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Abstract

:

FireWork is an on-line, one-way coupled meteorology–chemistry model based on near-real-time wildfire emissions. It was developed by Environment and Climate Change Canada to deliver operational real-time forecasts of biomass-burning pollutants, in particular fine particulate matter (PM2.5), over North America. Such forecasts provide guidance for early air quality alerts that could reduce air pollution exposure and protect human health. A multi-year (2013–2016) analysis of FireWork forecasts over a five-month period (May to September) was conducted. This work used an archive of FireWork outputs to quantify wildfire contributions to total PM2.5 surface concentrations across North America. Different concentration thresholds (0.2 to 28 µg/m3) and averaging periods (24 h to five months) were considered. Analysis suggested that, on average over the fire season, 76% of Canadians and 69% of Americans were affected by seasonal wildfire-related PM2.5 concentrations above 0.2 µg/m3. These effects were particularly pronounced in July and August. Futhermore, the analysis showed that fire emissions contributed more than 1 µg/m3 of daily average PM2.5 concentrations on more than 30% of days in the western USA and northwestern Canada during the fire season.
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1. Introduction


Wildfires are large, uncontrolled vegetation fires that result from natural processes or anthropogenic activities. In North America they are a major natural hazard, with high interannual variability in both the number of fires and the total burned area. Every year, wildfires consume millions of hectares of forest in North America, resulting in several community evacuations due to the direct threat of fire or the indirect threat of heavy smoke [1]. According to the 2016 report of the Canadian Interagency Forest Fire Centre (CIFFC), during the last decade an average of 7000 wildfires occurred each year in Canada and burned an average of 2.6 million hectares per year [2]. Annual costs of wildfire suppression in Canada have ranged from about $0.5 billion to $1 billion in the last decade [3]. As an extreme example, one wildfire in western Canada from 1 May to 4 July 2016 burned an area of 590,000 ha, roughly the size of the Canadian province of Prince Edward Island, and forced the evacuation of nearly 90,000 people from the city of Fort McMurray in northeastern Alberta. The damages caused by this fire were estimated to be on the order of $9.5 billion [4].



In addition to economic impacts, wildfires can adversely affect both air quality (AQ) and human health. The AQ impacts depend on the amount and chemical composition of the emissions from these fires, the smoke plume dynamics, and the meteorological conditions that drive the transport and diffusion of wildfire smoke. Biomass burning from wildfires can release significant amounts of pollutants into the atmosphere, including particulate matter (PM), ammonia (NH3), and ozone (O3) precursors such as nitrogen oxides (NOx), volatile organic compounds (VOCs), and carbon monoxide (CO) [5]. Although many of these species are harmful to human health, the population health impacts of wildfire smoke have been attributed mainly to short-term concentrations of PM less than 2.5 µm in aerodynamic diameter (PM2.5). Two recent systematic reviews found that short-term smoke exposure is strongly associated with small increases in daily mortality from all causes, and with acute respiratory outcomes ranging in severity from increased reporting of symptoms through to increased risk of hospital admissions. Associations were weaker for acute cardiovascular morbidity and birth outcomes, but suggestive of effects in both cases [6,7]. In addition, new evidence about wildfire smoke is emerging rapidly given the severity of fires across North America over the past decade. Furthermore, wildfire smoke is playing an increasingly important role in long-term air pollution as fires get larger and other sources such as motor vehicles and industry come under increasingly strict regulation [8]. Long-term exposure to PM2.5 is associated with the development of a wide and growing range of chronic diseases [9].



During wildfire events, PM2.5 concentration at the ground level may be significantly increased, such that it exceeds the levels established by regulatory agencies to protect the environment and human health. In Canada, for example, the established Canadian Ambient Air Quality Standards (CAAQS) for PM2.5 concentration are an annual mean of 10 µg/m3 and a daily mean of 28 µg/m3 [10]. The CAAQS metric for annual concentration of PM2.5 is based on the three-year average of the annual average concentrations, and on the three-year average of the annual 98th percentile of the daily 24-h average concentrations. Furthermore, the AQ impacts of wildfire emissions are not limited to the local or regional scales. Under some meteorological conditions, wildfire smoke plumes can disperse widely and travel thousands of kilometers, affecting people living far away from the fire location [11]. Observational evidence indicates that the long-range transport of wildfire smoke can episodically increase PM and O3 ground-level concentrations at regional and continental scales. For example, smoke from Canadian wildfires was associated with high concentrations of PM in areas great distances from the fire source, such as Baltimore and Washington, D.C. in the eastern USA and as far away as Europe [11,12,13,14]. Moreover, Canadian wildfires have also been linked to increased O3 concentrations in Houston, TX and the northeastern USA, as well as Europe [15,16,17,18,19]. On the other hand, long-range transport of Siberian wildfire smoke has also contributed to exceedances in O3 and PM2.5 on the west coast of Canada [20,21].



The assessment of human exposure to smoke from wildfires is challenging because such smoke episodes are typically sporadic and short-lived, with highly variable concentrations in both space and time [22,23]. Furthermore, the spatial variability of population exposure to wildfire smoke cannot be correctly represented based solely on regulatory monitoring data because these data provide limited spatial coverage. For example, impacts are often observed in populated non-urban areas where regulatory monitoring networks are sparse or not available. On the other hand, remote sensing data from satellites can be used over very large areas, covering locations where the monitoring networks are missing. However, these measurements provide information about the total atmospheric column of air pollutants rather than the ground-level concentrations. They are also generally not available at night and can be masked by the occurrence of clouds. Additionally, satellite overpasses may occur only once a day or every few days, resulting in large amounts of missing information. Therefore, deterministic AQ forecast models have become a useful tool to fill the temporal and spatial gaps in available measurements and provide guidance about AQ over the coming hours and days [24,25,26,27,28,29,30,31].



AQ forecasting systems consisting of 3D numerical weather prediction (NWP) models with on-line or off-line chemical transport models (CTMs) have become a valuable tool in the past 15 years. They can provide guidance in the production of AQ forecasts and assist public health authorities in understanding pollutant exposures and developing public actions to protect populations against those exposures. The accuracy of pollutant exposure estimates using modeled AQ data depends on the ability of the forecast systems to reproduce observed concentrations of air pollutants. The differences among the current AQ forecast systems that consider anthropogenic emissions of pollutants have been reviewed recently [24,25], but to date only a few AQ forecast systems have been developed that combine information from wildfires and meteorology to retrospectively or prospectively estimate the emissions, transport, and diffusion of wildfire smoke [26,27].



In order to provide guidance to regional AQ forecasters, first responders, and public health decision-makers about the dispersion of smoke from large wildfires, Environment and Climate Change Canada (ECCC) has developed FireWork [27], an on-line, one-way coupled meteorology–chemistry model based on near-real-time wildfire emissions. FireWork was built on the existing ECCC operational AQ forecast system, and was first deployed in 2013 during the Canadian wildfire season to deliver real-time forecasts of wildfire smoke plumes over North America. Previous studies have shown the ability of FireWork to forecast PM2.5 in terms of statistical scores and spatial distributions, as well as public health impacts [27,28,29]. Observed trends and seasonal variability of PM2.5 are well captured by the model. However, FireWork’s ability to simulate the emission and dispersion of wildfire smoke is currently limited by factors such as the accuracy of wildfire emission factors, the treatment of fire behavior, and the suitability of plume-rise algorithms.



Here we conduct a multi-year (2013–2016) analysis of FireWork forecasted PM2.5 concentrations from biomass burning over North America to provide estimates of the population exposure to PM2.5 from wildfires for several concentration thresholds. The number of days that exceed these thresholds as well as the magnitude of the area in exceedance was estimated. The goal of this work is to help public health professionals, policymakers, and the general public better understand the human health impacts of wildfire-related PM2.5 pollution.




2. Methodology


2.1. North American Wildfire AQ Forecasting System


The FireWork system was first run in an experimental mode beginning in 2013 at ECCC’s Canadian Centre for Meteorological and Environmental Prediction (CCMEP). The system became operational in April 2016. The FireWork system is identical to the ECCC operational Regional Air Quality Deterministic Prediction System (RAQDPS) [30,31,32], except for the inclusion of satellite-derived, near-real-time biomass burning emissions from natural, prescribed, and agricultural fires [27]. The on-line RAQDPS modeling system relies on the GEM-MACH (Global Environmental Multi-scale-Modelling Air quality and Chemistry) model, an on-line, one-way coupled CTM (i.e., meteorology affects chemistry, but chemistry does not affect meteorology), embedded within the Global Environmental Multi-scale (GEM) model. Both the RAQDPS and FireWork systems input the same hourly anthropogenic gridded emissions fields based on processing the 2010 Canadian national Air Pollutant Emission Inventory (APEI), the 2011 U.S. National Emissions Inventory (NEI), and the 1999 Mexican emissions inventory, as well as biogenic and sea-salt emissions from natural sources [31]. Each of the three national anthropogenic inventories accounts for emissions of at least seven criteria air pollutants: SO2, NOx, VOC, CO, NH3, PM2.5, and PM10.



The calculation of the near-real-time biomass burning emissions required by FireWork starts with the Canadian Forest Service’s operational Canadian Wildland Fire Information System (CWFIS), which provides fire activity and fire danger conditions across Canada and the continental United States during the active wildfire season [33]. The primary data used by the CWFIS to capture fire activity come from satellite-based detection systems: NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) instrument, NOAA’s Advanced Very High Resolution Radiometer (NOAA/AVHRR), and Visible Infrared Imaging Radiometer Suite (VIIRS) imagery through NASA and the U.S. Forest Service Remote Sensing Applications Center [34]. During the fire season, fire activity is updated six times daily in the CWFIS, corresponding to the frequency of available satellite-based retrievals. Relevant fire information estimated by CWFIS for each fire hotspot includes fuel type, surface fuel consumption, crown fuel consumption, total fuel consumption, and forest floor fuel consumption. Estimates of daily biomass-burning emissions for individual hotspots are then obtained using fuel consumption values from the CWFIS and emission factors from the Fire Emission Production Simulator (FEPS), a component of the BlueSky Modeling Framework [26]. More detailed information about the FireWork modelling system framework and its data flow is provided in other recent publications [27,28].



In the current operational setup, the seasonal FireWork system runs twice per day at 00 UTC and 12 UTC during the North American fire season from 1 April to 31 October. FireWork simulation results provide numerical AQ forecast guidance over North America with a 48-h lead time. In 2013, 2014, and 2015, when FireWork was run as an experimental model version at CCMEP, the period from April to October was only partially covered (see Table 1). In April 2016, however, when the FireWork System became operational [35], FireWork forecasts were extended to cover the full wildfire season.



The seasonal peak for wildfire events in Canada occurs in the months of June, July, and August [2], and initially our analysis focused on this three-month period. However, due to the extreme wildfires that occurred in northern Alberta in May 2016, we decided to extend our analysis to a five-month period from May to September. In order to backfill this five-month period for the years 2013–2015 (Table 1), FireWork was rerun using the operational forecasting approach [27] with the same FireWork version that had been used each year. This required three older versions of FireWork to be run because new, updated versions of the RAQDPS had been introduced before each fire season [31,35].



Seasonal fire emissions for May 1 through September 30 were estimated for North America using the FireWork emissions system [27]. The total fire emissions of key trace gases and particulate species for each year from 2013–2016 show a significant variation in the seasonal totals (Table S1; see Supplementary Materials). Maximum emissions were observed for the 2014 season, and there was substantial spatial variability in the regional estimates (data not shown). The mean seasonal FireWork primary PM2.5 emissions for North America for 2013–2016 of 1.4 Tg/season are lower than but comparable to previous estimates of North American annual PM2.5 emissions from wildfires (1.9 and 2.2 Tg/y) [36]. For context, total U.S. anthropogenic PM2.5 emissions in 2010 were estimated to be 4.1 Tg/y [37], so fire emissions are an important source of PM2.5.



The FireWork domain covers most of Canada and the USA (including Alaska), as well as northern Mexico, with a 10 km × 10 km grid (Figure 1). A new operational version of FireWork with a new domain and new 10 km × 10 km grid (Figure 1) was introduced during the 2016 wildfire season [35]. Results presented in Section 3 are calculated on the original grid used by FireWork prior to 7 September 2016. FireWork results for the period after the grid change (approximately three weeks) were interpolated to the original grid to allow for consistent analysis. The area covered by the original FireWork domain was 33,085,648 km2.




2.2. Wildfire Emissions’ Contribution to PM2.5 Pollution


We used FireWork forecasts to analyze the contribution of fire-originated fine particulate matter (fire-PM2.5) to PM2.5 pollution over North America. In order to estimate the direct contribution of fire-PM2.5 to the total PM2.5 concentration forecasted by FireWork, the RAQDPS forecast PM2.5 concentration field valid at the same hour was subtracted from the FireWork field. This simple strategy removes the contribution of the anthropogenic sources and other natural sources considered by both the RAQDPS and FireWork, and makes it possible to isolate wildfire smoke plume locations and follow their evolution over time [27]. The analysis of forecasted wildfire smoke presented in this paper is based on the set of hourly PM2.5 concentration fields generated by this subtraction. Note that fire-PM2.5 includes contributions from both primary PM2.5 emissions and secondary aerosol formation from primary gas-phase emissions.



An essential part of characterizing the impacts of exposure to wildfire pollution is to understand both long-term (monthly to yearly) and short-term (hourly to daily) exposures. We used multi-year FireWork simulations (2013–2016) to characterize both long- and short-term wildfire pollution exposure over North America by calculating averages based on multi-year, seasonal, monthly, daily, and hourly concentrations and assessing areas affected by different concentration thresholds. Furthermore, we compared these averages with the PM2.5 CAAQS of 10 µg/m3 (annual standard) and 28 µg/m3 (daily standard) [10], and with lower thresholds of 0.2, 1, and 5 µg/m3. The 0.2 µg/m3 threshold was based on the U.S. Environmental Protection Agency (EPA) Significant Impact Level (SIL) guidance document, which defines 0.2 µg/m3 as the threshold below which any annual PM2.5 change is considered negligible [38]. Also, from our own experience with FireWork, 0.2 µg/m3 is the lowest value not susceptible to numerical noise that can be considered when analyzing the contributions of fire-PM2.5 to total forecasted PM2.5 concentrations. The 1 and 5 µg/m3 thresholds were considered to transition between the minimal 0.2 µg/m3 threshold and the 10 µg/m3 threshold.




2.3. Population Exposure Estimation


Statistics on population exposure to wildfire smoke for Canada and the USA can be calculated by combining FireWork fields of direct contributions of fire-PM2.5 to total surface PM2.5 concentration with population data. We used population data from the 2016 Canadian census [39,40] and from the 2010 U.S. census [41]. For the 2016 Canadian census, we used population reported at the dissemination area (DA) level, where each DA typically has a population of 200 to 1000 people. For the 2010 U.S. census, we used population reported at the block-group level (Figure 2). Although U.S. population projections are available for 2016, they are only available at the coarser census-tract level rather than the more finely resolved block-group level (see Figure S1 in the Supplementary Materials).



A number of steps were required to estimate the population affected at different wildfire PM2.5 concentration thresholds. The first step was to determine the population for each 10 km × 10 km grid cell on the FireWork domain. To do so, 2016 Canadian population data reported by DA [39] were incorporated into a shapefile containing DA polygons [40]. The same step was performed at the sub-county level for 2010 U.S. population data [41]. The two population shapefiles were then interpolated separately to the 10 km by 10 km FireWork grid using a normalized conservative approach that preserved population within polygons. This interpolation approach divided the population value of each polygon between the grid cells wholly or partly contained within the polygon based on fractional area and assuming uniform population density within a DA or sub-county (Figure 2). The total populations contained in the older FireWork domain (Figure 1) for these two censuses were 35,148,512 in Canada and 305,744,285 in the USA.



The next step was to identify the aggregate population for the set of FireWork grid cells above a PM2.5 concentration threshold. The Canadian and U.S. populations were processed separately. For grid cells along the Canada-USA border, it was necessary to determine in which country each cell was mainly located. This was done using a mask indicating the country associated with each grid cell. The population values for the set of FireWork grid cells associated with each PM2.5 threshold were then summed together. The final step was to assess population exposure to different PM2.5 concentrations. To do this, five PM2.5 thresholds (0.2, 1, 5, 10, and 28 µg/m3) were considered and applied to monthly and seasonal (May to September) contribution of fire-PM2.5 to total surface PM2.5 concentrations.




2.4. Exposure Frequency Estimation


The temporal frequency of PM2.5 pollution exposure is another critical factor in determining health impacts from fire-PM2.5. One way to characterize this factor is to examine the number of occurrences of hourly or daily fire-PM2.5 concentrations above specific thresholds for individual grid cells. This is done by counting the number of hours or days in a wildfire season with wildfire-related PM2.5 concentrations above four different levels: 1, 5, 10 and 28 µg/m3. In this case the lowest threshold of 0.2 µg/m3 was not considered because it is less meaningful over shorter averaging periods.





3. Results


3.1. Area Affected by Wildfire Smoke


In 2013–2016, almost all areas of Canada and the USA included in the FireWork domain were affected by wildfire smoke based on a seasonal fire-PM2.5 > 0.2 µg/m3 exceedance at least once per grid cell (Figure 3, Figure 4, Figure 5 and Figure 6). Western North America was more affected by wildfire smoke than eastern North America in all four years. From a continental perspective, 2014 had the most intense wildfire season, based on the seasonal values of the area affected by wildfire pollution for PM2.5 concentration thresholds from 1 µg/m3 to 28 µg/m3 (Table 2). This year was followed by 2015 and 2013, while 2016 was the year least affected by wildfire smoke. Based on the average seasonal concentrations, the percentage areas of the FireWork domain (including land and water areas) above the 0.2 µg/m3 threshold were 52%, 49%, 44%, and 22% for the years 2013–2016, respectively (Table 2). Above the 1 µg/m3 threshold the corresponding percentage areas were 14%, 17%, 13%, and 6%, and above the 5 µg/m3 threshold the values were 0.8%, 1.9%, 1.1%, and 0.4%.



In terms of total area burned, in 2013 Canada had its seventh most intense wildfire season of the past 34 years [2], whereas the USA was 37% below its 2006–2016 average [42]. The wildfire season in 2013 effectively started in June, with maximum intensity reached in July and August. During these two months, the area for which the monthly average of fire-PM2.5 exceeded the 0.2 µg/m3 threshold covered most of North America (Figure 3). In July, an area of 194,966 km2 (the size of South Dakota) had average monthly fire-PM2.5 above 10 µg/m3 and 13,326 km2 were above 28 µg/m3 (Table 2). In August, using the same thresholds, these areas were 604,476 km2 (larger than California; close to the size of Manitoba and Texas) and 71,844 km2, respectively. August 2013 was the most active month of the year, with intense activity in northwestern and western Canada and the northwestern USA.



In 2014, Canada had its fifth most intense wildfire season of the past 34 years in terms of total area burned, while in the USA the value was 48% below its 2006–2016 average [2,42]. The extreme wildfire event in the Northwest Territories near the city of Yellowknife started in June and peaked in July (Figure 4). In July, intense wildfires began burning in British Columbia, Alberta, Washington, Oregon, California, and Idaho, bringing the total area with average monthly fire-PM2.5 > 10 µg/m3 to 541,468 km2, and > 28 µg/m3 to 146,616 km2. These fires persisted into August, making August 2014 the most extreme month of the 2013–2016 period in terms of area affected by wildfire smoke. In this month, average monthly fire-PM2.5 values above the 5, 10, and 28 µg/m3 thresholds covered 2,560,671 km2 (larger than Alaska or Nunavut), 934,005 km2 (the size of British Columbia), and 157,462 km2 (the size of Georgia), respectively (Table 2).



The 2015 season was the sixth most intense of the past 34 years for Canada in terms of area burned [2]. In the USA, it was the peak year of the 2006–2016 period, with more than 10 million acres (40,500 km2) burned, 45% above the period average [42]. The 2015 fire season was marked by two intense wildfire periods: the first from 15 June to 15 July and the second from 1 to 15 August [27] (Figure 5). In the first period, most of the wildfires occurred in northwestern Canada (Alberta and Saskatchewan), whereas in the second period most of the wildfires occurred in the western USA (Washington, Oregon, Idaho, and California). In July and August areas of 306,687 km2 and 636,671 km2 had average monthly fire-PM2.5 > 10 µg/m3, respectively, and areas of 30,776 km2 and 143,120 km2 were > 28 µg/m3 (Table 2).



The 2016 fire season included unprecedented impacts in Canada on both people and the national economy. The entire city of Fort McMurray, Alberta, with a population of nearly 90,000, was evacuated in May when it was overrun by a large, fast-moving wildfire (Figure 6). Estimated insured fire damages to Fort McMurray were 9.6 billion dollars, the costliest insured natural disaster in Canadian history [4]. Despite this disaster, 2016 was the least intense wildfire season among the four years analyzed in terms of area burned [2] and area affected by wildfire smoke across Canada (Table 2). In the USA, the 2016 area burned was 21% below its 2006–2016 average [42]. On the other hand, the early start to the wildfire season in Canada made the month of May 2016 the most affected by wildfire pollution among the four Mays assessed. For May 2016 the area with average monthly fire-PM2.5 > 10 µg/m3 and > 28 µg/m3 was 58,168 km2 and 11,955 km2 respectively (Table 2).



It is also of interest to examine the importance of fire-PM2.5 relative to other sources of PM2.5. Figure S2 shows the seasonal fire-PM2.5 contribution to total PM2.5 as a percentage for each of the four years. For 2013 to 2015, the seasonal contribution of fire-PM2.5 to total PM2.5 was 50% or more over much of northwestern North America and parts of the U.S. mountain west. In 2014 the seasonal wildfire contribution was 90% or greater for a large part of the Northwest Territories and parts of the interior of British Columbia. These results are not surprising considering that these areas have relatively few inhabitants and low anthropogenic emissions.



It is difficult to compare the monthly model forecasted fire-PM2.5 directly with PM2.5 measurements, as measurements are influenced by all PM2.5 sources, not just biomass burning emissions. As an indirect comparison, however, we note that archived near-real-time measurement from the AirNow data feed (www.airnow.gov) include at least one U.S. or Canadian AQ station located close to wildfires having monthly PM2.5 concentrations above 30, 50, and even 150 µg/m3 for each of the four years analyzed here. The most extreme month was August 2015, when 13 PM2.5 measurement stations reported mean monthly PM2.5 concentrations of 30 µg/m3 or above, including six stations in Idaho, two stations each in Oregon, Washington State, and British Columbia, and one station in Montana (see Table S2). FireWork also forecasted mean monthly fire-PM2.5 concentrations above 30 μg/m3 for two regions of California in August 2015; although no stations with available measurements were located in these regions, one nearby station in Shasta county in northern California had a mean monthly PM2.5 concentration of 24.5 μg/m3 and 100% data completeness.




3.2. Population Exposure to Wildfire Pollution


In terms of population exposure to wildfire-related PM2.5 pollution, for 17 of the 20 months considered, more than 1 million Canadians (3% of the population) were estimated to have been affected by average monthly fire-PM2.5 > 0.2 µg/m3 (Figure 7). During the same period, more than 14 million Canadians (39% of the population) were affected by average monthly fire-PM2.5 > 0.2 µg/m3 in 10 of the 20 months, and over 32 million Canadians (90% of the population) were affected in 7 months. The months affecting the most people were July and August (Figure 8 and Table S3), with August 2015 being the worst for average monthly fire-PM2.5 > 10 µg/m3. During August 2015 the proportion of the Canadian population affected by fire-PM2.5 above thresholds of 0.2, 1, 5, 10, and 28 µg/m3 were 97%, 21%, 11%, 8%, and 1.2%, respectively. The three periods in which the most Canadians were exposed to >28 µg/m3 were: (a) August 2015 (417,171 people or 1.2% of the population) due to extreme wildfires in British Columbia and the northwestern USA; (b) May 2016 (69,909 people or 0.2% of the population) due to extreme wildfires in northern Alberta near Fort McMurray; and (c) August 2014 (27,160 people or 0.1% of the population) due to extreme wildfires in northwestern Canada. In all other months, less than 0.1% of the Canadian population was affected at this very high threshold (Table S3).



Based on the average seasonal statistics (Table S3), over 90% of the Canadian population was affected by seasonal fire-PM2.5 > 0.2 µg/m3 in 2013, 2014 and 2015. The 2016 wildfire season was much milder, with 19% of Canadian population affected by wildfire smoke above this threshold (Figure 8). The corresponding proportions for the 1 µg/m3 threshold ranged from 0.4% (2016) to 26% (2014). The population affected by concentrations above the 10 µg/m3 threshold reached its maximum in 2015, with over 100,000 people (Table S3).



In the USA, more than 200 million people (65% of the population) were exposed to average monthly fire-PM2.5 > 0.2 µg/m3 during nine of the 20 months considered (Figure 7). As well, a much greater proportion of the U.S. population was affected by wildfire pollution in 2013, 2014, and 2015 than in 2016, similar to Canada (Figure 8), and for both the USA and Canada, the proportion of the population exposed to wildfire pollution in September was larger than in June.



The total percentages of the U.S. population affected by seasonal fire-PM2.5 > 0.2 µg/m3 ranged from 21% (2016) to 90% (2015) (Figure 8 and Table S4), and the corresponding range above 1 µg/m3 was 5% (2015) to 15% (2014). Based on the four-year average seasonal statistics for population exposure to fire-PM2.5 > 0.2 µg/m3, a smaller percentage of the U.S. population (69%) than the Canadian population (76%) was exposed to pollution above this threshold (Tables S3 and S4). For concentrations > 1 µg/m3 the corresponding percentages were 10% in the USA and 12% in Canada. However, for average seasonal fire-PM2.5 > 28 µg/m3, a higher percentage of Americans than Canadian were exposed. The affected U.S. population ranged from 32,549 in 2014 to 56,442 in 2015 (Table S4), giving a four-year average exposure of 0.015% for the U.S. population compared with 0.004% for the Canadian population (Table S3).




3.3. Frequency of Wildfire-Related Pollution Events


In 2013–2016 most of North America (except Alaska) was affected by wildfire smoke on at least one day (Figure 9). The land-use map for Alaska used by National Resources Canada to determine total fuel consumption was only updated in 2015. Given the direct impact of wildfire emissions estimates from input land-use in FireWork, there may be an underestimation of wildfire emissions for regions of Alaska prior to 2015. The highest daily frequency of wildfire smoke occurred in 2014, where for most of western Canada and the northwestern USA more than 30% of the days from May to September had surface fire-PM2.5 greater than 1 µg/m3 for at least one hour. In parts of Alberta, Saskatchewan and the Northwest Territories, the daily frequency was above 40%, and in part of the southern Northwest Territories it was over 60%. For hourly frequency, in 2013 the majority of Canada and the USA had more than 10% of hourly forecasted fire-PM2.5 above 1 µg/m3. Hourly frequency was slightly lower in 2014 and 2015, but in 2016, only a portion of western North America had hourly frequencies over 10% (Figure 9).



The daily frequency of forecasted fire-PM2.5 concentrations greater than 5 µg/m3 was above 10% for the majority of western Canada in 2013, 2014 and 2015 (Figure 10). The same was true for northern Quebec in 2013. In the case of the USA, regions over 10% were found only in the west over the same period. In 2016, frequencies above 10% were less common when compared with other years and were limited to areas close to the wildfires in northwestern Canada and the northwestern USA and California. Frequencies above 30% were found in 2014 in northwestern Canada, while this percentage was limited to areas very close to the wildfires in the other years. The results of the hourly frequency analysis are similar to those of the daily frequency analysis, with values of 10–20% covering large areas of northwestern Canada and the western USA, especially for 2014. Hourly frequencies over 20% were not present over Canada in 2016 and were limited to areas close to wildfires in 2013, 2014, and 2015 (Figure 10).



The spatial patterns of daily and hourly frequencies for the 10 µg/m3 concentration threshold were very similar to the patterns observed for the 5 µg/m3 threshold (Figure 11). However, 2014 was the only year with daily and hourly frequencies above 30%, in northwestern Canada. For a threshold of 28 µg/m3 (Figure 12), the frequency of days and hours with hourly forecasts above this threshold was generally below 10%.



We can also look at the number of days with elevated fire-PM2.5 from a population exposure perspective. Tables S5 and S6 provide this information for Canada and the USA, respectively. In 2014 wildfire season, more than 14% of Canadians were exposed to a daily fire-PM2.5 > 5 µg/m3 on at least 30 days (i.e., 20% or more days) and 12% of Canadians were exposed to a daily fire-PM2.5 > 10 µg/m3 on at least 15 days (Table S5). For the USA, the corresponding values in 2014 were 2% and 3%, but interestingly they were higher (3% and 4%) in 2016 (Table S6), even though in other respects 2016 had a less active fire season (e.g., Table 2).





4. Discussion


The spatial distributions of monthly and seasonal wildfire plumes illustrate the large spatial and temporal variability of wildfire occurrence in North America (Figure 3, Figure 4, Figure 5 and Figure 6). Our results also highlight how common wildfires are each summer and the large spatial extent of their influence due to long-range transport of wildfire emissions. Analyses of daily elemental and organic carbon measurements from the U.S. IMPROVE speciated PM2.5 measurement network support the analysis of the FireWork wildfire smoke forecasts presented here, indicating that smoke from wildfires contributes substantially to PM2.5 levels in the western USA [43,44,45,46].



A related finding is that wildfires can sometimes impact the same location many times during a single season (Figure 9, Figure 10, Figure 11 and Figure 12). The frequent presence of fire-PM2.5 shown here for 2013–2016, especially in western North America, has implications for regional attainment of PM2.5 regulatory objectives. Both Canadian and U.S. standards for PM2.5 allow the exclusion of days with concentrations above the national standard due to wildfire smoke. However, to invoke such an exclusion, it is necessary to demonstrate that an unmanaged emission source such as wildfires is the cause of an elevated concentration. FireWork forecasts could provide useful evidence for this purpose.



It is also relevant to compare the distribution of population in North America (Figure 2) with the distribution of wildfire smoke (Figure 3, Figure 4, Figure 5 and Figure 6). At the continental scale the majority of the North American population lives in the eastern half of the continent whereas the majority of large wildfires occur in the western half. This anticorrelation reduces the degree of population exposure to wildfire smoke. Nevertheless, 32% of the Canadian population lives west of Ontario and 41% of the U.S. population lives west of the Mississippi River, closer to western wildfires. As an example of this difference between wildfire location and population location, consider that for the 2013–2016 period (a) August 2014 was identified as the month with the greatest areal extent of average monthly fire-PM2.5 > 28 µg/m3, whereas (b) August 2015 was identified as the month with the largest U.S. population exposure to average monthly fire-PM2.5 > 28 µg/m3.



Short-term exposure to PM2.5 from wildfire smoke puts the population at an increased risk of experiencing a wide range of acute health outcomes, particulary those with chronic conditions such as asthma [47] or heart disease [48]. Long-term exposure to PM2.5 from all sources, including the contribution from wildfire smoke, increases the risk of developing chronic conditions, such as asthma or heart disease [9]. Global estimates suggest that approximately 340,000 deaths per year can be attributed to smoke from landscape fires, of which only 18% are due to short-term effects while 82% are due to the long-term effects [49]. Our results confirm that fire-PM2.5 puts the Canadian and U.S. populations at risk from both short- and long-term exposure. Although our long-term averages covered the five-month fire season rather than the entire year, we found that up to 26.4% of the Canadian population and 14.7% of the U.S. populations were affected by increases of > 1 µg/m3 in the extreme fire seasons. This likely indicates that the annual fire-PM2.5 averages were > 0.2 µg/m3 for these populations, which is defined by the U.S. EPA as a non-negligible impact [38]. Given that wildfires are becoming more frequent and intense across North America [2,42], tools such as FireWork can help to characterize their contribution to the long-term exposure most responsible for the burden of disease attributable to air pollution.



A similar wildfire pollution exposure study was recently published for the USA [23], in which fire-PM2.5 contributions were estimated for an earlier five-year period (2008–2012) using paired retrospective simulations performed with another AQ modeling system. As in this study, one simulation considered wildfire emissions and one did not, and then a post-simulation subtraction of predicted paired surface PM2.5 fields yielded the fire-PM2.5 contribution estimate. One difference between the two studies was the fire seasons sampled: the average annual U.S. area burned during their study period (2008–2012) was 11% higher than that during our study period (2013–2016) [42]. Other differences were the concentrations thresholds (in µg/m3) that they considered (0.15, 0.75, 1.5) compared with those that we considered (0.2, 1, 5, 10, 28), and the annual concentration values aggregated from 12 km × 12 km grid cells to the county level that they considered vs. the monthly and five-month values for 10 km × 10 km grid cells that we considered (i.e., higher temporal and spatial resolution). Nevertheless, a limited comparison of the two studies is possible. Based on the 2010 U.S. census (also used in this study), Rappold et al. [23] estimated that 10% of the U.S. population lived in areas where the contribution of fire-PM2.5 was > 1.5 µg/m3. We estimated that between 5.3% (in 2015) and 14.7% (in 2014) of the U.S. population lived in areas where the five-month fire-PM2.5 contribution was >1 µg/m3. Rappold et al. [23] also estimated that 10.3 million individuals in the U.S. lived in areas having 10 or more days (between 2008 and 2012) with fire-PM2.5 contribution > 35 µg/m3, and we estimated that 10.6 million individuals in the USA lived in areas having 10 or more days (for all five-month seasons between 2013 and 2016) with fire-PM2.5 > 28 µg/m3. Considering the differences between these two studies, this basic comparison suggests that the results are comparable and consistent.



This study was an “analysis of opportunity” based on the availability of four years of daily North American wildfire smoke forecasts, and further improvements are likely possible. For example, wildfires in Siberia are known to affect Alaska and western Canada, but FireWork does not currently consider wildfire emissions external to North America. In our operational on-line FireWork performance evaluation, a negative bias in PM2.5 concentration forecasts is observed for long-range wildfire pollution advection. As a consequence, the results presented here are likely to be conservative. Work is ongoing to examine potential improvements to the PM2.5 emission factors and the plume-rise parameterization used by FireWork, both of which influence PM2.5 concentration predictions. Given the horizontal grid spacing of 10 km used by FireWork, it is expected too that forecasts of near-source concentration will be underestimates due to the limitation of assuming uniform emissions within a grid cell. ECCC also has an AQ objective analysis system that combines AQ model predictions with AQ observations [50]. This system is now used with FireWork, opening the possibility of analyzing optimally-combined fields of model predictions and PM2.5 measurements instead of relying solely on model forecast fields. Finally, our results might have differed slightly had we run the same FireWork version for all four years instead of using archived FireWork versions from each year (which ensured that our analyses reflected the information available to ECCC forecasters and stakeholders at the time). However, none of these changes are likely to alter our overall conclusions about the impact of wildfires in North America.




5. Conclusions


The FireWork AQ forecast system with near-real-time wildfire emissions has been run daily for a North American domain by ECCC from 2013 to 2016 during the May–September wildfire season. A multi-year analysis for this period showed the importance of accounting for contributions from wildfire PM2.5 emissions to total PM2.5 surface concentrations (denoted here as fire-PM2.5) during the wildfire season. For both Canada and the USA, the months of July and August usually showed the maximum fire-PM2.5, although intense wildfires can also occur in September in the western USA, likely due to a longer summer season [51].



Monthly and seasonal analyses of the mean forecasted fire-PM2.5 suggested that, on average, over 76% of Canadians and 69% of Americans were at least minimally affected by wildfire smoke during the four-year study period. Comparison of average monthly fire-PM2.5 showed large year-to-year variations in both timing and spatial locations of wildfires between 2013 and 2016. Wildfire impacts are often driven by a few major wildfire events that can lead to poor air quality for several consecutive weeks near the emission sources and beyond. In August 2015 approximately 3 million Canadians and 3 million Americans were exposed to mean monthly fire-PM2.5 > 10 µg/m3.



Calculations of the number of days and hours with forecasted fire-PM2.5 above various concentration thresholds ranging from 1 µg/m3 to 28 µg/m3 for 2013–2016 showed that most wildfire events over North America occurred in the western part of the USA and in western, northern, and central Canada. During months of extreme wildfire activity, some areas in northwestern Canada and the western USA had up to 20% of days where the fire-PM2.5 was > 28 µg/m3. The eastern USA and eastern Canada had fewer days with threshold exceedances, but most of North America was affected by fire-PM2.5 > 1 µg/m3 on at least one day per year.



FireWork is a valuable prognostic tool used as guidance by AQ meteorologists to issue forecasts on a daily basis, allowing advance warnings to populations at risk to reduce their exposure. In addition, this study has shown that FireWork is also useful for retrospective analysis of past wildfire events. The statistical analyses of these forecasts over multiple years can be used by public health researchers, AQ regulators and policymakers, and others interested in wildfire impacts to understand and characterize exposure to wildfire smoke and its interannual and geographic variability.
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Figure 1. FireWork domain boundaries before (green) and after (red) 7 September 2016. The 10 km × 10 km grid is not shown. 
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Figure 2. Population count per FireWork grid cell (10 km × 10 km) based on the 2016 Canadian census and the 2010 U.S. census. The red box over the four southern Great Lakes marks the location of the inset. 
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Figure 3. 2013 average monthly fire-PM2.5 contribution to total forecasted surface PM2.5 concentrations (µg/m3) for (A) May, (B) June, (C) July, (D) August, (E) September, and (F) seasonal (May–September average). Note that the color scale is non-linear and white areas indicate values < 0.2 µg/m3. 
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Figure 4. Same as Figure 3 but for 2014. 
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Figure 5. Same as Figure 3 but for 2015. 
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Figure 6. Same as Figure 3 but for 2016. 
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Figure 7. Cumulative distribution of number of months with the portions of the Canadian (A) and U.S. (B) population affected by monthly fire-PM2.5 above five PM2.5 concentration thresholds for four five-month wildfire seasons (2013–2016). 
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Figure 8. Percentage of population in Canada (left panels: A, C, E, G, and I) and the USA (right panels: B, D, F, H, and J), affected by wildfire pollution above five PM2.5 concentration thresholds based on the average monthly and seasonal fire-PM2.5 contribution to total average monthly and seasonal surface PM2.5 concentrations for four wildfire seasons (2013–2016). The percentage of the affected population for Canada and the USA was calculated using the 2016 Canadian and the 2010 U.S. censuses, respectively. See also Tables S3 and S4. 
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Figure 9. Percentage frequency of the number of days (left) and the number of hours (right) with forecasted 24-h moving average PM2.5 concentration above 1 µg/m3 from fire-PM2.5 contribution for the period May–September for years 2013, 2014, 2015, and 2016. White areas indicate locations that experienced no days or hours above the threshold during the period. 
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Figure 10. Same as Figure 9 but for 5 µg/m3. 
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Figure 11. Same as Figure 9 but for 10 µg/m3. 
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Figure 12. Same as Figure 9 but for 28 µg/m3. 
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Table 1. 2013–2016 experimental and operational FireWork start/end forecast periods together with additional periods for which FireWork was rerun retrospectively.






Table 1. 2013–2016 experimental and operational FireWork start/end forecast periods together with additional periods for which FireWork was rerun retrospectively.





	
Year

	
Experimental/Operational FireWork

	
Added Periods






	

	
Start

	
End

	




	
2013

	
June 1

	
August 31

	
May 1‒31; Sep. 1‒31




	
2014

	
June 9

	
October 1

	
May 1‒June 8




	
2015

	
May 21

	
October 31

	
May 1‒20




	
2016

	
April 1

	
October 31

	
‒
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Table 2. FireWork domain area affected (km2 and percentages) by wildfire pollution above five PM2.5 concentration thresholds based on average monthly and seasonal fire-PM2.5 contributions to total average monthly and seasonal surface PM2.5 concentrations. For reference, the total area of North America is 24.71 million km2 and for the FireWork domain is 33.09 million km2. The numbers in parentheses correspond to the percentage of the area affected.
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µg/m3

	
>0.2

	
>1

	
>5

	
>10

	
>28






	
2013




	
May

	
754,020

	
(2.3%)

	
30,662

	
(0.1%)

	
1377

	
(0.0%)

	
196

	
(0.0%)

	
0

	
(0.0%)




	
June

	
12,478,900

	
(37.7%)

	
2,532,748

	
(7.7%)

	
184,058

	
(0.6%)

	
48,991

	
(0.1%)

	
7378

	
(0.0%)




	
July

	
17,235,170

	
(52.1%)

	
7,279,618

	
(22.0%)

	
861,986

	
(2.6%)

	
194,966

	
(0.6%)

	
13,326

	
(0.0%)




	
August

	
20,155,062

	
(60.9%)

	
9,873,087

	
(29.8%)

	
1,783,453

	
(5.4%)

	
604,476

	
(1.8%)

	
71,844

	
(0.2%)




	
September

	
9,351,929

	
(28.3%)

	
2,072,752

	
(6.3%)

	
84,693

	
(0.3%)

	
39,022

	
(0.1%)

	
10,611

	
(0.0%)




	
2014




	
May

	
1,746,428

	
(5.3%)

	
61,310

	
(0.2%)

	
6507

	
(0.0%)

	
2137

	
(0.0%)

	
200

	
(0.0%)




	
June

	
3,411,109

	
(10.3%)

	
872,761

	
(2.6%)

	
57,926

	
(0.2%)

	
13,461

	
(0.0%)

	
1686

	
(0.0%)




	
July

	
16,196,537

	
(49.0%)

	
7,260,984

	
(21.9%)

	
1,562,298

	
(4.7%)

	
541,468

	
(1.6%)

	
146,616

	
(0.4%)




	
August

	
19,536,859

	
(59.0%)

	
8,436,851

	
(25.5%)

	
2,560,671

	
(7.7%)

	
934,005

	
(2.8%)

	
157,462

	
(0.5%)




	
September

	
13,305,055

	
(40.2%)

	
4,531,984

	
(13.7%)

	
444,316

	
(1.3%)

	
137,840

	
(0.4%)

	
24,680

	
(0.1%)




	
2015




	
May

	
2,837,325

	
(8.6%)

	
252,707

	
(0.8%)

	
12,768

	
(0.0%)

	
2950

	
(0.0%)

	
197

	
(0.0%)




	
June

	
9,375,291

	
(28.3%)

	
2,604,739

	
(7.9%)

	
291,593

	
(0.9%)

	
42,184

	
(0.1%)

	
2552

	
(0.0%)




	
July

	
14,245,102

	
(43.1%)

	
5,173,825

	
(15.6%)

	
1,033,576

	
(3.1%)

	
306,687

	
(0.9%)

	
30,776

	
(0.1%)




	
August

	
15,581,769

	
(47.1%)

	
5,918,077

	
(17.9%)

	
1,236,416

	
(3.7%)

	
636,671

	
(1.9%)

	
143,120

	
(0.4%)




	
September

	
11,999,087

	
(36.3%)

	
1,629,073

	
(4.9%)

	
102,071

	
(0.3%)

	
45,570

	
(0.1%)

	
14,173

	
(0.0%)




	
2016




	
May

	
3,829,030

	
(11.6%)

	
972,851

	
(2.9%)

	
167,935

	
(0.5%)

	
58,168

	
(0.2%)

	
11,955

	
(0.0%)




	
June

	
2,532,347

	
(7.7%)

	
334,211

	
(1.0%)

	
35,392

	
(0.1%)

	
13,575

	
(0.0%)

	
3599

	
(0.0%)




	
July

	
7,866,765

	
(23.8%)

	
2,709,907

	
(8.2%)

	
223,084

	
(0.7%)

	
57,209

	
(0.2%)

	
8215

	
(0.0%)




	
August

	
7,807,827

	
(23.6%)

	
2,839,017

	
(8.6%)

	
477,835

	
(1.4%)

	
146,340

	
(0.4%)

	
31,658

	
(0.1%)




	
September

	
4,914,590

	
(14.9%)

	
1,715,135

	
(5.2%)

	
204,326

	
(0.6%)

	
71,075

	
(0.2%)

	
15,620

	
(0.0%)




	
Seasonal Exceedances (Area)




	
2013

	
17,151,407

	
(51.8%)

	
4,534,747

	
(13.7%)

	
269,933

	
(0.8%)

	
62,226

	
(0.2%)

	
9267

	
(0.0%)




	
2014

	
16,335,869

	
(49.4%)

	
5,616,429

	
(17.0%)

	
625,489

	
(1.9%)

	
216,897

	
(0.7%)

	
28,417

	
(0.1%)




	
2015

	
14,507,744

	
(43.8%)

	
4,203,396

	
(12.7%)

	
373,565

	
(1.1%)

	
90,825

	
(0.3%)

	
16,248

	
(0.0%)




	
2016

	
7,229,006

	
(21.8%)

	
1,931,583

	
(5.8%)

	
121,897

	
(0.4%)

	
40,841

	
(0.1%)

	
9388

	
(0.0%)












© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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