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Abstract

:

Environmental factors such as air pollution are known to exacerbate respiratory illness and increase the overall health risk. However, on a daily or seasonal basis, the relation between air pollutants, weather and a disease such as asthma is not clear. When combined with aeroallergens such as birch pollen and under specific weather conditions, synergistic effects may increase symptoms of respiratory illness and morbidity and then reveal interesting links with environmental factors. Hence, it is important to improve the understanding of pollution-pollen-weather and broaden the public health message. Combined analysis and model simulation of aeroallergens, air pollution and weather as presented here is important to correctly evaluate health burdens and allow a better forecast of the potential health risk. However, analyzing the combined effects of several environmental factors is not well understood and represents a challenging task. This paper shows: (1) the results of data analysis performed in Montreal for asthma hospitalization in relation to complex synergistic environmental factors, and (2) model simulation of birch pollen using a coupled weather-air quality model (GEM-MACH) compared with model-data fusion of classical chemical species (e.g., near-surface ozone, nitrogen dioxide and fine particulate matter) in order to evaluate spatiotemporal vulnerable zone for asthma health risk.
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1. Introduction


1.1. Scientific Context


Respiratory illness has multifactorial causes and is one of the most widespread diseases among children and the elderly. Asthma is estimated to affect about 3.8 million Canadians and is the most common chronic respiratory disease in Canada [1,2]. Between 12% and 25% of Canadian children have received a diagnosis of asthma ([2,3] and references therein) and associated costs to the healthcare system reach more than $2 billion each year [4]. Despite the fact that medical services and treatment have improved over the years, the prevalence of respiratory diseases such as asthma has increased worldwide over the past few decades [5,6,7,8,9,10] as well as in Canada [2]. Recently, although some countries are showing a decline of the prevalence of pediatric asthma (certain parts of Europe and North America, [4]), asthma prevention still remains a challenge difficult to tackle, possibly exacerbated by climate change and other environmental factors such as air pollution and increasing aeroallergens [3,8,9,10,11]. Other related allergic diseases such as rhinitis are also of concern. Globally, the prevalence of allergic rhino-conjunctivitis has increased as well in the great majority of countries in children [12] and is currently affecting up to 20–25% of Canadians [13]. Although both asthma and rhinitis have multifactorial causes, air pollution is considered an important one. Gases such as ozone causes oxidative stress, airway inflammation, and increased airway permeability, then facilitating the access of allergens to immunogenic effector cells [14,15]. Moreover, air pollutants such as ozone, nitrogen oxides, and acid gases, can interact with bioaerosols, damaging pollen grains and facilitating the release of allergenic cytoplasmic granules which can penetrate deeper into the respiratory tract and increase the respiratory health risk [12,16,17,18,19,20,21]. The presence of synergy between environmental factors (pollution-pollen-weather) means that better tools need to be developed to reach efficient respiratory disease management (e.g., asthma and rhinitis). For example, developing tools to map the environmental factors related to respiratory disease is needed to identify spatiotemporal zones of vulnerability and of higher risk.




1.2. Aeroallergens Concentration, Pollution, Climate and Weather: What Are the Connections?


Although there is a still substantial lack of knowledge and uncertainty, mounting evidence in the literature points towards the conclusion that environmental factors (daily weather, global warming, chemical pollution) may interact with aeroallergens in many ways. First, global warming contributes to an earlier start of the pollen season [22,23,24], increases the length of the pollen season [9,10,11,12,23,25,26], augments the quantity of emitted pollen [11,21,22,27] and also increases the pollen allergenicity [21,27,28]. Second, environmental factors (air pollution, high humidity, temperature, precipitation) could also change the patient individual sensitivity to pollen and allergens, favor pollen rupture or cracks in its surface, releasing hundreds to thousands of small allergens or pollen fragments (size 30 nm–5 μm) containing allergenic proteins which could penetrate deeper into the lungs and exacerbate respiratory problems such as asthma [12,21,29,30,31,32,33]. Schäppi et al. [18] demonstrated the allergenic character of birch pollen inner granules and the influence of rain in releasing allergens into the atmosphere under precipitation. Moreover, air pollutants such as ozone and particulate matter can prime the airways for pro-allergic responses, act as adjuvants and alter the immunogenicity of allergenic proteins [12,21].



The concept of “polluen” (i.e., pollutant + pollen) has been introduced by Peltre [34] to describe a contaminated pollen by adsorbed atmospheric gases (such as nitrogen dioxide, ammonia or others, e.g., Chassard et al. [35]) or by deposition of trace metals or black carbon on its surface [20]. Okuyama et al. [36] reported adsorption of air pollutants on the grain surface of Japanese cedar pollen. With pollutants loaded on its surface, pollen can break up more easily [12,32,35] and release its inner-pollen allergens, which are much smaller and present a higher risk for asthma patients [29,30]. Proof of pollen rupture in the atmosphere and release of inner allergens is numerous for tree pollen including birch [19,30,31,37,38], as well as for other pollen such as grass pollen [29,30]. Moreover, these fine allergens released can deposit on particulate matter (PM2.5/PM10) which can be more harmful than any individual “non biologically-contaminated” aerosol [34,39,40]. Allergens of birch pollen (e.g. Bet v. 1) were noted by Ormstad et al. [41] on diesel particles. These particles released from exhaust vehicles then become allergen carriers, but also a powerful “polluen” increasing the allergic reaction of exposed patient ([12,34] and references therein).



In general, bioaerosols (such as the pollen grain and small aeroallergens) are made of proteins such as tryptophan and tyrosine. It has been established that protein nitration by air pollutants (smog and NOy: NO, NO2, HNO3, PAN, etc.) might play a role in the development of allergies [21] and ref. therein. More specifically, nitrotyrosine (nitrated tyrosine, e.g., NOy + tyrosine) has been reported as a biomarker for oxidative stress, inflammation, and a wide range of diseases [42,43,44]. Nitrated variants of the major birch pollen allergen Bet v 1 induced enhanced levels of specific IgE in murine models [45]. Therefore, polluted urban environments (especially by NOy) are favorable for allergy development due to a complex pollen-pollutant synergy. This is the reason why it becomes so important to map pollutants together with aeroallergens such as birch pollen to locate zones where pollutants and pollen overlap. Using the GEM-MACH model, as carried out in this paper, it becomes possible to establish spatio-temporal coincidence between pollen and pollution (NO2, O3, and particulate matter).



Note that synergies could occur differently with changing daily weather and at different spatiotemporal scales from local (with timescales of minutes), such as in the case of thunderstorm asthma [46,47], up to synoptic scale fronts [48] to longer and global scales such as the impact of climate change [3,9,10,11]. Few studies have examined this synergy. Rosas et al. [49] analyzed the relationship between environmental factors (aeroallergens, air pollution and weather) and asthma emergency admissions to a hospital in Mexico City. However, since then, only a few more studies, e.g., [48,50], have focused on the impact of daily changing weather in the synergy of pollution and aeroallergens. Other authors have analyzed atmospheric air mass type [51], or specific weather conditions in relation to asthma [18,29,30,46,52] but without including important environmental factors such as air pollution. Therefore, more studies are needed to clarify this aspect.




1.3. Respiratory Health Risks under Specific Weather Conditions


One of the most known interactions of weather with respiratory illness is the phenomenon known as thunderstorm asthma, which is a sudden increase in asthma hospitalizations following a thunderstorm. The thunderstorm asthma phenomenon is described elsewhere in more detail by D’Amato et al. [9,10], Mark and Bush [46] and Taylor and Jonsson [47]. In Canada, this phenomenon has not been examined in the literature so far. Rather, the impact of changing airmasses or weather conditions has been analyzed for a possible link between weather types and the risks for respiratory health [48,50,51]. However, the link between specific synoptic weather patterns and health risk is not clear and needs to be further elucidated. Robichaud and Comtois [48] show that asthma hospitalization has higher counts in a situation of active fronts, occluded fronts (or trowals) and proposed a concept to account for it, e.g., “frontal-asthma”. Within fronts and trowals, pollutants and aerosols converge and have a tendency to be trapped within the weather system by the effect of converging winds within the front. Since rain and humidity are often present in such systems, several mechanisms described above occur, such a pollen breaking up due to osmose pressure. Moreover, during aqueous phase processing (when aerosol particles are activated as cloud or fog droplets), nitration of the grain pollen and released allergens may also proceed [21]. Other studies have discussed the trapping effect of pollution by specific weather systems. Mandrioli et al. [53] discussed the situation that occurs in occlusion where air pollutants are trapped by this weather pattern. Robichaud and Comtois [54] provided simulation of aerosol dispersion, which shows airborne birch pollen trapped into a surface pressure trough (this weather system experiences surface converging air as well). Table 1 summarizes the results of the impact of weather on the respiratory health risk (from literature).




1.4. Transport of Pollen from Source Areas to Urban Environment vs. Local Sources


Regional and long-range transport of pollen has been recognized for a long time for several anemophilic plants [53,54,55,56,57,58,59,60], including birch pollen [54,61,62,63,64]. Pollen transported over long distance (100–1000 km) is less numerous, but seems to produce more health risk ([65,66,67] and references included). Transported pollen grains over a long distance could induce intense respiratory allergy symptoms attributed to chemical damage of grains by strong oxidants appearing in polluted environments, and to deposition of air pollutants on the pollen grain [68,69]. Many studies have estimated the pollen quantity and local sources in urban areas with the help of land-use regression (LUR) models to estimate exposure information for epidemiologic studies [70]. However, it is not known the portion which is locally produced and the one which is coming from regional transport or long-range remote locations. Consideration of medium or regional transport is essential in many studies of urban allergenic species, including birch pollen [63,71], and neglecting this aspect could lead to incoherent results and incomplete conclusions. The second part of this paper shows spatio-temporal distribution of pollen using a regional transport model. Simulation of airborne birch pollen is also presented and compared with objective analyses maps of classical pollutants over Eastern Canada (with a focus on the southern part of the province of Quebec). This could help to better establish the combined effect of both aeroallergens and air pollution on respiratory health risk and better evaluate the spatial occurrence of pollutant-pollen-weather synergy as described above.



The birch pollen is studied here for many reasons: (1) it is the most allergenic tree pollen in Canada [72,73] and elsewhere [12,74]; (2) winds and turbulence could transport it over long distances [57,61,63,64]; and (3) birch is among common trees the most abundant producer of airborne pollen [74]. The central aim of this paper is to present, in a holistic view, some results of analysis data and model outputs describing several links between respiratory disease (e.g., asthma), air pollution, and weather.





2. Materials and Methods


2.1. Study Region and Site for Data Analysis and Measurements


The region studied here is the eastern part of Canada from the Southern Laurentides, north and west of Montreal (Province of Quebec), and Appalachian Mountain (Eastern Townships of Quebec). These regions have significant density of birch tree (see Figure S1 for a map of birch vegetation). Montreal is a focus in this study since there is an important regional transport of birch pollen from rural pollen sources to urban locations [54]. Montreal also has the largest urban population of Quebec and the second highest in Canada (after Toronto), so the combined effect of both pollen and urban pollution on humans is significant. The climate relevant to the study area (i.e., Montreal and the surrounding parts of Laurentides and Appalachian Mountains) is semi-continental, with a warm, humid summer and a cold winter (Dfb: Köppen climate classification) [79]. During the birch pollen season, the region has numerous sunny days (mid-April/May) with moving high pressure and frontal systems which are ideal conditions for birch pollen dispersion as well as photochemical pollution.




2.2. Health Data


Asthma is a disease characterized by recurrent attacks of breathlessness and wheezing, which varies in severity and frequency among different individuals while exacerbated by air pollution [1,2,3]. The daily asthma hospitalization count for Montreal has been obtained for 4 different sectors of the Montreal Island: W (West), CN (center-north), CS (center-south) and E (east) (see Figure 1 for the localization of sectors in Montreal) from INSPQ (Institut National de Santé Publique du Québec). Daily hospitalization statistics are more robust than the daily emergency department visits (ED) or medical doctors’ visits, since hospitalization has less time lag after exposure to the environmental trigger as compared to physician visits or ED cases (the latter having a lag between 1 and 7 days, ANSES [12] and references therein). Moreover, medical visits data do not reflect asthma prevalence, but rather access to community health care and public health services ([1] and references therein). Another piece of health data of interest analyzed here is the quarterly number of registered counts for the peak expiratory flow rate (PEFR), a diagnosis used for patients with respiratory issues. Although, this diagnosis is not only used for asthmatic patients, but also for other respiratory diseases (e.g., chronic obstructive pulmonary disease), all asthmatic patients usually take a PEFR test. On a seasonal basis, the number of tests administrated in a particular region is taken as a proxy for the prevalence and severity of asthma in that same region during the same period and could be related here to the quarterly average of local environmental triggers (such as pollen, pollution concentration and weather). PEFR data was obtained from the Government of Quebec for Montreal and for the whole Province of Québec (Assurance-maladie du Québec, https://www.ramq.gouv.qc.ca, accessed on 17 June 2021). The health risk of air pollutant exposure is well depicted by the AQHI (Air Quality Health Index [80]) which is calculated based on the relative risks of a combination of classical air pollutants that is known to harm human health. These pollutants are: ozone (O3), particulate matter less than 2.5 or 10 µm (PM2.5/PM10) and nitrogen dioxide (NO2), all measured near-ground level. The AQHI is measured on a scale ranging from 1 to 10+. AQHI values of 0–3 are considered to present a low risk for health, 4–6 a moderate health risk, 7–10 a high health risk and above 10, a very high health risk. More details on the AQHI index can be found at https://www.canada.ca/en/environment-climate-change/services/air-quality-health-index/about.html, accessed on 17 June 2021.




2.3. Other Environmental Data


Data on air pollution (ozone, nitrogen dioxide, fine particulate matter concentrations) and meteorological observations were all obtained through Environment and Climate Change Canada on an hourly basis (National Air Pollution Surveillance network data). Data for vegetation cover of birch were obtained from forest inventories based on the Biogenic Emissions Landuse Database, version 3 (BELD3 of US/EPA [81]) supplemented by the Canadian forestry inventory (for more details see Robichaud and Comtois [54]). The vegetation file was processed from raw data obtained from US/EPA (BELD3 database, https://www.epa.gov/air-emissions-modeling/biogenic-emissions-landuse-database-version-3-beld3, accessed on 17 June 2021). Finally, for details on weather type and the related methodology, the reader is referred to Robichaud and Comtois [48]. Appendix A below describes the different weather types and their associated most likely clouds and weather used in this manuscript.




2.4. Pollen Measurement


At Université de Montréal (UdeM), pollen was collected using a volumetric pollen sampler (Lanzoni VPPS: two stage vacuum pump) based on Hirst’s design [82]. A 7-day clockwork allowed an hourly resolution of recording spore trap installed on the rooftop of the geography department at UdeM roughly 20 m above the street level. Pollen grains impact a cylindrical drum covered by a melinex-coated film. The sampler at the site was calibrated to handle a flow of 10 liters of air per minute which roughly corresponds to human breathing [83]. The last step was the pollen counting which was conducted under a light microscope. Limitations of this type of measurement are numerous: electrical power outage may occur, malfunctioning of the clock, and obstruction of the inlet and the risk of uncertainty may be potentially important regarding human manipulation. For example, laboratory methodology, microscope manipulation and other errors may introduce biases [84]. The UdeM site has provided routine pollen monitoring for the whole study period. Weather Network public media (WXN) provides a 24 h pollen forecast. The forecast value is used in some comparison with model as shown below.




2.5. Regional Modelling and Pollen Emissions


GEM-MACH (Global Environmental Multiscale semi-coupled with the Model for Air quality and Chemistry) is the numerical platform used at ECCC (Environment and Climate Change Canada) to produce an air quality forecast in Canada. The model has been described elsewhere in the following references: Refs [85,86] for GEM; Refs [87,88] for MACH; and [54] to allow for pollen simulation. In this research, the model version 1.3.8 has been used to produce model outputs. Supplementary Material S2 gives detailed information about the modelling platform used here. The benefits of modeling pollen in the framework of regional air-quality models are multiple: (1) it can be used in forecast mode to predict pollen concentration; (2) it allows us to analyze potential synergetic effects of pollen with air pollutants; and (3) can eventually allow us to test how pollen could be effective cloud condensation nuclei (CCN) or ice nuclei (IN), which may affect precipitation and radiative forcing. In our study, we have focused on the first two aspects and leave (3) for future research.





3. Results


Given the complexity of allergic asthma and rhinitis and environmental trigger mechanisms, better analyses and tools need to be developed to understand and forecast better the impact of aeroallergens on these respiratory illnesses. Establishing seasonal and hourly patterns of pollen presence as well as asthma occurrence is a first step towards developing predictive capabilities of aeroallergens and related asthma/rhinitis. Mapping vulnerable zones where both atmospheric pollution and pollen load coincide is another useful tool to increase the knowledge to protect respiratory health. Below, we develop more on these two themes.



3.1. Seasonal Variations and Statistical Relationships between Daily Asthma Counts and Environmental Variables


Seasonal variation of asthma daily hospitalization is important to examine if we want to relate it to aeroallergens or other environmental factors which are themselves strongly dependent on the seasons. Figure 2A,B show a time series of daily asthma hospitalization (DAH) count and the daily maximum temperature for the warm season of the years 2006 and 2007 in Montreal. These two years represent, respectively, a high year and a low year for pollen production [25]. During the birch pollen season 2006, the seasonal pollen index (SPI) was more elevated (SPI = 9700) than that during the same season of the year of 2007 (SPI = 1250). Correspondingly, the daily average asthma hospitalization count was also more elevated, that is 3.97 (seasonal total = 238 hospitalizations) during the tree pollen season 2006 compared to 2.95 (seasonal total = 177 hospitalizations) for the year 2007. Note the lower daily average hospitalizations during the summer season in both years (while daily maximum temperature is peaking). Note also the increase of the DAH after summer, which is likely associated with the starting ragweed pollen season, which is known to peak in early autumn in Montreal [89]. To further investigate the seasonal dependency on respiratory risk, Figure 3 plots the mean prevalence for the demand of peak expiratory flow rate (PEFR) tests for each trimester during the period 2005–2014 for Montreal (Figure 3A) as well as for the rest of the province of Quebec (Figure 3B). The highest demand for PEFR tests occurs during the second trimester (i.e., spring tree pollen season). The increase from winter to spring (quarterly W to SP) of PEFR is about 550 counts on average for Montreal (Figure 3A) and 1600 counts for the whole province of Quebec (Figure 3B), which is likely due to the impact of tree pollen in spring. Figure 4 shows a plot relating the SPI index for birch pollen for every single year for the period 2006–2012 with the total number of asthma hospitalizations during the same period. Although the correlation is only marginally significant (p = 0.075), the explained variance is over 50% (R2 = 0.5019), suggesting a dominant link between SPI and counts of asthma hospitalization during the tree pollen season.



Altogether, Figure 2, Figure 3 and Figure 4 suggest a strong and robust seasonal dependency of respiratory risk for Montrealers which is likely related to pollen. As expected, this leaves no doubt to the significant influence of pollen on the asthma hospitalization count in Montreal and related disease (e.g., allergic rhinitis).



In a subtle way, daily weather also impacts daily hospitalization, as depicted by the phenomenon of thunderstorm asthma (as discussed in the Introduction). But even without a thunderstorm occurrence, different weather types present different respiratory risks. Figure 5 shows the daily mean hospitalization count for different weather types during the tree pollen season (Julian day 100–160 in Montreal). The description of weather types is given in Appendix A. In both weather type 9 (trowal, i.e., through of warm air aloft) and 12 (warm front) one can observe a significant increase (p < 0.05) in asthma hospitalizations as compared to some weather types (period 2006–2017). The concept of “frontal-asthma” has been suggested for the first time by Robichaud and Comtois [48] to explain a higher respiratory risk of asthma associated with active synoptic fronts (warm fronts and trowals). Air pollution also influences the asthma occurrence, but the link is not clear whether or not and how aeroallergens play a role. Table 2 suggests a complex relation between asthma triggering factors. First, Table 2A presents only a weak correlation between both ozone and pollen with asthma daily hospitalization count for lag0 (correlation within the same day), lag1 (current day for asthma count and previous day for environmental factors) and lag2 (2 days lag between asthma count and environmental variables). Note that the correlation with PM2.5 is negative with asthma hospitalization, which is biologically non-plausible, but such a relationship has been observed elsewhere [90,91]. The true link between asthma and environmental variables seems difficult to pinpoint. However, in Table 2B, all the correlations are re-computed for only specific weather types (7, 9 and 12) and for the four different geographical sectors of the city (see Figure 1). The reason for selecting these three particular weather types is that in these, the highest daily counts of daily hospitalizations were observed (Figure 5). The re-computed correlations in the specific weather types now become higher and more statistically significant (Table 2B). Therefore, evaluating the asthma statistics in different geographical sectors and under different weather types is useful to improve the understanding of asthma occurrence. These relationships between daily asthma counts and environmental variables are thought to be helpful to improve forecast of daily respiratory health risks.




3.2. Spatio-Temporal Coincidence of Birch Pollen and Air Pollutants


The coupled weather-chemical GEM-MACH platform is ideal to study pollen-pollutant interaction in Canada and the spatio-temporal coincidence between pollen and pollutant distribution. This is necessary to better evaluate the possible synergy between different environmental variables and allergic respiratory disease. Figure 6 shows the monthly average (May 2012) of diurnal profiles of near-surface pollutant concentrations and birch pollen load obtained from the GEM-MACH model simulations for May 2012. The ozone diurnal profile is the one which matches the most closely the birch pollen diurnal profile, suggesting a combined ozone-pollen exposure to the population and a possible synergistic effect on the health of the exposed population. Note also that the morning PM2.5 peak also roughly coincides with the simulated birch pollen peak at about 11 a.m. The classical Canadian AQHI index [80] whenever exceeding a threshold of four (significant health risk) is indicated by a green dot on the top of Figure 6. Therefore, the period of the day whenever AQHI poses a risk for health also coincides on average with birch pollen peak, suggesting a possible confounding effect of pollen on respiratory risk not represented by the actual AQHI index during the pollen season in epidemiological studies. The synergy between air pollutants and birch pollen could potentially be more active during the time window from late morning to early afternoon (11–14 h) in Montreal. During this period of the day, the triggers of asthma could be more present and, therefore, the combined pollen-pollutant public health risk higher. Note there is an emission peak from local birch trees noted near 8 a.m. (local time) which coincides with the morning peak of NO2 (rush-hour). Near local sources of pollen emission, the health risk could be also at times higher when both nitrogen dioxide and pollen emission window coincide. As discussed in the Introduction, nitration of pollen grains and its allergen is known to have synergistic impacts on respiratory disease. Further research is needed to elucidate these relationships.



Figure 7 shows the result of model output of birch pollen simulation together with spatial mapping of classical air pollutants (the latter was obtained by model-data fusion, see [92,93] for details). Birch model concentrations averaged over the month of May 2012 are shown on the left upper panel, PM2.5 on the right upper panel, NO2 on the left bottom panel and near-surface ozone on the right bottom panel. The simulation shows that the Toronto-Montreal-Quebec corridor, where most of the population of Eastern Canada is concentrated, experiences not only high air pollutant concentration (as expected) but also relatively high levels of birch pollen as well (not expected). The public health risk and the possible synergy between birch pollen and air pollutants is relatively high despite few sources of birch pollen in this corridor (see Figure S1 for the vegetation distribution). The discrepancy is explained by the regional transport which brings the pollen from source regions (e.g., forest of Laurentides and northern Ontario) to this corridor (which is also a river valley at lower elevation). This corridor acts as a trap for air pollutants and pollen aerosols posing a risk for allergic respiratory patients living in this region (which is also the most populated region of Canada). Note that in this corridor, the prevalence of asthma is the highest [1,94]. To a lesser extent, the region of Sudbury (Northern Ontario) also has an overlap between industrial pollution and birch pollen sources. Not surprisingly, asthma prevalence is relatively higher in this sector of Northern Ontario [1]. Therefore, Figure 7 (combined birch pollen and air pollution) depicts zones of vulnerability for asthmatic patients during spring birch pollen season (and likely during any species pollen season). In the future, more simulation and analysis should be carried out for other seasons and with other aeroallergen type to better assess the environmental risk (pollution-aeroallergen-weather synergy).



Finally, the time series of pollen simulation for Montreal are compared with observations (UdeM site) and with a public forecast issued by the Weather Network (WXN) in Figure 8. Three-day moving averages are used in all cases (model, observations and WXN). Model simulation shows very good agreement with observation (UdeM) as well as with the public forecast (WXN), suggesting robust model forecast for the daily forecast of birch pollen by the GEM-MACH model. Note that the highest values of birch pollen concentrations occur in a window between roughly 10 and 20 °C for average daily temperature (measured at Montreal’s Trudeau airport). Correspondingly, the asthma count of hospitalization was shown to be higher in this temperature range in Montreal (Figure 2A,B). This information is important since it constrains the highest risk of allergic respiratory disease to the days where temperature is within this window.





4. Discussion


Given the fact that smog and the number of days with poor air quality are usually relatively low in Montreal during spring and early autumn (although moderate in summer and higher in winter [95]), the results presented in Figure 2, Figure 3 and Figure 4 were somehow unexpected. Both asthma daily hospitalizations and counts of PEFR peak during spring and early autumn (during pollen tree season and weeds, respectively), and the presence of a minimum in summer in hospitalization and PEFR as shown in this paper, are hard to explain in terms of air pollution without including the impact of presence or absence of aeroallergens. In fact, these levels of asthma hospitalizations occurring in spring and early autumn do not correspond to peak levels of air pollutants (ozone, PM2.5 and NO2) in Montreal. Observations show that the peak within the city rather occurs in summer for ozone and winter or summer for PM2.5 but not in spring or autumn [95]. According to the literature, DAH seasonal patterns (minimum in summer and peak in spring and early fall) occur elsewhere as well and are not unique to Montreal. For example, a study made by Lajoie et al. [96] identified a similar seasonal pattern for the daily asthma emergency visits and DAH for the region of Quebec City (Canada). In Israel, Garty et al. [90] attributed the summer asthma minimum in hospital emergency visits to less medical services available during that season. However, it is believed that this hypothesis does not hold in the case of emergency services such as asthma hospitalizations as opposed to the count of non-emergency medical visits for asthma. The latter may be related to seasonal changes of medical resources availability [1]. Goldstein and Currie [97] analyzed the asthma emergency room visits in New York and New Orleans and also found peaks in spring and autumn. In Detroit (Michigan), a similar seasonal pattern of asthma was also noted [98]. Therefore, the results found in Figure 2, Figure 3 and Figure 4 here support the presence of a seasonal pattern of asthma in Montreal and other locations in North America, and the likely dominance of airborne pollen and other aeroallergens in explaining these peaks. However, in the future, the role of air pollution and its synergy with aeroallergens needs to be further clarified in the context of asthma management.



Across the world, many studies have shown that people exposed to both plant allergens and ozone are likely to become more ill and with more frequency than people exposed to just one of the two factors [9,10,12,99]. The combination of ozone and pollen in Figure 6 shows the coincidence of ozone and birch pollen diurnal profile supporting the importance of a possible pollen-ozone interaction. This is consistent with the report in 2014 that 34 out of the top 50 “Asthma Capitals” identified by the Asthma and Allergy Foundation of America (AAFA) are in US counties where both problems of pollen and ozone occur [100]. In the US, more than 100 million people are exposed to both ozone exceeding air quality standards and significant pollen load at the same time. In Ontario, Crighton et al. [1] found that the asthma prevalence is higher in a corridor from Windsor through Toronto and extending eastward towards Montreal. This result is entirely consistent with the results of Figure 7, which shows numerous hot spots of both birch pollen concentration overlapping air pollution hot spots. This would suggest a vulnerable zone for a west to east corridor of pollution in Southern Ontario (just north of Lake Ontario) which is suspected to extend through the province of Quebec through Montreal and Quebec City. This zone of overlapping aeroallergens and pollution does not necessarily present a threat for other respiratory disease such as COPD (chronic obstructive pulmonary disease), a disease not related to aeroallergens. In fact, according to Crighton et al. [101], COPD does not show a spatial pattern of maximum in the corridor mentioned above. This suggests that the aeroallergen-pollution synergy is typical of asthma, but likely absent for COPD, although the latter disease is also related to air pollution [2].



Both ozone concentrations and pollen occurrence are likely to increase with climate change [3,99]. Moreover, the allergenicity of plants might also increase with climate change (such as for birch, see [12,28]). Finally, several researchers [92,102] have found that air pollutants such as ozone show an increasing trend during springtime at least in some parts of North America (a period coinciding with the tree pollen season). Moreover, the coincidence of nitrogen dioxide and PM2.5 has been shown to increase the asthmatic reaction during inhalation of allergenic pollen [103]. In Figure 7, in the Toronto-Montreal-Quebec corridor, this is exactly the situation with higher levels of these two pollutants and prevalence of asthma, which is also higher, according to medical studies, both in Ontario in this corridor (1) as well as in the province of Quebec [94,96].



Producing numerical simulations of pollen dispersion (from tree, grass or weeds) may seem straightforward if a sound model for pollen emission is available (e.g., [104]) but numerous questions remain unanswered, such as the need to develop adequate phenology models or techniques to predict the start of the pollen season and its length, two critical parameters required to feed the pollen emission module. The production of such a phenology model is for now limited to small regions or countries as pointed in the literature [48,105,106] and cannot be easily extrapolated to large regions such as a territory as large as Canada. The second challenge is the modelling of allergen release under different environmental factors (which could not be tackled in this research) and which is especially difficult given the absence of measurement of these sub-pollen aerosols and related aeroallergens. Vertical measurement of pollen and related bioaerosols (subpollen particles and debris) is also needed. Up to now, very few measurements have been taken for vertical sounding of pollen [53,107], and none for aeroallergens.



Long-range transport of aeroallergens is another complication which shows up whenever analyzing the link between aeroallergen load, air pollution and health impact. It seems plausible that the pollen, which has undergone long-range transport, has been exposed over vast regions of pollution and becomes contaminated by pollution that the pollen emitted locally in rural regions. This would explain, in part, the higher prevalence of respiratory allergies in urban compared to rural environments. Although, the major sources of birch pollen and other aeroallergens may not necessarily be in urban areas such as Montreal, they are regionally transported from source regions [54,61] and could get trapped in corridor valleys such as the Lower Great Lakes and St Lawrence valley (as indicated in Figure 7). In this corridor lies a great density of the population, so the exposure to both birch pollen and air pollutants is enhanced. Note, finally, that popular techniques such as land-use regression models as a mapping tool for aeroallergens and pollen [70,108] may fail if the pollen source is not local but transported from regional sources. Taking into account regional transport of pollen is crucial as shown for birch pollen in this study, e.g., the main sources of birch pollen are located in the Laurentides but most of the pollen ends up in the Toronto-Montreal-Quebec corridor. The difference between Figure S1 (pollen sources) and the actual pollen distribution by the regional transport (Figure 7) is striking and it is obvious that neglecting regional transport and long-range transport is not possible. Robichaud and Comtois [54], using the GEM-MACH model, showed that less than 1% of the birch pollen arriving in Montreal is of local origin.



This paper has provided some tools to help allergy sufferers avoid exposure by better forecast and identifying vulnerability zones, seasonal cycles of birch pollen, zones of pollen-pollution overlap and weather types more likely associated with asthma hospitalization. According to AAPCEH [109]: “Avoiding environmental allergens and irritants is one of the primary goals of good asthma management” and the information presented here could be helpful as a tool for this strategy to become successful.




5. Conclusions


Aeroallergen load in the atmosphere will likely increase in the future as global warming continues [9,10,11]. This will likely increase population exposure to aeroallergens in combination with air pollution. Longer pollen seasons, higher SPI and higher population exposure will likely become more common. For example, the length of the birch pollen season in Montreal over the past three decades or so has increased by 2.6 days per decade [48]. Therefore, it is important to develop tools to forecast and map aeroallergens more accurately, identify at which moment of the day and the season this risk is the highest, and understand better the synergy between aeroallergens, air pollution and weather. Currently, a pollen allergy forecast is available both in Canada and USA (actually run by private consortiums), but a better involvement and a more multidisciplinary work is required to examine the aeroallergen-pollution-weather synergy and its impact on public health. It is essential to develop exposure–outcome functions which combine both aeroallergens and air pollution for any future epidemiological analysis, especially given global warming where the pollen load is expected to increase in the future [9,10,11,27]. Finally, forecasting tools and related analyses (such as mapping the most vulnerable regions for allergic patients) are needed to better protect public health against aeroallergens and their potential synergy with air pollutants on a daily basis, such as presented in this paper. Three major challenges will need to be overcome for efficient pollen plant forecasts to be successful in the future: (1) better phenology models (to efficiently predict the start and length of the pollen season) and covering large areas such as Canada; (2) increase the knowledge of pollen-pollutant-weather synergy; and (3) implant measurements of all bioaerosols (not only for pollen grain and spores but also for more allergenic inner-pollen and fragments which can penetrate deeper in the respiratory tract and trigger asthma). The main conclusions of this paper are:




	(1)

	
An increase of monitoring pollen and associated allergens (subpollen and pollen fragments) is necessary in Canada to better assess the population exposure and to better understand the relation to asthma and related disease (e.g., allergic rhinitis).




	(2)

	
The use of satellite data to evaluate in near real-time phenology parameters (which are critical input to pollen emission simulation) should be further developed.




	(3)

	
The modelling aspects related to pollen-pollutant-weather synergy must be closely examined. The link between asthma and air pollutants is not clear (Table 2A) but becomes significant whenever the pollen-pollution-weather synergy is revealed (such as Table 2B).




	(4)

	
Developing a machine-learning algorithm to predict pollen/allergen occurrence is desirable.




	(5)

	
Predicting pollen concentration using land-use regression models only without a regional transport model is not adequate, at least in the case of birch pollen in Canada.




	(6)

	
A strong regional variation of overlap between birch pollen and air pollution is revealed by GEM-MACH simulation within most zones of higher health risk in Canada (Windsor area, Toronto-Montreal-Quebec corridor and Sudbury regions). Better characterization of this variability is needed to better understand the link between asthma and environmental factors.









Finally, it is recommended that any asthma forecast, prevention and/or avoidance guidelines should take into consideration weather (including regional transport model of aeroallergens by the wind), seasonal patterns, air pollution, aeroallergens and their possible synergy. This is essential to get a complete picture in the case of anemophilous pollen such as birch. An aeroallergen alert system would benefit from a model of aeroallergen production and dispersion that also incorporates weather-related variations and long-term impacts of climate change and could be coupled with existing air quality predictions.
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Appendix A. Weather Types Used and Most Likely Associated Clouds and Weather
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Table A1. Description of synoptic meteorology classes (i.e., weather type) over Montreal with its impact on clouds and weather. The last column indicates the number of cases and frequency of each type during spring periods of years 2006–2008 (observed at 18 UTC, i.e., mid-afternoon).
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	Weather Types Impacting Montreal
	Clouds and Weather in Montreal
	Nb. Cases Frequency (%) (18 UTC)





	1
	Back of the high pressure located on the eastern US seabord
	Sunny with temperature much above normal (i.e., heat wave).
	11 (4.5%)



	2
	Flat pressure gradient
	Calm winds. Temperature are often above normal.
	10 (4.1%)



	3
	Warm sector
	Temperature above normal (unstable situation) with southerly winds.
	18 (7.4%)



	4
	Cold front passage
	Sudden changes of wind (speed and direction) and temperatures turning colder.
	21 (8.6%)



	5
	Behind cold front
	Northwest winds and colder and below normal.
	5 (2.1%)



	6
	Approaching high pressure
	Sunny, windy and cool.
	19 (7.8%)



	7
	Ridge of high pressure
	Sunny skies, dry and windy.
	19 (7.8%)



	8
	Low pressure
	Clouds and steady light rain.
	34 (14.0%)



	9
	Occluded front
	Unstable, clouds and showers, turbulence.
	10 (4.1%)



	10
	Approaching low
	Increasing cloudiness and winds.
	13 (5.3%)



	11
	Surface through
	Windy, cloudy and unstable, risk of showers.
	29 (11.9%)



	12
	Warm front
	Cloudy, unstable, showers, increasing temperature and humidity.
	13 (5.3%)



	13
	Unclassified/missing data
	Variable
	41(16.9%)
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Figure 1. Location of sites for air pollution and pollen count measurement. The white X indicates the pollen measuring site at Université de Montréal (UdeM). Different sectors of Montreal are shown: W (West: blue), CN (center-north: white), CS (center-south: orange) and E (east: green). Orange colors indicate higher topographic elevation. Sites 50126: Ste-Anne-de-Bellevue; 50128: Airport; 50109: Décarie/Mt. Royal; 50110: Parc Pilon; 50105: Drummond; 50131: Hochelaga; 50129: Rivière-des-Prairies; 50103: Parc St-Jean-Baptiste. 
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Figure 2. Time series of daily asthma hospitalization (DAH) count (in black) and daily maximum temperature (in blue) for the warm season of the year: (A) 2006 (SPI = 9700, total DAH = 238); (B) 2007 (SPI = 1250, total DAH = 177). The birch pollen season spans from April (A) through the first week of June (J) while the ragweed season takes place in September (S) and October (O) in Montreal. The two horizontal lines represent a window of temperatures between 10 and 20 °C where DAH is often peaking (see text for details). 
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Figure 3. Prevalence of PEFR (peak expiratory flow rate) seasonal variation for: (A) Montreal; (B) the whole province of Québec (2005–2014). W: Winter; SP: Spring; SU: summer; A: Autumn. Gray bars indicate 95% confidence interval. 
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Figure 4. Relation between birch SPI (seasonal pollen index) and daily asthma hospitalization count for the spring period 2006–2012. 






Figure 4. Relation between birch SPI (seasonal pollen index) and daily asthma hospitalization count for the spring period 2006–2012.



[image: Atmosphere 12 00789 g004]







[image: Atmosphere 12 00789 g005 550] 





Figure 5. Daily hospitalization during birch pollen season (2006–2017) versus the weather type. 
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Figure 6. Averaged diurnal variation of model birch pollen (grains/m3) and classical pollutant concentration (May 2012). af: aerosol fine (ug/m3); no2: Nitrogen dioxide (ug/m3); ozo: near-surface ozone (ppb); aqhif: air quality health index. 
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Figure 7. Monthly mean (May 2012) of simulated birch pollen concentration (upper left panel), and pollutant objective analyses obtained from model-data fusion (PM2.5: upper right panel, NO2: lower left panel, O3: lower right panel). The Toronto-Montreal-Quebec corridor is depicted by a black arrow (T-M-Q), W: Windsor; A: Adirondack Mountains; MH: Murray Hills. 
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Figure 8. Time series of birch pollen concentration (3-day moving Avg.) simulated by the GEM-MACH model compared with pollen observation (OBS: UdeM) and statistical pollen forecast (from the Weather Network, WXN). The coefficient of correlation between the model and observation is R = 0.62. 
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Table 1. Weather elements and their documented or potential impacts on asthma (from literature).
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	Weather Element
	Impact
	Result
	Reference





	Continuous light rain
	Likely washes out most bioaerosols
	Likely low asthma
	[25,75,76]



	Intermittent rain with dry cycles
	Likely washes out large aerosols but may increase small bioaerosols due to pollen rupture
	Small bioaerosols penetrate deeper into lungs and increase asthma risk
	[29,30,31,77]



	Clouds and fog
	Nitration of pollen grain is activated in water droplets
	Increased risk of pollen-pollution synergy
	[21,35]



	Ridge of high pressure with winds
	Optimum weather for pollen emission. Wind is the necessary condition for mechanical vibration to drive pollen grains out of the anther and be regionally transported
	Airborne pollen load is maximum and allergy is up likely due to pollutant-pollen synergy
	[48,54,76]



	Thunderstorm
	Pollen rupture increasing drastically the number of sub-pollen particles of smaller size
	Sudden increase of asthma emergency visit and hospitalization
	[9,10,46]



	Active fronts
	Pollen-pollution-weather synergy
	Decrease of pollen counts but increase of asthma hospitalization (suggesting pollen rupture)
	[48,77]



	Air masses
	Synergy between pollen with environmental factors
	Asthma more likely in certain air masses
	[50,51,78]



	Fronts, occlusion/trowal and high pressure
	Pollution trapped in convergence zone and high pressure systems.
	Higher asthma counts
	[48,53]
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Table 2. Correlation between asthma hospitalization and selected environmental factors in Montreal during the pollen season 2006–2008: (A) all sectors of Montreal and all weather types; (B) discriminated for geographical sectors and weather types (weather types 7,9 and 12 only). W: West Montreal; CN: Center North; CS: Center South. Note. [Birch] refers to birch airborne concentration.
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	A
	Lag 0
	Lag 1
	Lag 2





	[Birch]
	0.15
	0.25
	−0.12 *



	Ln [Birch]
	0.23
	0.26
	NS



	Ozone
	NS
	0.15
	NS



	PM2.5
	−0.13 *
	NS
	NS



	Temperature
	−0.12
	−0.13
	−0.17



	AQHI
	NS
	NS
	NS



	B
	Lag 0
	Lag 1
	Lag 2



	[Birch]
	NS
	0.28 * (West)
	NS



	Ln [Birch]
	0.40 (ALL SECTORS)
	0.41 (West)
	NS



	Ozone
	NS
	0.41 (Center North)
	NS



	PM2.5
	NS
	0.39 (Center South)
	NS



	Temperature
	NS
	NS
	−0.29 (Center South)



	AQHI
	0.37 (Center North)
	0.53 (Center North)
	NS







Note. * Indicates non-significant correlation (i.e., p > 0.05 and <0.10). NS: non-significant, (p > 0.10). Otherwise, all correlations are statistically significant (p < 0.05).
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