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Abstract:

 Long-term fire records are important to understanding the trend of biomass burning and its interactions with air quality and climate at regional and global scales. Traditionally, such data have been compiled from ground surveys or satellite remote sensing. To obtain aerosol information during a fire event to use in analyzing air quality, we propose a new method of developing a long-term fire record for the contiguous United States using an unconventional data source: ground-based aerosol monitoring. Assisted by satellite fire detection, the mass concentration, size distribution, and chemical composition data of surface aerosols collected from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network are examined to identify distinct aerosol characteristics during satellite-detected fire and non-fire periods. During a fire episode, elevated aerosol concentrations and heavy smoke are usually recorded by ground monitors and satellite sensors. Based on the unique physical and chemical characteristics of fire-dominated aerosols reported in the literature, we analyzed the surface aerosol observations from the IMPROVE network during satellite-detected fire events to establish a set of indicators to identify fire events from routine aerosol monitoring data. Five fire identification criteria were chosen: (1) high concentrations of PM2.5 and PM10 (particles smaller than 2.5 and 10 in diameters, respectively); (2) a high PM2.5/PM10 ratio; (3) high organic carbon (OC/PM2.5) and elemental carbon (EC/PM2.5) ratios; (4) a high potassium (K/PM2.5) ratio; and (5) a low soil/PM2.5 ratio. Using these criteria, we are able to identify a number of fire episodes close to 15 IMPROVE monitors from 2001 to 2011. Most of these monitors are located in the Western and Central United States. In any given year within the study period fire events often occurred between April and September, especially in the two months of April and September. This ground-based fire climatology is also consistent with that derived from satellite retrievals. This study demonstrates that it is feasible to reconstruct historic records of fire events based on continuous ground aerosol monitoring. This dataset can provide not only fire activity information but also fire-induced aerosol surface concentrations and chemical composition that can be used to verify satellite-based products and evaluate air quality and climate modeling results. However, caution needs to be exercised because these indicators are based on a limited number of fire events, and the proposed methodology should be further tested and confirmed in future research.
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1. Introduction


Biomass burning, including both wildfires and prescribed burns, converts a sizeable amount of vegetation into burned ashes, fugitive gases, vapor, and particles [1]. The emitted gases, water vapor, and fine particles exert myriad effects on atmospheric chemistry, the Earth’s radiative budget, and the hydrological cycle [2,3,4]. Due to the significant effects of wildfire on air quality and climate, wildfire biomass burning events have been extensively studied through ground observations [5,6], satellite sensor detection [5,7,8,9], and model simulations [10,11]. The continuous accumulation of fire-related data makes it possible for the scientific community to examine long-term trends in fire activity and the driving forces underlying these variations. Using satellite data and a biogeochemical model, van der Werf and colleagues [12] have examined the interannual variability in global biomass burning emissions, which exhibited large variations (with a range of more than 1 Pg C·year−1) from 1997 to 2004. Westerling et al. [13] have compiled an extensive wildfire database and found that large wildfire activity in the Western United States (U.S.) has increased considerably since the mid-1980s, likely driven by increased spring/summer temperatures and an earlier snowmelt in the mid-elevation forests of the Northern Rockies. Development of long-term fire climatology, while holding great promise for climate analysis, presents substantial challenges due to the difficulty of obtaining accurate fire observations and the diverse requirements of fire indices. Polar-orbiting satellite sensors, such as the Moderate Resolution Imaging Spectroradiometer (MODIS) [5,8], the Along Track Scanning Radiometer (ATSR) [10], and the Visible and Infrared Scanner (VIIRS) [12], can provide global coverage of fire counts, burned areas, and fire’s radiative power. High temporal resolution fire detection could be derived from National Oceanic and Atmospheric Administration (NOAA) Geostationary Operational Environmental Satellite (GOES)-based observations [9]. For both polar-orbiting and stationary satellites, wildfires can be difficult to observe due to cloud cover or fire induced convection. Furthermore, to quantify fire-related emissions, several important assumptions have to be made to convert satellite fire observations into fire emissions data, such as fuel loading, burn duration, emission factors, and plume vertical structure. However, the conversion process is not straightforward or intuitive. For instance, van der Werf et al. [12] reported that burned areas and total fire emissions are largely decoupled because forested areas dominate fire emissions, whereas savanna burning contribute disproportionally to burned area statistics globally. Uncertainty in these procedures hinders emission estimations and needs to be investigated with independent data sources, such as ground and aircraft observations. Ground surveys of fire counts and burned areas have been compiled (e.g., Westerling et al. [13]), but these datasets cannot be directly used to derive fire emissions without further processing. Finally, air quality research and regulatory communities are interested in surface concentrations of pollutants elevated by wildfires. However, there is no direct satellite observation of fire-induced PM2.5 (particles smaller than 2.5 in diameters) surface concentrations and chemical composition. Lately, efforts have been made to convert column aerosol loading into surface concentrations [14]. A previous study focused on surface concentrations without chemical compositions, and sources of PM2.5 were not considered. Clearly, there is need to develop ground-based fire observations.



This study proposes a new method of developing long-term wildfire records from traditional ground aerosol monitoring networks. This dataset, if successfully built, can provide not only fire activity information but also fire-induced aerosol surface concentrations and chemical composition data that can be used to verify satellite-based products, evaluate fire models (e.g., model fire occurrence and characteristics), evaluate biomass burning aerosol properties simulated by chemical transport, evaluate general circulation aerosol models using satellite-derived fire emissions, evaluate air quality and climate modeling results, and assess human exposure to fire pollution. The aerosol data are obtained from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network. IMPROVE is a long-term, continuous aerosol monitoring network that measures the mass concentrations, size distribution, and chemical composition of ambient aerosols, and it provides 24-hour aerosol data every third day.



The main challenge of the new method lies in how to design effective criteria to identify fire events from mixed aerosol records. Routine aerosol networks such as IMPROVE were not designed exclusively for fire detection. Instead, IMPROVE observes aerosol levels originating from all sources, such as fires, dust storms, and anthropogenic sources. We use concurrent satellite fire detection and IMPROVE data to examine the distinct physical and chemical characteristics of aerosols during fire episodes, so that a set of indicators can be established to separate fire-influenced samples from those dominated by other sources.




2. Data Sources


2.1. IMPROVE Aerosol Data


There are two reasons for choosing aerosol observation data from the IMPROVE network. First, the IMPROVE network is one of two national air quality monitoring networks in the U.S. It has been providing both mass concentrations and chemical compositions of aerosols every three days since 1988, which makes it ideal for long-term studies. Second, the IMPROVE monitors are mostly deployed in the national parks and remote areas in the U.S. [15], making it suitable for fire detection due to their distance from possible anthropogenic contamination. Locations of IMPROVE monitors over the contiguous United States (CONUS) are shown in Figure 1. There are other monitoring networks, such as the U.S. EPA Air Quality System (AQS) network, which has a national coverage but no aerosol composition data, and the Chemical Speciation Network (CSN), mostly deployed in urban areas and thus possibly affected by anthropogenic contamination. Hence, the IMPROVE network is selected for developing a ground-based fire detection method over the CONUS.


Figure 1. Locations of IMPROVE monitors (marked as ●) over the contiguous United States. The 15 sites (marked as  [image: Atmosphere 07 00043 i001]) indicate the locations where most fire events have been identified from 2001 to 2011 using the approach developed in this work.
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2.2. Satellite Data


To train the fire detection algorithm, independent fire information is required. A typical source of fire data is satellite remote sensing. Fire events independently recorded by the U.S. National Aeronautics and Space Administration (NASA) Earth Observatory’s Natural Hazards Products and other MODIS fire products are used here to assist with the ground-based analysis. These products provide fire information, including start time, end time, duration, burned scar area, and plume direction during fire events. These data are important for establishing fire identification criteria through analysis of the chemical and physical characteristics of fire events using concurrent ground observations. Therefore, we selected some satellite-detected fire events and examined the corresponding IMPROVE data collected around those fires to analyze the characteristics of the filter-based aerosol sample.





3. Identifying Fire Events


3.1. Selecting Fire Identification Criteria


Fire identification criteria were proposed based on the chemical and physical characteristics of biomass burning-dominated aerosol data reported in the literature. Prior studies have provided a collective view of particle mass emission factors [5,16,17,18], size distributions [19], and optical and physical properties of biomass burning emissions [2,3]. These studies formed the basis for particle mass and concentration characterization in accordance with: PM2.5 and PM10 (particles smaller than 10 μm in diameter) mass concentrations, ratio of PM2.5 to PM10, percentages of Organic Carbon (OC), Elemental Carbon (EC), potassium (K), and soil in PM2.5. During a fire episode, heavy smoke and low visibility are common, due to the large amount of fine and coarse particles emitted into the ambient air. Therefore, Particulate Matter (PM) concentration in the source region register elevated spikes when a fire event occurs. However, these spikes are not unique to fire events. Had there been a dust event or a volcanic plume, there would have been equal or higher PM concentration spikes. Therefore, to reliably attribute PM concentration spikes to a fire event rather than to a dust event, other indicators must be considered. A previous study documented that approximately 95% of the particles emitted from biomass burning are fine particles, and the dominant chemical components are carbonaceous [20]. Some reports also suggest that carbon accounts for 50% to 70% of the total mass of fire-emitted aerosols, with 55% and 8% of the fine particle mass attributed to OC and EC, respectively [3]. Therefore, a high PM2.5/PM10 ratio, dominated by high OC/PM2.5 and EC/PM2.5 ratios, are additional aerosol characteristics pertinent to a fire event. Furthermore, trace inorganic species account for approximately 10% of the fine mass of fresh smoke, mostly enriched in K [3,21]. Consequently, a high K/PM2.5 ratio can also be considered as a fire event indicator.




3.2. Determining Threshold Values for Fire Identification Criteria


Next, we focus on a number of satellite-detected fire events to determine proper thresholds for each fire identification criterion. We checked the locations and times of some large fire events detected by satellites. We examined satellite imageries for fire events from the NASA Earth Observatory’s Natural Hazards fire products [22], and MODIS fire maps [23]. We then merged these fire maps with the corresponding geographic coverage from IMPROVE network sites using the geo-spatial software in ArcGIS.



First, we focused on the BOWA1 site (marked in Figure 1) with a case study. A lightning strike in the Boundary Waters Canoe Area Wilderness Region of northeastern Minnesota started a forest fire. On 12 September 2011, fire event imageries were captured by MODIS aboard the Terra satellite (Figure 2). The fire was a plume-driven event, and it ultimately burned more than 60,000 acres. According to the IMPROVE aerosol data, during the fire event between September 9th and 18th (no data on 6th and 12th September 2011), the average concentrations of PM2.5, PM10, OC, and EC were 14.89, 18.31, 7.49, and 0.62 μg·m−3, respectively. By contrast, during average background conditions, these values were 4.39, 6.38, 1.77, and 0.13 μg·m−3, respectively. Although there were no data during part of this fire episode, these results suggest that there was a fire event detected by the IMPROVE monitor.


Figure 2. A case study of a fire event in September 2011 at the BOWA1 site. The MODIS on NASA’s Terra satellite captured the top left image on 12th September 2011. Red outlines show areas of high surface temperatures associated with active burning, near the BOWA1 site. Characteristics of fire-dominated aerosol (PM2.5, PM10, OC, and EC concentrations, ratios of EC, OC in PM2.5) during the fire event episode are shown in other figures.
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We analyzed aerosol observation data from the IMPROVE sites during the satellite-detected fire episodes. We analyzed the temporal variability of these indicators (concentrations of PM10 and PM2.5 and the ratios of PM2.5/PM10, OC/PM2.5, EC/PM2.5, K/PM2.5, and soil/PM2.5) before, during, and after the fire episode for a span of 15 days. Compared with the no-fire period conditions, the concentrations of PM10 and PM2.5 and the ratios of PM2.5/PM10, OC/PM2.5, EC/PM2.5, and K/PM2.5 were higher, and the ratio of soil/PM2.5 was lower (Figure 3) during fire conditions. Finally, we determined the thresholds of fire identification criteria (Table 1) by summarizing aerosol characteristics from both prior studies and measurements from the IMPROVE sites.


Figure 3. Comparison of fire identification criteria values during fire conditions and average background concentrations or conditions sampled by the monitoring site.
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Table 1. Thresholds of fire identification criteria used in this study.


	Indicator
	PM2.5 (µg/m3)
	PM10 (µg/m3)
	PM2.5/PM10
	OC/PM2.5
	EC/PM2.5
	K/PM2.5
	Soil/PM2.5





	Static threshold
	>15
	>18
	>0.6
	>0.35
	>0.05
	>0.003
	<0.03










3.3. Applying the Approach to Identify Fire Events


Finally, we applied the fire identification criteria and the corresponding thresholds to all IMPROVE sites to identify fire events between 2001 and 2011. A large number of fire events were identified at 15 IMPROVE sites (marked in Figure 1). Most of these events were located in the Western U.S., particularly in the states of California and Montana, and the Central U.S., especially in the states of Missouri, Oklahoma, and Texas. A previous study based on the GOES burned area product also documented that fires occurred most frequently in the Western and Southeastern U.S., and along the Central and Southern Mississippi Valley [9]. In the Western U.S., due to the dry climate and dense forests (or shrubs), the increased threat of larger, longer, and more intensive forest fires has become a concern [13,24]. A previous study documented that California, dominated by shrubland, was a high-intensity fire event area, with fires extending to sizes of 10,000 ha or more [25]. The surface-monitor-based methodology shows that fire has a great impact on local air quality. Unlike satellite-retrievals, our method can provide information about aerosol concentrations and chemical composition attributed to these fire events. The changes in PM2.5 levels and composition caused by fire emissions vary over time and space [24]. For example, the concentrations of PM2.5 were higher in the Eastern U.S. and lower in the central regions, with strong seasonal patterns [26]. In the Western U.S., the annual average percentage of OC in PM2.5 is 40%, whereas in the eastern U.S. it is 25%, with an annual average of 28% for the whole U.S. For the entire year, the average in summer is higher than that in winter for the U.S., both regionally and CONUS-wide [26]. Therefore, the indicators should be specific for region and season.



Due to the differences in PM concentration and composition over time and space, regional and seasonal characteristics should be considered when applying fire indicators. Here we analyzed the temporal pattern of PM and the ratios of some species in PM2.5 at the WIMO1 site (Figure 4). The results showed that PM2.5, PM10 concentrations, and the PM2.5/PM10 ratio were seasonally distinctive: higher in summer and lower in winter, with annual means of 7.3 μg·m−3, 14.9 μg·m−3, and 0.5 μg·m−3, respectively. However, the EC/PM2.5 ratio was higher in fall and lower in summer during the study period. Compared to the annual mean values, the data during the identified fire episodes were higher. This result suggested that the identification criteria worked well. Furthermore, we analyzed the monthly mean values of all indicators at the WIMO1 site (Figure 5). The results showed that OC/PM2.5 and EC/PM2.5 ratios are higher in March and October, but lower in July. Especially in July, the lower mean values of OC/PM2.5 and EC/PM2.5 ratios indicated that some fire events may have been missed. This result suggested that applying month-specific indicator values could enhance the method to generate more consistent reporting.


Figure 4. Characteristics of aerosols (a) Concentrations of PM2.5 and PM10; (b) Fractions of PM2.5/PM10, EC/PM2.5, OC/PM2.5) at the WIMO1 site from 2001 to 2011.
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Figure 5. The monthly average of fire indicators at the WIMO1 site.
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3.4. Testing Fire Identification Criteria


Finally, we analyzed the temporal and spatial characteristics of fire events to test this methodology. Following the suggested procedures, we were able to identify fire events in the proximity of 15 IMPROVE monitoring sites from 2001 to 2011. We compared those identified fire events with the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back-trajectory model [27,28] prediction, wildland fire summary and statistics annual report by the National Interagency Fire Center [29], and USGS’s (United States Geological Survey) record of fire events [30] to confirm these events. We looked at trajectories from the locations of fires identified in satellite imageries and compared fire reports with these results. Most of fires identified by this method were consistent with the records. In fact, there were some fire events detected by this method but missed by satellite due to cloud cover. Furthermore, some fire events were missed by the annual report due to the small size of the burned areas, and only fires over 40,000 acres were marked in the wildland fire summary and statistics annual report. For example, we identified a fire event at the WIMO1 site on 30 May 2011, according to fire identification criteria. Then, we compared this result with the HYSPLIT simulation on the same day (provided by the NOAA ARL READY online platform). Fire points, light smoke, medium smoke, and heavy smoke can be found in the HYSPLIT simulation picture. From the picture, we found that there were fire events in Texas and the Gulf of Mexico USA, but no fire located near the WIMO1 site. Heavy smoke from Texas and the Gulf of Mexico may have caused this fire event to be missed by satellite. In addition, we analyzed the temporal and spatial characteristics of aerosols in identified fire events, and found that most of them were located in the Western U.S. (including California and Montana) and the Central U.S. (including Missouri, Oklahoma and Texas).



We chose the WIMO1 site (34.7315°N, 98.7155°W) in the case study for two reasons: (1) Frequent fires were detected at this site both by satellite and by this method; (2) this site is located in the Wichita Mountains in Oklahoma State, and Oklahoma and Texas are the two states with the most fire events recorded (Figure 1). Here, we calculated days of fire and numbers of fire events from 2001 to 2011. Because a fire can last for several days, if some fire events were identified by indicators for several consecutive days, we considered this one event. There were 83 fire events (161 days) identified between 2001 and 2011 at the WIMO1 site. We analyzed the characteristics of fire-dominated aerosol at the WIMO1 site between 2001 and 2011 (Figure 6). The results showed that concentrations of PM2.5 and PM10 were 14.2 and 21.2 μg·m−3 during fire events, respectively. Compared with background conditions, these values were elevated by 42.7% and 94.6%, respectively. The mean fraction of PM2.5 in PM10 was 66.4% during fire events, whereas the value was 50.0% during average background conditions, which also increased by 32.8%. Compared with the variations in PM concentrations, the fractions of some species in the aerosol were more stable. Because aerosol concentrations in smoke plumes were affected by fire intensity, severity, duration, fuel loading, wind direction, and site location, the ratios of species in aerosol were strongly dependent on the sources of aerosols (fire, dust or other natural and anthropogenic sources).


Figure 6. Characteristics of aerosols. (a) Concentrations of PM2.5 and PM10. (b) Fractions of PM2.5/PM10, EC/PM2.5, OC/PM2.5) during fire events at the WIMO1 site between 2001 and 2011.
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Temporal patterns of fires at the WIMO1 site were distinctive. Between 2001 and 2011, the number of days with fires declined at the WIMO1 site (Figure 7). From 2001 to 2005, there were more than 16 days with fire records every year, including up to 26 days in 2005. However, from 2006 to 2011, the number of fire days declined, and there were fewer than 10 days in 2006. In any given year within the study period, fire events often occurred between April and September, especially in the two months of September and April (Figure 8). The spatial and temporal patterns of fires were often affected by topography, vegetation, climate, and human activity [31]. Previous studies of burned areas, which used data from the AVHRR (the Advanced Very High Resolution Radiometer) and GOES satellite, also documented that fire exhibits a distinctive seasonality, with a peak from June to August. In croplands, peak burning occurred from April to September because agricultural fires were set during pre-planting and post harvesting periods [9,32]. In this study, peak fire events in September may be related to agricultural burnings.


Figure 7. Number of fire events in every year from 2001 to 2011 at the WIMO1 site.
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Figure 8. Number of fire events in every month between 2001 and 2011 at the WIMO1 site.
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4. Discussion of Uncertainties and Limitations


The above results confirm that the proposed methodology has the potential to identify a fire event and quantify its impact on air quality. However, caution needs to be exercised because the indicators discussed here are based on a limited number of fire events. We should take note of the uncertainties and limitations of the methodology, which are caused by the following factors: (1) the sampling frequency (every third day) and the rather sparse distribution of the IMPROVE sites limit the capability of the IMPROVE network to detect all fires, especially for regions with high fire frequency but few IMPROVE sites; (2) neighboring monitoring sites may detect the same fires, resulting in double-counting; (3) excessive loading of smoke ash and other aerosols may disable the instruments; and finally (4) interference by background aerosols makes it difficult to clearly determine thresholds for the fire identification criteria. Aerosol concentrations and chemical composition are intrinsically highly variable over time and space. Consequently, one uniform threshold may not be applicable to all sites at all times. Low thresholds may cause false detection, whereas high thresholds may cause omission of some fire counts. For example, the results of this study showed that there were fewer fire events during winter compared with other seasons. This result can be explained by winter’s vegetation and climate conditions, which are unfavorable for fires. Another reason may be that the concentrations of PM in winter are near the annual minimum. They cannot reach the threshold concentration level to trigger a fire count by the identification algorithm. If we use the average concentrations of the entire year as a cutoff value, the winter data will be omitted, and few fires will be identified. However, especially in the southern U.S., such as in Florida, fire events also occur in winter, but cannot be identified by this method due to low seasonal aerosol concentrations. Therefore, thresholds for these indicators should be adjusted according to region and season instead of adopting one uniform value.




5. Summary


Fire is a major source of aerosol. However, few observation sites are designed to record fire events and to track aerosol emissions from biomass burning. This work proposed a new approach to the reconstruction of historic fire records based on observations collected by a continuous ground-based aerosol monitoring network over the contiguous United States. Using five fire identification criteria, we were able to identify a number of fire episodes recorded by 15 IMPROVE monitors from 2001 to 2011. Most of these fire events were located in the Western and Central United States. In any given year within the study period, fire events often occurred between April and September, especially in the two months of April and September. There were 83 fire events (161 days) at WIMO1 sites between 2001 and 2011. This study demonstrates that it is feasible to reconstruct historic records of fire events based on continuous ground aerosol monitoring. This dataset would provide not only fire activity information but also fire-induced aerosol surface concentrations and chemical composition data that can be used to verify satellite-based products, evaluate air quality and climate modeling results, and assess human exposure to fire pollution. However, caution needs to be exercised because these indicators are based on a limited number of fire events, and the proposed methodology should be further tested and confirmed by future research.
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