreal which focuses on; (1) comparing the results 
obtained with the two WT classifications mentioned 
above, (2) an analysis of the WTs in relation to the 
temporal distribution of asthma hospitalization, and 
(3) a comparison of WTs versus temperature and 
total count of asthma hospitalizations in Montreal. 
Moreover, correlation matrices for all variables are 
produced.

This study is entirely based on past observations 
and is of the type called “ecological study” (see 
Suppl. Material S1 for a comprehensive definition). 
It focuses on the short-term associations between air 
quality, tree pollen, and weather type with asthma 
hospitalization. The population of the study for 
asthma hospitalization was the residents of Montreal 
Island (divided into 4 sectors: West, East, Center-
North and Center-South, see supplementary material 
S2, Figure S2). Montreal is the largest city of the 
province of Quebec and the second most populous 
city in Canada after Toronto with a population of 
1.7 million (near 4 million if all surrounding suburbs 
are included, https://​www.​statc​an.​gc.​ca). The city 
of Montreal is located at about latitude 45.5° N 
and longitude of 73.6° W with a total land area of 
roughly 365  km2. Montreal is situated on the Island 
of Montreal, which is located at the confluence of 
the Saint Lawrence and Ottawa Rivers. The city is 
surrounded by several smaller islands, creating a 
unique geographical setting (https://​montr​eal.​ca/​en).

The climate of Montreal is classified as a humid 
continental climate according to the Köppen-
Geiger climate classification system (Dfb). This 
climate type is characterized by four distinct seasons 
with warm to hot summers and cold winters with 

https://www.statcan.gc.ca
https://montreal.ca/en
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snow. The city experiences significant variations 
in temperature and precipitation throughout the 
year, which contributes to its unique and diverse 
weather patterns (https://​www.​weath​erbase.​com/​gr/​
koppen.​png). To study the relation among weather, 
atmospheric irritants, and asthma, two classification 
systems for weather type have been used here for 
the purpose of complementarity and comparison. 
The first one is maintained by the University of 
Ohio (Sheridan, 2002; Sheridan.geog.kent.edu/ssc3.
html) and is based on 7 different air masses (see a 
description in Table  1). The second one, referred to 

here as the “In-House” WT, was built by the author 
of this paper inspired from an original study applied 
for the province of Ontario (Heidorn & Yap, 1986). 
However, it was further extended to other locations 
in Canada. The first version of the “In-House” WT 
classification is described in more detail elsewhere 
(Robichaud, 1993; Robichaud & Comtois, 2019). It is 
based on 12 different synoptic features (see Table  2 
for details) rather than air mass types as in Sheridan 
(2002). Both classification systems in this paper use 
weather data taken at the Montreal-Trudeau airport 
for the period 2000–2017. Together, they help build 

Table 1   Description of Sheridan’s WTs for Montreal (adapted from Sheridan, 2002)

WTs are not strictly airmasses but nevertheless a link to conventional airmasses is given in 5th column. The suggested 
correspondence with “In-House” WTs is also given in the last column

Sheridan’s WT Weather conditions Frequency 
(2000–2012) 
(%)

Code Link with conventional airmass 
type

Link with 
“In-House” 
WT

DM (dry moderate) Dry and seasonal moderate WT 
(zonal flow)

22.82 10 Mild and dry (modified airmass) 7,2,3

DP (dry polar) Coldest and driest WT 22.55 20 Continental polar (cP) 5,6,7
DT (dry tropical) Hottest and driest WT 1.87 30 Continental Tropical (cT) 1 2,3
MM (moist moderate) Moist and near normal conditions 

(zonal flow)
17.03 40 Mild and moist (modified 

airmass)
8,10,11

MP (moist polar) Moist and Polar WT 14.25 50 Cold and moist (mP) 8,10,11
MT (moist tropical) Hot and moist WT 10.0 60 Maritime tropical(mT) 1,2,3
TR (transitional) Change of WT 11.48 70 Fronts, trowals, etc. (change of 

airmass)
4,9,12

Table 2   Description of 
“In-House” weather type 
based on synoptic feature 
(note that 17.1% of WT are 
unclassified or have missing 
data and are not shown in 
the table) (adapted from 
Robichaud, 2021)

In-House WT Weather conditions Frequency (2000–
2012) (%)

Suggested link 
with “Sheridan’s 
WT”

1 Heat wave 4.5 30,60
2 Stagnation 4.1 30,60
3 Warm sector 7.4 30,60
4 Cold front passage 8.6 70
5 Post cold-front 2.1 20
6 Approaching high pressure 7.8 10,20
7 High pressure 7.8 20,10
8 Low pressure 14.0 50,40
9 Trowal 4.1 70
10 Approaching low 5.3 40,50
11 Through 11.9 40,50
12 Warm front 5.3 70
Unclassified Any 17.1 Any

https://www.weatherbase.com/gr/koppen.png
https://www.weatherbase.com/gr/koppen.png
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a different but complementary understanding of the 
impact of weather patterns on several environmentally 
related parameters (levels of ozone, fine particles, tree 
pollen concentration, asthma hospitalization) and the 
possible connections among these variables.

2.2 � Data collection

Table  S2 (Supplementary material S2) summarizes 
the data collected for the period available for this 
study and the source of the data. Concentration of 
Betula (birch) was obtained for the period 2000–2012 
from the Dept. of Geography of Université de 
Montréal through Dr. Paul Comtois. The method 
of collection uses a volumetric Hirst spore trap and 
is described elsewhere (Mandrioli et  al., 1998). 
The unit for the pollen is grain per cubic meter (gr/
m3). Daily asthma hospitalization for 4 sectors of 
the city of Montreal (Center-North, Center-South, 
East and West) were acquired from INSPQ (Institut 
National de Santé Publique du Québec) for the 
period 2006–2017. Concentrations of ozone and fine 
particles (PM2.5) were obtained from the National 
Air Pollutant Surveillance (NAPS) managed by 
Environment and Climate Change Canada (ECCC). 
Several sites measuring air pollution are situated on 
the Island of Montreal (see Fig. S2 in supplementary 
material S2). Note that the NAPS network has basic 
objective to monitor pollutants in residential areas 
of Canada. Therefore, pollutants having localized 
emission sources such as NO2 (transport) and SO2 
(industry) might have less impact on the NAPS sites 
and, therefore, on the health impact in residential 
areas.

2.3 � Statistical methods

The maximum daily 8-h highest mean concentrations 
were computed from the database for Montreal 
during the period 2003–2008. Statistical analysis 
was performed using the software SAS© (Statistical 
Analysis Software, SAS Institute, NC, USA). Both 
Pearson’s and Spearman’s coefficient of correlation 
are computed (Sect. 3) but only the first one is shown 
as Spearman’s correlation gave similar results. 
The coefficients of correlation were also computed 
for different sectors of the city and for different 
total count (TC) thresholds of hospitalization (A: 
TC >  = 0, B: TC >  = 1, C:TC >  = 2, D: TC >  = 4). 

Epidemic days are defined here whenever the total 
daily count of hospitalizations is equal or over 4 
(i.e. case D, TC >  = 4). The choice of this value is 
reasonable since it corresponds to daily values of 
hospitalization above 1.5 standard deviation with 
respect to the daily mean value. Other computations 
were also performed for different temperature bins 
revealing the driving importance of different stressors 
according to different temperature regimes. These 
different ways of computing correlation coefficients 
explore new possible associations which could 
help to solve the asthma puzzle (triad pollution, 
pollen, weather) and to test the overall robustness 
of the results of past companion papers (Robichaud, 
2021; Robichaud & Comtois, 2019). In this study, 
following standard practice, correlations are consider 
statistically significant if the sample N > 30 and 
p < 0.05.

3 � Results

3.1 � Statistics for asthma hospitalization versus pollen 
concentration and WTs

A significant seasonal variation of asthma 
hospitalization in Montreal can be observed from 
the inspection of Fig. 1 which presents a daily mean 
of hospitalization counts in Montreal over about 
a decade (2006–2017) for each month of the year. 
First, during the winter months (J,F,M and D) the 
daily hospitalization rates remain relatively stable 
(average slightly below 2 per day). A significant 
increase of daily mean hospitalization rate is 
reported in the spring (A and M), corresponding to 
the tree pollen season in Montreal (Bapikee, 2005; 
Robichaud & Comtois, 2017), and pollen originating 
from upwind locations of the northeast parts of US 
(Efstathiou 2011) when the winds are blowing from 
that direction. In the fall (S,O,N), a second increase 
of asthma hospitalization coincides with the ragweed 
pollen season and to an increase of allergenic 
spores (Bapikee, 2005; Goyette-Pernot et  al., 2003). 
During summer months (J,J,A), the counts of asthma 
hospitalization are the lowest. This coincides with a 
lower allergenic pollen load in the air in this season 
(Bapikee, 2005; INSPQ, 2013; Robichaud, 2021; 
Robichaud & Comtois, 2017). Moreover, in summer, 
better conditions of ventilation inside of homes, and 
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better dilution of air pollutants in the atmosphere 
(outside air) due to turbulence and well mixed 
boundary layer are more often encountered reducing 
the exposure to allergens and particulate matter in the 
surface layer of the atmosphere.

The importance of weather conditions on the 
atmospheric abundance of Betula pollen which 

appears during spring in Montreal is emphasized 
in Fig.  2. The x-axis of the graph represents the 
different weather type classification (A: In-House, 
B: Sheridan), while the y-axis represents the 
concentration of birch pollen (Betula). For the case 
of the “In-House” WT (Fig.  2A), analyzing the 
period spanning April and May from the years 2000 
through 2012, it becomes apparent that four weather 
types dominate in terms of elevated Betula pollen 
concentration; Trowal (WT no. 9, sometimes denoted 
as occlusion), Warm sector (WT no. 3), Approaching 
High (WT no. 6) and High-pressure system (WT no. 
7). Other weather types (see Table  2 for definition 
of WTs) significantly display lower concentrations 
of Betula pollen during the specified period. In 
the case of Sheridan’s weather type (Fig.  2B), it 
becomes apparent that the Betula concentration 
is highest in weather type 10 (DM: dry moderate 
airmass weather type). Note that DM tends to be 
associated with seasonal or zonal circulation which 
brings the pollen from the main source region in the 
province of Quebec (i.e. Laurentides) to Montreal 
as demonstrated by model simulation (Robichaud 
& Comtois, 2021). Following weather type DM, 
the second highest Betula concentration is observed 
in weather type 60 (MT: moist tropical). MT higher 
concentrations seem to originate from the meridional 
long-range transport from US and are associated with 
maritime tropical air mass which picks up Betula 

Fig. 1   Daily mean hospitalization for asthma in Montreal 
(2006–2017, N = 3373) for each month of the year. Statistical 
significance occurs when there are non-overlapping confidence 
intervals at a 95% level (i.e. empty rectangles)

Fig. 2   Betula (Birch) daily 
mean concentration (2000–
2012) (grains per cubic 
meter) versus A “In-House” 
WT, B Sheridan’s WT 
(N = 793). Statistical 
significance occurs when 
there are non-overlapping 
confidence intervals at a 
95% level. See Tables 1 and 
2 for the description of both 
WTs classification
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pollen over Northeast US where it is found to be 
abundant (Efstathiou 2011).

Figure 3A presents the number of hospitalizations 
versus “In-House” weather type. Trowals and warm 
fronts show the highest daily mean hospitalizations 
in Montreal. This result confirms the finding obtained 
by Robichaud and Comtois (2019) who used only the 
years 2006–2008 (vs. 2006–2017 here). In the case 
of Sheridan’s WTs (Fig. 3B), the highest number of 
hospitalizations is found for the dry tropical airmass 
(DT).

3.2 � Statistics on air pollution vs weather type

Figures  4 and 5 show the daily average maximum 
for (A) ozone and, (B) PM2.5 for each “In-House” 
and Sheridan’s weather type, respectively during 
the tree pollen season (April–May) over the period 
2003–2008. In the case of “In-House” WT for the 
warm season period, Heat Wave (WT = 1) and Warm 
Sector WTs (WT = 12) display the highest daily mean 
maximum values of ozone (Fig. 4A). Similar results 
are obtained for PM2.5 (Fig. 4B). Note that differences 

Fig. 3   Daily mean 
hospitalization in Montreal 
against the two weather 
types (A: In-House and B: 
Sheridan) during the tree 
pollen season (April–May 
2006–2017). See Tables 1 
and 2 for description of 
both WTs classification

Fig. 4   Mean 8-h maximum 
daily of A ozone (ppbv) 
and B PM2.5 (micrograms 
per cubic meter) using 
“In-House” weather types 
during the tree pollen 
season (April–May) for 
the period 2003–2008. The 
empty rectangles indicate 
the confidence interval at a 
level of 95%
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are considered statistically significant at a level 95% 
or more between two WTs whenever the empty 
rectangles associated with two different WTs do not 
overlap. For Sheridan’s WT (Fig. 5A,B), the tropical 
weather types (30: dry or 60:moist) play a substantial 
role in influencing the maximum daily concentrations 
of ozone and fine particles. Following closely behind 
is the transitional weather type (WT = 70; i.e. change 
of airmass during the same day) which shows the next 
highest values for both ozone and fine particles.

Figure  6 shows the relationship between 
temperature and various environmental factors, 
namely the natural logarithm of the Betula 
pollen count (Fig.  6A), averaged 8-h maximum 
concentration of ozone (Fig.  6B), and fine particle 

levels (Fig. 6C). Both ozone and fine particles exhibit 
distinct patterns with respect to the behavior of 
asthma hospitalization counts (Fig.  6D) in Montreal 
during the tree pollen season. Specifically, the highest 
pollen count (Betula) in Montreal occurs when the 
temperature lies in the range between 13.5 to 23.5 °C 
(temperature: classes 2 and 3, Fig.  6A). Conversely, 
for ozone and fine particles, the maximum 
concentrations are found at higher temperatures 
(temperatures higher than 23.5  °C, Fig.  6B,C). 
Examining the impact of these environmental factors 
on counts of asthma hospitalization, it becomes 
evident that they all play a significant role but may 
become dominant for different temperature ranges. 
The dominance of pollen as the primary influencing 

Fig. 5   Same as Fig. 4 but 
for Sheridan’s weather type

Fig. 6   Environmental 
variables and 
hospitalization for asthma 
versus temperature (TEMP) 
in Montreal (2003–2008: 
April-June) A Natural 
logarithm of the Betula 
pollen count B averaged 
8-h maximum ozone 
concentration and, C 
averaged 8-h maximum fine 
particle levels, D asthma 
hospitalization counts in 
Montreal during the tree 
pollen season. The different 
temperature intervals are 
indicated at the bottom of 
the figure
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factor becomes apparent in temperature classes 
2 and 3 (Fig.  6A) which also corresponds to the 
highest asthma hospitalization counts (Fig. 6D). That 
suggests that pollen is the primary driven factor for 
asthma hospitalization. However, a synergy with 
ozone and PM2.5 could also be present (Robichaud, 
2021; Robichaud & Comtois, 2019) since ozone and 
PM2.5 can interact with pollen (Cashel et  al., 2004; 
D’Amato et al. 2015; Laaidi et al., 2011; Robichaud, 
2021; Visez et  al., 2023). At higher temperatures 
(> 23.5 °C, Fig. 6D), the dynamic significantly shifts, 
and the primary trigger of increased hospitalizations 
seems to be air pollution, specifically ozone and 
PM2.5 (fine particles) rather than pollen as summer 
accompanied with higher temperature coincides with 
the end of the Betula pollen season in the region.

To elucidate further the respective role of pollen 
and air pollution in asthma hospitalization, coefficient 
of correlation matrix is presented in Table  3. First, 
Table  3A presents the Pearson’s coefficient of 
correlation, illustrating the relationship between 
daily asthma hospitalization in Montreal during 
the tree pollen season (April–May, 2003–2008), 
versus various environmental variables for the whole 
database (all values of total count TC of asthma, i.e. 
TC >  = 0). The analysis considers different sectors 
of Montreal, namely all sectors lumped together 
(TC), then center-north (CNC), center-south (CSC), 
east (EC), and west (WC), respectively. The analysis 
reveals that the Betula concentration, either with 
no lag (Bet) and with lag times of one (L1(Bet)) 
to two days (L2(Bet)), exhibits, overall, and in 
different sectors of the city, significant coefficient of 
correlation with asthma hospitalization when the total 
hospitalization (all sectors combined) is greater than 
or equal to (A) ALL, i.e. TC. >  = 0 (Table 3A), (B) 
TC >  = 1 (Table 3B), (C) TC >  = 2 (Table 3C), and, 
(D) TC >  = 4 (Table  3D). Overall, for all variables, 
the reported correlations range from 0.12 to 0.58, 
depending on the sector and the required lag time 
for hospitalization and the threshold value of TC. In 
comparison to Betula pollen, ozone and PM2.5 exhibit 
lower occurrence of positive correlations throughout 
Table 3, although they could show higher correlation 
for some sectors. Among all sectors combined (row 
TC, Table  3,A,B,C,D), ozone (with a one-day lag, 
L1(O3)) demonstrates a noteworthy correlation, with 
a maximum R value up to 0.342 (p < 0.1). This higher 
value occurs under epidemic conditions (TC >  = 4, 

Table  3D). Furthermore, in the Center-North sector 
(second row CNC), the correlation between ozone 
and hospitalization strengthens to 0.57 (p < 0.01), 
while the West sector (row WC) shows an even higher 
correlation of 0.58 (p < 0.01) on the 2-days lag. On 
the other hand, PM2.5, displays weaker correlations 
with only a few significant associations depending on 
the sector and the value of TC. The highest coefficient 
of correlation between fine particles and asthma 
hospitalization is found for the Center-North (CNC) 
part of the city for the value of TC >  = 4 (R = 0.347). 
Notice that at times, negative coefficient of correlation 
is found between daily asthma hospitalization and fine 
particulate matter (FPM). This has been also noticed 
in other studies (Lajoie et  al., 1994 in Quebec City, 
Canada; Garty et al., 1998 in Israel) but the reason of 
this is unclear and, as things stand, not biologically 
intelligible. The correlation between Betula pollen 
and asthma hospitalization counts is also higher for 
the case of TC >  = 4 with R = 0.4898 (p < 0.01).

4 � Discussion

Few studies have categorized weather types 
and analyzed the interaction between the major 
atmospheric irritants and triggering factors and 
its association to asthma hospitalization. Using 
Sheridan’s WTs, and comparing with an already 
existing WT classification at ECCC (so-called 
“In-House” WT), several interesting graphs were 
presented in Sect. 3 which reveals the importance of 
Betula pollen but also the synergy between several 
environmental factors (stressors) and asthma. By 
computing the statistics in different sectors of the 
city, for different values of TC (total count for asthma 
hospitalization in Montreal), and using different bins 
of temperature, new insights have been obtained 
regarding the link between atmospheric stressors and 
asthma in Montreal.

Overall, in Table  3, the highest correlation with 
asthma hospitalizations total counts (TC) and 
environmental factors are usually found with one-
day lag (for Betula, ozone or fine particles) in all 
geographical sectors of the city. The lag between 
environmental stressors and asthma hospitalization 
or mortality is well known in the literature (Garty 
et  al., 1998; Gleason et  al., 2014; Robichaud & 
Comtois, 2019; Schwartz, 2000). Note that beyond 
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two days lag, coefficient of correlation was found to 
be non-significant in the present study (not shown in 
Table 3).

In the previous literature, the role of pollen in 
asthma hospitalization is not always clear and the 

methodology used could sometimes be questionable. 
For example, Gleason et  al. (2014) have studied the 
associations between ozone, PM2.5, and four types of 
pollen during the warm season in New Jersey. They 
found stronger links between air pollution compared 

Table 3   Coefficient of correlation (Pearson) between daily asthma hospitalization in Montreal during the tree pollen season and 
various environmental variables

Bet: Daily Betula concentration (no lag), L1(Bet): one-day lag with Betula concentration, L2(Bet): 2 days lag with Betula, FPM: 
fine particulate matter (PM2.5) mean daily maximum (no lag), L1(PFM); one day lag for PM2.5, L2(PFM): 2 days lag for PM2.5, O3; 
ozone mean daily maximum (no lag); L1(O3): one day lag for ozone, L2(O3) 2 days lag for ozone. TC: total counts of hospitalization 
for all sectors; CNC, Center North sector counts; CSC, Center South sector counts; EC, East sector counts, WC, West sector counts. 
(A) whenever total count is greater or equal to 0, i.e. TC >  = 0, (B) TC >  = 1, (C) TC >  = 2, (D) TC >  = 4
*0.05 < P < 0.1; **P < 0.01; otherwise 0.01 < P < 0.05; NS: p > 0.1
Note that the bold emphasis is used for the variable having the maximum coefficient of correlation for a given sector of Montreal

Bet 
(N = 247)

L1(Bet) 
(N = 238)

L2(Bet) 
(N = 230)

FPM 
(N = 84)

L1(FPM) 
(N = 83)

L2(FPM) 
(N = 82)

O3(N = 94) L1(O3) 
(N = 93)

L2(O3) 
(N = 93)

(A) ALL
TC 0.12044 0.20484 0.11171 NS NS NS NS NS NS
CNC NS 0.15864 NS NS NS NS 0.202 0.2398 NS
CSC 0.1614 0.14942 0.2035 NS NS NS NS NS NS
EC NS 0.22880 NS NS NS NS NS NS NS
WC NS NS NS   0.185* NS NS NS NS NS

Bet 
(N = 220)

L1(Bet) 
(N = 211)

L2(Bet) 
(N = 204)

FPM 
(N = 81)

L1(FPM) 
(N = 80)

L2(FPM) 
(N = 79)

O3 (N = 91) L1(O3)
(N = 90)

L2(O3)
(N = 90)

(B) TC ge 1
TC 0.19711 0.3459** 0.199** NS NS NS NS NS NS
CNC NS 0.15815 NS NS 0.2031* NS 0.212 0.285** NS
CSC 0.1521 0.14886 0.213** NS NS NS NS NS NS
EC NS 0.2315** NS NS NS NS NS NS NS
WC NS NS NS NS NS NS NS NS NS

Bet 
(N = 161)

L1(Bet) 
(N = 155)

L2(Bet) 
(N = 150)

FPM 
(N = 67)

L1(FPM) 
(N = 66)

L2(FPM) 
(N = 66)

O3 (N = 73) L1(O3) 
(N = 72)

L2(O3) 
(N = 72)

(C) TC ge 2 
TC 0.1642 0.3717 0.1588* NS NS NS NS NS NS
CNC NS NS NS 0.2031* 0.20704 NS 0.246 0.298 NS
CSC 0.134* 0.138* 0.1888 NS NS NS NS NS NS
EC NS 0.2137 NS NS NS NS NS NS NS
WC NS NS NS − 0.2167* NS NS NS NS NS

Bet (N = 44) L1(Bet) 
(N = 40)

L2(Bet) 
(N = 39)

FPM 
(N = 29)

L1(FPM) 
(N = 28)

L2(FPM)
(N = 28)

O3 (N = 30) L1(O3 
(N = 29)

L2(O3) 
(N = 29)

(D) TC ge 4
TC NS 0.4898** 0.452** NS NS NS NS 0.342* NS
CNC NS NS NS 0.347 NS NS NS 0.57** NS
CSC NS NS NS NS NS NS NS NS NS
EC NS 0.2881* NS NS NS NS − 0.31* NS NS
WC NS NS NS NS NS NS NS NS 0.58**



Aerobiologia	

Vol.: (0123456789)

to pollen for emergency department pediatric asthma 
events and failed to obtain evidence for the role of 
pollen. However, the latter study included different 
kinds of pollen (with different allergenic power) and 
for the whole warm season and with no filter (such 
as for TC in this study here) all of which could 
dilute the strength of the correlation pollen-asthma 
as compared to that of air pollution. In the study 
presented here, only the months corresponding to the 
tree pollen season are used (April–May) and Betula 
pollen (the most abundant and allergenic tree pollen) 
was selected to conduct the study and filter for TC 
and temperature bins. This reduces the possibility 
of confounding factors and the dilution effect. This 
methodology applied in Sect.  3, reveals that Betula 
pollen presents overall the more robust association 
with asthma hospitalization. In fact, the coefficient 
of correlation is more consistently higher for Betula 
pollen than for air pollution in various sectors of the 
city.

Other interesting features of this paper are 
described and explained here. Figure  5 shows the 
average concentrations of both ozone (Fig.  5A) and 
PM2.5 (Fig. 5B) versus Sheridan’s WT. The maximum 
concentration for ozone is found in the dry tropical 
situation (WT = 30) whereas for PM2.5 it is observed 
in the moist tropical case (WT = 60). The different 
behavior for ozone as compared to that of PM2.5 
could be explained by the fact that under dry air (high 
vapor pressure deficit), plants stomata tend to close 
(Jarvis, 1976) limiting the dry deposition of ozone 
over plants through stomata. Since dry deposition is 
considered an important sink for ozone, reducing the 
deposition allows more ozone accumulation in the 
atmosphere. For PM2.5, deposition does not depend 
on stomata opening and therefore is less sensitive to 
dry weather conditions. Note that the moist tropical 
WT (i.e. MT), for both ozone and PM2.5 shows high 
concentrations as well. This is to be expected since 
tropical airmasses are passing over polluted regions 
of the US which naturally brings a higher load of fine 
particles and ozone (by uplift due to turbulence and 
long-range transport).

4.1 � Increase synergy on epidemic days (TC >  = 4)

Changing the values of the threshold for TC can filter 
out non-epidemic days. When TC >  = 4 (epidemic 
days only, Table 3D), the correlation matrix indicates 

both stronger coefficient of correlation for pollen 
and air pollution. During epidemic days, stronger 
correlations are observed with asthma hospitalization 
for all stressors (ozone, fine particles, and pollen) 
compared with the correlation matrices where 
epidemic days are not isolated (Table  3, A-C). This 
suggests some kind of synergy between air pollution 
and pollen with respect to asthma disease. In fact, 
ozone and pollen synergy have been suggested in 
numerous ways in the literature (Cashel et al., 2004; 
Laaidi et al., 2011; Newman-Taylor, 1995; Robichaud 
& Comtois, 2019; Visez et  al., 2023). Note, finally, 
that in Table  3, although at times, the coefficient of 
correlation peaks higher for air pollutant (ozone and 
PM2.5) than pollen during the tree pollen season, 
the coefficient of correlation is positive in more 
numerous situations for Betula pollen than for ozone 
and PM2.5. This suggests that the main driver of 
asthma hospitalization could be Betula pollen.

4.2 � Link between the trowal WT, Betula pollen and 
asthma hospitalization

Robichaud and Comtois (2019) showed that the risk 
of asthma is higher in specific WTs such as trowals 
and warm fronts. However, the number of cases was 
reduced to a shorter period in their study. Our results 
presented here cover a much longer period (i.e. 
2006–2017 instead of 2006–2008) and thus provide 
stronger support to the unexpected association 
between trowals (an infrequent synoptic WT), and 
atmospheric stressors. In the literature, prior to the 
study mentioned above, there is no reference about 
the link between the presence of trowals and asthma 
hospitalization. According to our study, trowals have 
the highest values of both asthma hospitalization 
and Betula concentration (Figs.  2A and 3A). This 
synoptic feature and its relationship with respiratory 
health should be more scrutinized to find the reason 
why this is occurring.

Trowals have been studied by Schultz and Vaughan 
(2011). These are complex systems with atmospheric 
instability, with frequent embedded rain showers and 
isolated thunderstorms but with intermittent drier 
period. These latter conditions have been shown to 
increase the likelihood of asthma hospitalization 
in numerous countries and in laboratory studies 
(D’Amato et  al. 2015; Marks & Bush, 2007; Taylor 
& Jonsson, 2004; Thien et al., 2018). It is becoming 
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clear from the literature that under some rain shower 
conditions, pollen becomes easier to fracture via 
high humidity and rain by the osmotic pressure (the 
pollen swollens and the envelope breaks releasing 
tiny allergens which penetrate deeper in the lungs, 
see Taylor & Jonsson, 2004). Combining our results 
already obtained in Robichaud and Comtois (2019), 
and Robichaud (2021), we postulate here that the 
presence of thunderstorms is not necessary to 
obtain pollen fracture such as noted, as for example, 
in the Melbourne asthma epidemic thunderstorm 
asthma event of 2016 (Thien et al., 2018). In fact, in 
Montreal, the author of this paper has not been able 
to clearly identify a thunderstorm asthma event. But, 
to a lesser extent, and of more frequent occurrence, 
any system which produces air convergence and 
intermittent rain would satisfy the condition for 
pollen breakup by osmosis without the presence of a 
thunderstorm. Pollution and bioaerosols convergence 
in fronts and trowals (as proposed by the concept of 
frontal-asthma, Robichaud & Comtois, 2019) has 
been shown to often occur in Montreal. Interestingly 
enough, Mandrioli et  al. (1984) found that trowals 
trap atmospheric pollutants which explains some of 
our results presented here and elsewhere (Robichaud 
& Comtois, 2019) as well as potentially explains 
the higher daily hospitalization found in trowals 
(Fig. 3A).

4.3 � Strengths and limitations of this study

The focus of this study was limited to the spring 
season only. However, Fig.  1 confirms that not 
only spring, but also autumn during the ragweed 
season, are seasons particularly difficult for patients 
suffering of asthma or, more generally, of respiratory 
problems in the province of Quebec (INSPQ, 2022). 
The demand peak expiratory flow rate tests (a proxy 
for the prevalence of respiratory diseases) are also 
significantly higher in both spring and autumn and 
lower in summer (just as for asthma hospitalization) 
in Montreal area as well as for the whole Province of 
Quebec (see Fig. 2 of Robichaud, 2021). Note that the 
spring and autumn maximum along with a minimum 
in summer for asthma are features that have been 
observed in other studies such as Lajoie et al. (1994) 
for Quebec City (Canada) and West Virginia (HSC 
2008). The excess of hospitalizations for spring and 
autumn (Fig. 1) strongly indicates a direct impact of 

pollen and other allergenic bioaerosols on individuals 
with allergies or atopic conditions for which the 
frequency is greater during these two periods. As a 
result, the hospitalization rate for asthma patients 
significantly rises during these seasons, underscoring 
the importance of considering allergenic pollen 
as a key contributing factor to the exacerbation of 
symptoms of asthma among susceptible individuals. 
However, during the Betula pollen tree season it 
is possible that pollen cross-reactivity with Alnus 
(Alder) could influence asthma hospitalization counts 
but this effect was not evaluated here. Moreover, 
Maple pollen season occurring before Betula in 
Montreal could sensitize asthma patients. More 
studies should therefore be performed during the 
tree pollen season with other allergenic bioaerosols 
in relation with asthma or other respiratory diseases 
in order to evaluate the pollen cross-reactivity and 
sensitization.

There are other limitations associated with this 
study. First, because of the ecological nature of 
this study, it is not possible to firmly establish a 
cause-and-effect relationship between atmospheric 
stressors and asthma hospitalization. However, 
strong associations shown here suggest a likely 
effect of pollen and a synergy with air pollutants 
and WTs in triggering asthma hospitalization in 
Montreal during the tree pollen season. Second, this 
study cannot be extrapolated to other cities having 
different socio-economic conditions and different 
frequency of weather types as well as different 
vegetation distribution. In the future, epidemiological 
studies should be done at the level of individual 
person and for many cities in Canada. This kind 
of study is outside the current scope of this paper 
which has explanatory purposes only and suggestive 
associations. Other limitations also include possible 
synergy with other pollen types such as Maple, Alder, 
Aspen, Poplar and few others during the spring 
season which have not been examined here. However, 
the concentrations of these pollen types are usually 
small compared to Betula.

A final caveat of this of this study is that since the 
NAPS monitoring network focuses on residential 
areas, pollutants associated with transport (such as 
NO2 and diesel) or with industrial processes (such 
as SO2, and volatile organic compounds) will tend to 
be underrepresented in this study as compared with 
ozone and PM2.5. This could explain the reason why 
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correlations obtained for NOx and SO2 (not shown in 
this paper) were not found statistically significant in 
any sectors of Montreal, since their emission sources 
are not directly affecting residential sites. Further 
studies should be done to examine the role of other 
pollutants on asthma hospitalization with sites located 
near major roads and/or industries.

4.4 � Recommendations and future projections

Although significant progress has been made by 
public health institutions on managing asthma 
diseases over the last few decades, climate change 
threatens the gains made in public health care. In the 
province of Quebec, more emphasis should be put 
on monitoring and forecasting of tree pollen season 
(especially birch) but also on other allergenic species 
such as Maple, Alder and few others in relation 
with weather types and air pollution. Additional 
monitoring and modelling of tree pollen would 
provide additional information for examining the 
link with air pollution, weather systems, and human 
exposure, leading to measures that could mitigate 
some of the risk related to tree pollen and respiratory 
diseases particularly in urban environments. 
Forecasting asthma risks based on studies presented 
here could be a tool to help manage risks.

Projections for the future suggest a potential 
increase of asthma hospitalization for the following 
reasons: with climate change, (1) the length of the 
birch pollen season is expected to increase (2.3 days/
decade, see Robichaud & Comtois, 2017; Anderegg 
et al., 2021), (2) the birch pollen grain itself becomes 
more allergenic at higher temperature (Ahlholm et al., 
1998), (3) frequencies of tropical airmasses (DTs and 
MTs) are likely to increase as well as those WTs were 
asthma hospitalization was found to be the highest 
(Fig. 4), and, (4) under higher CO2 concentration and 
higher temperature, the birch tree biomass is expected 
to increase (Oksanen, 2021) leading to higher pollen 
production.

5 � Summary and conclusions

The use of WTs plays a crucial role in analyzing 
environmental variables in the atmospheric 
environment. Moreover, the use of data filters (for 
asthma total counts and temperature) in the analysis 

reveals new insights into the understanding of asthma, 
a complex disease, and its relation to environmental 
factors. The paper presented here reinforces previous 
studies (Robichaud, 2021; Robichaud & Comtois, 
2019) but also shows new results: (1) by including the 
use of Sheridan’s weather type classification, and (2) 
separating total asthma hospitalization counts (TC) 
with different threshold values (Table  3), and (3) 
using temperature bins for the analysis (Fig. 6). This 
further helped improve the understanding and the link 
between environmental variables and asthma disease 
and its possible future evolution.

In this study, two classification systems were 
utilized to investigate the impact of weather types on 
various environmentally related parameters, including 
ozone levels, fine particles, birch tree pollen 
concentration, and asthma hospitalizations. These 
WT systems provided a different but complementary 
understanding of the complex relationships involved 
in the triad air pollution, pollen concentration and 
weather pattern. Moreover, correlation matrices 
were presented with different values of TC threshold 
(Total Count for asthma) and for different sectors 
of Montreal. Due to the ecological study design, 
the findings cannot establish a causal relationship. 
Therefore, further epidemiological studies are 
necessary to delve deeper into the significant 
associations uncovered in this research. However, this 
study strongly suggests a link between birch pollen 
and asthma hospitalization with potential synergy 
with other environmental factors. Other research in 
Canada has pointed to this (Dales et al., 2004, 2008; 
Hebbern & Cakmak, 2015) but it is the first time a 
study between birch tree pollen, air pollution and 
asthma hospitalization is conducted in Montreal and 
using the Sheridan’s weather type.

Among the examined parameters, pollen 
concentration displayed the most robust correlation 
with asthma hospitalizations during the months of 
April and May (normally coinciding with the birch 
tree pollen season). On the other hand, the analysis 
of weather types revealed that an increased risk of 
asthma hospitalizations was associated with specific 
weather types for both Sheridan’s WT (DT: dry 
tropical airmass) and In-House WT (maximum 
hospitalization was found for trowals). Although the 
individual impact of air pollution and tree pollen on 
asthma is complex, results here suggest a combined 
effect of atmospheric stressors on asthma outcomes. 
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It is essential to note that this study focused solely 
on health outcome of asthma hospitalization 
counts. Less severe but more numerous effects 
(mostly subclinical) could have affected a broader 
population of asthmatic and atopic patients under 
similar circumstances, contributing to the overall 
asthma burden.

The higher coefficient of correlation for higher 
threshold values of TC and for various sectors of the 
city indicate here that the birch pollen may have a 
more direct link to asthma hospitalizations compared 
to air pollution at least during certain months of the 
year (pollen tree season, i.e. April–May and, likely 
during the ragweed season, i.e. autumn months). The 
anticipated rise in pollen issues globally, driven by 
climate change, as suggested by studies like Cecchi 
et  al. (2010) and D’Amato et  al. (2015), is likely to 
exacerbate the situation in the future as higher pollen 
load and longer pollen season could occur. Changes 
in pollen phenology and length of the growing season 
(U.S. EPA, 2012) could have significant implications 
for asthma exacerbations during specific times of the 
year where allergenic pollen is abundant.

In conclusion, understanding these relationships 
(possible synergy between asthma triggers) is crucial 
to inform the public and to help developing effective 
strategies to mitigate the impact of environmental 
factors on asthma. This includes the implementation 
of a numerical pollen forecast system such as 
described in Robichaud & Comtois, 2021) and an 
asthma forecast in Canada to enhance the well-being 
of asthma patients and atopic individuals. Finally, the 
findings in this paper also have potential implications 
for other fields, such as ecology, aerobiology, and 
impacts of future climate on human health.
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