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Abstract

Evaluating our understanding of smoke from wild and prescribed fires can benefit from downwind measurements that include

both inert tracers to test production and transport and reactive species to test chemical mechanisms. We characterized smoke

from fires in coniferous forest fuels for >1000 hours over two summers (2017 and 2018) at our Montana surface station and

found a narrow range of key properties. DPM/DCO was 0.1070 +/- 0.0278 or about half the age-independent ratios obtained

at free troposphere elevations. The average absorption Angstrom exponent across both years was 1.84, or about half the values

available for very fresh smoke. Brown carbon (BrC) was persistent (˜50% of the absorption at 401 nm) in both years, despite

differences in smoke age and transport. DBC/DCO doubled from 2017 to 2018, but the average across two years was within 30%

of recent airborne measurements. Switching from a 1.0 to a 2.5 micron cutoff increased the mass scattering and mass absorption

coefficients suggesting super micron particles impact the optical properties of moderately aged smoke. O3 was elevated ˜6 ppb

on average over a full diurnal period when wildfire smoke was present, and smoke-associated O3 increases were highest (˜9 pbb)

at night suggesting substantial upwind production. NOx was almost entirely local in origin. NO2 spurred high rates of NO3

production in the presence of wildfire smoke (up to 2.44 ppb/hr) and potentially at least one nighttime BrC formation event

that could have impacted next-day photochemistry.
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Key Points: 9 

 We measured tracers and reactive species in smoke for more than 1000 hours at a western 10 

US surface site downwind of many wildfires.   11 

 The ratio of both particulate matter and brown carbon to carbon monoxide was 12 

consistently about half the usual ratio in fresh smoke. 13 

 Ozone was enhanced by more than 10 percent during smoke episodes in a diurnal pattern 14 

suggesting significant regional enhancement. 15 

 16 
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Abstract 18 

Evaluating our understanding of smoke from wild and prescribed fires can benefit from 19 

downwind measurements that include both inert tracers to test production and transport and 20 

reactive species to test chemical mechanisms. We characterized smoke from fires in coniferous 21 

forest fuels for >1000 hours over two summers (2017 and 2018) at our Montana surface station 22 

and found a narrow range of key properties. PM2.5/CO was 0.1070 ± 0.0278 or about half the 23 

age-independent ratios obtained at free troposphere elevations. The average absorption Ångström 24 

exponent across both years was 1.84, or about half the values available for very fresh smoke. 25 

Brown carbon (BrC) was persistent (~50% of the absorption at 401 nm) in both years, despite 26 

differences in smoke age and transport. BC/CO doubled from 2017 to 2018, but the average 27 

across two years was within 30% of recent airborne measurements. Switching from a 1.0 to a 2.5 28 

micron cutoff increased the mass scattering and mass absorption coefficients suggesting super 29 

micron particles impact the optical properties of moderately aged smoke. O3 was elevated ~6 ppb 30 

on average over a full diurnal period when wildfire smoke was present, and smoke-associated O3 31 

increases were highest (~9 pbb) at night suggesting substantial upwind production. NOx was 32 

almost entirely local in origin. NOx spurred high rates of NO3 production in the presence of 33 

wildfire smoke (up to 2.44 ppb hr
-1

) and potentially at least one nighttime BrC formation event 34 

that could have impacted next-day photochemistry.  35 

Plain Language Summary 36 

 37 

Wildfires are complicated and difficult to sample. We characterized smoke for over 1000 hours 38 

downwind of a large number of wildfires burning at all stages and measured species sensitive to 39 

total smoke production, the combustion characteristics, and plume evolution. The PM/CO ratio 40 

was about half that in fresh smoke suggesting that aerosol evaporation dominates at the surface 41 
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at smoke ages up to ~1-2 days. Brown carbon accounted for about half of aerosol absorption at 42 

401 nm. O3 levels increased significantly during smoke episodes. High NO3 production rates 43 

were driven by local (non-fire) NO2 sources.   44 

1 Introduction 45 

Biomass burning (BB) is a major source of trace gases and particulate matter (PM) that 46 

can significantly impact local, regional, and global atmospheric chemistry; air quality; climate 47 

forcing; visibility; and human health (Crutzen and Andreae, 1990; United States Environmental 48 

Protection Agency, 2016). BB is one of the largest global sources of fine organic aerosol (OA), 49 

black carbon (BC), brown carbon (BrC) (Bond et al., 2004; 2013; Akagi et al., 2011; Hecobian et 50 

al., 2010), greenhouse gases, and non-methane organic gases (NMOG) (Yokelson et al., 2008; 51 

2009), which are precursors for the formation of ozone (O3) and OA. Regionally, in the western 52 

US, wildfires produce almost twice as much PM1.0 (particles with diameter ≤ 1.0 µm) per year as 53 

all other western aerosol sources combined (Liu et al., 2017), and frequently have large air 54 

quality impacts on extensive regions of the western US, including urban areas.  55 

Wildfires are a key component of forest ecosystems with naturally occurring average 56 

frequency in the absence of human influences. However, climate change, the build-up of fuels 57 

due to fire suppression, and the expansion of the wildland-urban interface (WUI) have led to 58 

increased fire risk and fire behavior that is more difficult to control (Turner et al., 2019; 59 

Schoennagel et al., 2017; Stevens et al., 2014; Shvidenko and Schepascheko, 2013). While 60 

globally, the length of fire season has increased by ~19% from 1979 to 2013, the increase in fire 61 

season has been even greater in the western US (Jolly et al., 2015), and has been closely tied to 62 

temperature, drought, and anthropogenic climate change (Abatzoglou and Williams 2016; 63 

Marlon et al., 2012; Westerling et al., 2006). Aggressive fire suppression techniques have also 64 
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led to an accumulation of fuels in drier forests previously adapted to frequent low-severity fires 65 

that reduced less fire-resistant vegetation. The fuel-build up in these dry forests drives more 66 

intense fires and, potentially, conversion into non-forest ecosystems (Seidl et al., 2016). In some 67 

moister forests adapted to long fire return intervals, the conditions for major fire activity appear 68 

to be occurring with greatly increased frequency due to anthropogenic climate change (Turner et 69 

al., 2019). The expansion of the WUI increases wildfire threats to people, homes, and 70 

infrastructure and fundamentally changes the tactics and cost of fire suppression; accounting for 71 

as much as 95% of fire suppression costs (US Department of Agriculture, Forest Service, 2015). 72 

Prescribed fires, and reducing aggressive fire suppression techniques are options to remedy the 73 

situation. In particular, combining fuel consumption and emission factor data suggests that 74 

prescribed fires produce about 18 times less PM pollution per unit area burned than wildfires 75 

(Liu et al., 2017; Sect 4.4). Prescribed fires can reduce hazardous fuels under safe conditions 76 

when smoke is largely directed away from most populated areas and they are a major, successful 77 

component of land management in the southeast US. However, recent research suggests that in 78 

the western US more prescribed fire can reduce wildfire pollution increases and benefit safety in 79 

the WUI, but not enough prescribed burning can be done to eliminate future increases in wildfire 80 

pollution (Schoennagel et al., 2017).  Due to expected wildfire increases and to guide the 81 

recommended increased implementation of prescribed fires, robust models of smoke production, 82 

transport, and chemistry are increasingly needed to understand the impacts of all fires on air 83 

quality, visibility, and climate.   84 

Modeling fire and smoke physics is challenging, especially for wildfires. Wildfires can 85 

burn day and night (Saide et al., 2015; Vermote et al., 2009) for months in complex and variable 86 

fuels emitting smoke from multiple, rapidly changing locations with injection altitudes ranging 87 
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over time from downslope flow (Bertschi et al., 2003) to the lower stratosphere (Herron-Thorpe 88 

et al., 2014; Fromm et al., 2000; Stocks et al., 1996). Complex downwind terrain influences 89 

transport winds and traps smoke (Wagenbrenner et al., 2016). Emissions are thus subjected to a 90 

wide range of dispersion scenarios including: injection into the upper troposphere or lower 91 

stratosphere with or without pyrocloud formation (Peterson et al., 2017), persistent widespread 92 

regional boundary layer haze (Chen et al., 2017), downslope flow of poorly-lofted residual 93 

smoldering combustion emissions (Selimovic et al., 2019), entrapment under nighttime-early 94 

morning inversions in mountain valleys (Ferguson et al., 2003), fast dilution of point sources in 95 

the (warmer, wetter) boundary layer, slower dilution of area sources or in the (colder, dryer) free 96 

troposphere (Hodshire et al., 2018),  and mid-day mixing down of elevated polluted layers (Xu et 97 

al., 2018).  98 

The chemical composition of freshly emitted smoke is complex and may change as fuels 99 

or combustion conditions change (Hatch et al., 2017; 2018; Jen et al., 2019). Smoke evolution is 100 

also complex and highly dependent on variable atmospheric processing scenarios, but an 101 

important suite of smoke species is linked by a connection to UV light. BrC is a current research 102 

focus that impacts climate and UV photochemistry. UV light impacts the lifetime of BrC 103 

(Fleming et al., 2019), which competes for UV photons with gases like HONO and NO2, thereby 104 

altering photochemistry. UV photolysis of NO2 is a source of O3 and NO2 reacts with O3 to form 105 

NO3, which may react with NMOG to make BrC and secondary OA (SOA) in general, but O3 106 

and OH are also important oxidants that can generate BrC and SOA. The amount of NMOG 107 

precursors is impacted by gas-particle partitioning, which depends on dilution (Robinson et al., 108 

2007; May et al., 2013) and the emissions of NMOG are higher when the smoldering/flaming 109 

ratio increases (Burling et al., 2011).  The smoldering/flaming ratio was observed to be higher at 110 
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night than during the day in one study (Benedict et al., 2017), and lab simulated fires indicate 111 

that BrC emissions are heavily associated with smoldering combustion (Selimovic et al., 2018). 112 

NO2 is produced by flaming combustion or can be from local sources downwind. O3 is abundant 113 

in background air and made during the daytime in smoke plumes (Akagi et al., 2012; Akagi et 114 

al., 2013). Secondary nighttime formation of BrC from reactions of fire-emitted NMOGs with 115 

NO3, and potentially O3 or other pathways is likely. Stockwell et al., (2015) showed that 116 

smoldering combustion of biomass releases large amounts of monoterpenes, furans, cresol, etc., 117 

all of which can react quickly with NO3 and form UV-absorbing organic nitrates that have 118 

potential to become condensed phase chromophores (BrC) as eventual products (Brown et al., 119 

2013) and observations of nighttime smoke impacting the Colorado Front Range also showed 120 

high levels of these same precursors (Gilman et al., 2015). Further, OA in BB plumes intercepted 121 

at Mt. Bachelor Observatory was more oxidized after night time aging (Zhou et al., 2017). A 122 

significant amount of uncertainty in isolating and evaluating the optical properties of BrC and its 123 

overall radiative impact remains difficult to accurately assess, as BrC emissions are typically 124 

mixed with co-emitted BC and non-absorbing OA, which can result in some measurement 125 

difficulties (Wang et al., 2017; Pokhrel et al., 2017). Nonetheless, several studies have found that 126 

including BrC in climate models suggests that net radiative forcing of biomass burning would 127 

move in a positive direction (Graber and Rudich, 2006; Ervens et al., 2011; Wang et al., 2014; 128 

Laskin et al., 2015; Wang et al., 2017; Feng et al., 2013; Jacobsen, 2014; Saleh et al., 2014; 129 

Forrister et al., 2015). This is important, especially in association with warming-induced 130 

increases in fire activity (Westerling et al., 2006; Feng et al., 2013; Doerr and Santin, 2016; 131 

Bowman et al., 2017).  132 
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Other important smoke evolution issues include the net result of competition between OA 133 

evaporation and SOA formation as well as the impact of smoke on surface O3 levels. Airborne 134 

and laboratory studies of SOA and lab studies of BrC evolution so far provide variable outcomes 135 

and no clear guidance on the factors controlling smoke evolution (Yokelson et al., 2009; Cubison 136 

et al., 2011; Tkacik et al., 2017; Vakkari et al., 2018; Garofalo et al., 2019; Fleming et al., 2019; 137 

Ahern et al., 2019). More importantly, they do not provide specific or typical smoke 138 

characteristics in heavily-impacted surface locations, which are needed to evaluate model 139 

predictions of surface air quality. While airborne studies provide initial near source emissions 140 

and the first few hours of plume evolution at high altitude in vigorously lofted plumes (Garofalo 141 

et al, 2019; Liu et al., 2017; Collier et al., 2016; Akagi et al., 2013; Akagi et al., 2012; Yokelson 142 

et al., 2009; Sedlacek at al., 2018), surface measurements downwind of the source, especially in 143 

valleys at low elevations, can document specific and typical smoke air quality impacts on 144 

populated areas. Ground-based measurements can provide a top-down evaluation of net regional 145 

surface impacts using ratios between inert tracers (e.g. BC/CO) sensitive to the 146 

flaming/smoldering ratio at the source, ratios including evolving species (e.g. O3/CO, 147 

PM/CO, BrC/CO) sensitive to secondary O3/aerosol evolution, and time series or hourly-148 

average values for inert tracers (e.g. BC, CO) sensitive to assumed emissions production and 149 

assumed diurnal profiles of fuel consumption as well as meteorology. Thus, constraining these 150 

variables is critical to accurately assessing climate and air quality impacts especially as they 151 

relate to model forecasting of smoke downwind in populated areas. Such surface measurements, 152 

which are also needed to understand the interaction of regional smoke with non-BB sources, are 153 

still relatively rare (Selimovic et al., 2019). 154 
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To address the above issues, we began measurements of wildfire smoke impacting the 155 

Missoula valley (a western urban center downwind of numerous wildfires) in August-September 156 

2017 obtaining 500 hours of data (Selimovic et al., 2019). In this study we continued the 157 

measurements, with an expanded suite of instruments, for another 517 hours of smoke impacts 158 

during August-September 2018. Two photoacoustic extinctiometers (PAXs), a Fourier-159 

transform-infrared spectrometers (FTIRs), and added in 2018, an O3 monitor, a NOx monitor, 160 

and a second FTIR were used to characterize the smoke that entered the valley. A Montana 161 

Department of Environmental Quality (DEQ) BAM 1020 measured PM2.5 (particulate matter ≤ 162 

2.5 µm in diameter). The PAXs provided measurements of scattering and absorption at two 163 

wavelengths (401 nm, 870 nm), BC mass, contributions to UV absorption nominally due to BrC, 164 

and derivations of the single scattering albedo (SSA), absorption Ångström exponent (AAE), and 165 

scattering Ångström exponent (SAE). The optical property measurements can be normalized to 166 

the aerosol mass data to probe multi-step, bottom-up calculations of climate-relevant aerosol 167 

optical properties that start with aerosol mass. Further, combining carbon monoxide (CO) 168 

measured by our FTIRs with the other species measured (BC, PM2.5) produced ratios relevant to 169 

models, as mentioned above. Finally, we measured smoke impacts on O3 and combining our 170 

NO2 and O3 measurements allowed us to calculate the NO3 production rate and probe the 171 

potential NO3 contribution to in-situ nighttime BrC formation. The main goals of our study are to 172 

assess the relevance of lab and airborne field measurements, the representativeness of emissions 173 

inventories, and guide model development by documenting actual surface level characteristics of 174 

aged/transported wildfire smoke in a representative, regional population center. We also interpret 175 

and assess the interannual variability of our results by comparing them to our previous (2017) 176 

measurements of ambient smoke in the Missoula valley (Selimovic et al., 2019). 177 



Confidential manuscript submitted to Journal of Geophysical Research 

 

2 Materials and Methods 178 

2.1 Site Descriptions  179 

Our smoke monitoring site remained unchanged between 2017 and 2018, and is 180 

described in more detail in Selimovic et al., 2019. Nonetheless, we reiterate a few key details 181 

here. Trace gases and particles were measured through co-located inlets at the University of 182 

Montana (UM), ~12.5 m above the ground through the window of our laboratory on the top floor 183 

of the Charles H. Clapp building (CHCB), which is ~1.1 km from the nearest road that gets 184 

significant traffic during summer recess. PM2.5 measurements were made by the Montana DEQ 185 

via a stationary PM2.5 monitor located in Boyd Park, Missoula ~3.2 km southwest of the CHCB, 186 

with both sites being located in the Missoula valley proper. CO, BC, and PM2.5 were highly 187 

correlated during smoke events and usually at low levels otherwise confirming minimal 188 

anthropogenic influence on our smoke data for these species. However, any spikes in BC or CO 189 

without PM enhancements or visible smoke and often with high NO/NO2 ratios were considered 190 

anthropogenic and removed from the analysis.  191 

2.2 Instrument Details 192 

2.2.1 Fourier transform infrared spectrometers  193 

Measurements of carbon monoxide (CO) were made using two co-located FTIRs. The 194 

first FTIR (Midac Corp., Westfield, MA), used during the 2017 smoke measurements houses a 195 

Stirling cycle cooled mercury-cadmium-telluride (MCT) detector (Infrared Associates, Stuart, 196 

FL: Ricor USA Inc, Salem, NH) interfaced with a 17.22 m path closed multipass White cell 197 

(Infrared Analysis, Inc., Anaheim, CA) that is coated with a halocarbon wax (1500 Grade, 198 

Halocarbon Products Corp., Norcross, GA) to minimize surface losses (Yokelson et al., 2003), 199 

and is described in more detail elsewhere (Selimovic et al., 2019). The second FTIR, added 200 

during the 2018 monitoring period, consists of a Bruker Matrix-M IR Cube spectrometer with an 201 
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MCT Stirling cycle cooled detector interfaced to a permanently aligned 78 m closed uncoated 202 

multipass White cell (IR Analysis, Inc.) that is more sensitive due to the longer path length. 203 

Ambient air was drawn into both systems at ~6 L min
-1

 via a  downstream IDP-3 dry scroll 204 

vacuum (Agilent Technologies) pump using two respective 0.635 o.d. corrugated Teflon inlets 205 

co-located with the other inlets. Spectra for both FTIRs were collected at a resolution of 0.50 cm
-

206 

1
, but the second only covered a frequency range of 600-3400 cm

-1
. A time resolution of 207 

approximately 5 minutes was more than adequate for both systems and sensitivity was increased 208 

by co-adding scans at their respective frequencies. Although the systems were designed for 209 

source measurements, and are described elsewhere in more detail (Akagi et al., 2013; Stockwell 210 

et al., 2016a, b, Selimovic et al., 2019), both FTIRs are convenient for ambient monitoring 211 

because the Stirling cooled detectors do not require refilling of liquid nitrogen allowing mostly 212 

autonomous operation. Additionally, the use of two FTIRs allowed for intercomparison of trace 213 

gas measurements, and served to supplement data in instances where it might have been missing 214 

from the other system (i.e. if one system shut down unexpectedly). Although both FTIRs can 215 

measure an extensive range of trace gases from sources, in the relatively dilute smoke impacting 216 

Missoula during 2018, most gases were retrieved with insufficient signal to noise or influenced 217 

by too many sources (e.g. CH4, CO2) to be readily interpretable, thus, only CO is reported. To 218 

summarize in context; in 2017 many of the wildfires were close to Missoula, CO levels reached 219 

almost 3000 ppb, and a number of gases (such as ethylene, ammonia, methanol, etc.) were often 220 

above the FTIR detection limits of several ppb. In 2018, the wildfires were further from 221 

Missoula, CO levels remained below ~800 ppb, and only excess CO was measured with 222 

sufficient signal to noise to clearly dominate background variability. CO mixing ratios were 223 

quantified by fitting a region of the mid-IR transmission spectra with a synthetic calibration 224 
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nonlinear least squares method (Griffith, 1996; Yokelson et al., 2007) applying the HITRAN 225 

spectral database (Rothman et al., 2009). Excess CO was virtually identical on the two systems. 226 

Uncertainties in excess CO mixing ratios in smoke (ppmv) varied by spectrum and were 227 

dominated by uncertainty in the reference data (<5%) and the background (~5-20 ppb).  228 
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2.2.2 Ozone Monitor  229 

The 2B Technologies (Boulder, CO) model 211 O3 monitor is a dual-beamed 254 nm 230 

photometer that uses the reaction between ambient O3 and NO generated in situ by upstream 231 

photolysis of added nitrous oxide (N2O), to quantify ozone by conventional UV photometry 232 

without the issues affecting conventional O3 scrubbers. Light intensity measurements are made 233 

with O3 present (I) and with O3 selectively removed by NO (I0), and the O3 concentration is then 234 

calculated using the Beer-Lambert Law. O3 calibrations were run using a model 306 O3 235 

calibrator (Birks et al., 2018a, 2B Technologies).  Some UV-absorption O3 monitors remove O3 236 

by passing the sample air flow through a solid scrubber, which ideally would destroy O3 but pass 237 

mercury and any UV-absorbing compounds. In practice, however, mercury and aromatic 238 

compounds such as benzene, toluene, xylene, etc., can adsorb or react at the solid-phase scrubber 239 

surface. As a result, traditional O3 monitors may report erroneously high O3 values by up to a few 240 

ppb in some cases (2B Technologies, https://twobtech.com/docs/tech_notes/TN040.pdf). A 2 L 241 

min
-1

 sample flow of ambient air was drawn into the instrument through a 0.638 cm o.d. FEP 242 

inlet (~12.5 m above ground level) and a Teflon filter (Savillex, 47 mm 5-6 micron) to remove 243 

particles, which was replaced every 2 weeks or when visual signs of filter loading were apparent. 244 

O3 was sampled at 1 minute intervals, but the data were averaged to 5 min for final analysis to 245 

match the time resolution of the FTIRs. Resolution of the 211 O3 monitor is 0.1 ppb, with a limit 246 

of detection (2σ) of 1.0 ppb for a 10s average.  247 

2.2.3 NOx Monitor 248 

The 2B Technologies model 405 nm NOx monitor measures nitrogen dioxide (NO2) 249 

directly by absorbance at 405 nm and nitric oxide (NO) after conversion to NO2 with ~100% 250 

efficiency using the reaction of NO with O3. Because NO2 has a lower absorption cross-section 251 
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than O3, a folded cell with corner mirrors is used to produce a long absorbance path of ~2 m to 252 

achieve approximately similar sensitives for NO2 as for ozone (Birks et al., 2018b). Sample air is 253 

continuously drawn through the instrument by an internal pump at a flow rate of ~1.5 L min
-1

 254 

through 0.638 cm o.d. FEP tubing co-located with the other inlets and a Teflon filter (Savillex, 255 

47 mm 5-6 micron) to remove particles. The filter was replaced every ~2 weeks or when visual 256 

signs of filter loading were apparent. The instrument was “zeroed” on multiple occasions using 257 

zero air that was humidified to match ambient RH with nafion tubing. This ensures the refractive 258 

index in the cell and the path length do not change. The measurement of light intensity in the 259 

absence (I0) and presence (I) of NO2, allows the NO2 concentration to be calculated using the 260 

Beer-Lambert Law. NO is quantified by measuring the decrease in light intensity while adding 261 

O3 to convert NO to NO2. A small, ~1-2%, loss of 405 nm absorbance from the reaction of NO2 262 

with O3 is corrected in the firmware (Birks et al., 2018b). NOx is computed from NO plus NO2. 263 

NO2, NO, and NOx were measured/logged at 1 minute time resolution, but the data were 264 

averaged to 5 min for final analysis to match the time resolution of the FTIRs. Accuracy of the 265 

NOx monitor was limited primarily by the drift in manual zeros of 0.75 ppb (1).  266 

2.2.4 Photoacoustic extinctiometers (PAX) at 870 and 401 nm  267 

Particle absorption and scattering coefficients (Babs, Mm
-1

, Bscat, Mm
-1

) were measured 268 

directly at 1 s time resolution using two photoacoustic extinctiometers (PAX, Droplet 269 

Measurement Technologies, Inc., Longmont, CO; Lewis et al., 2008; Nakayama et al., 2015), 270 

which were then used to derive the single scattering albedo (SSA) at 401 and 870 nm and the 271 

absorption and scattering Ångström exponents (AAE, SAE). Details for calculating SSA and 272 

AAE, as well as operation and limitations of the PAX instrumentation are described in detail 273 

elsewhere (Selimovic et al., 2019), but we reiterate a few key points for the 2018 monitoring 274 
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period. The main PAX sample line was 0.638 cm (o.d.) Cu tubing co-located with the other 275 

inlets. A 1L min
-1

 aerosol sample flow was drawn through each PAX using a downstream IDP-3 276 

scroll vacuum pump (Agilent Technologies). A scrubber and dryer removed absorbing gases and 277 

kept relative humidity below 30%, as described in detail by Selimovic et al., 2019. The 1 Hz 278 

PAX data were averaged to 5 minutes and matched the time resolution used by the other 279 

instruments. In 2018, we switched from a 1.0µm cutoff cyclone to 2.5µm cyclone. 280 

We directly measured aerosol absorption (Babs, Mm
-1

) and calculated BC concentration 281 

(µg m
-3

) at ambient temperature and pressure using the literature and manufacturer-282 

recommended MAC (4.74 ± 0.63 m
2
 g

-1
 at 870 nm) (Bond and Bergstrom, 2006), but note that 283 

the BC mass can be adjusted using a different MAC value. To a good approximation, sp
2
-284 

hybridized carbon (including BC) absorbs light proportional to frequency (Bond and Bergstrom, 285 

2006). Thus, the Babs contribution from BC at 401 nm can be derived from ~2.17 times Babs at 286 

870 nm (assuming an AAE of one, negligible BrC absorption at 870 nm, and minimal lensing 287 

effects). Any additional Babs at 401 nm can be assigned to BrC (Babs, BrC) with this attribution 288 

subject to limitations discussed elsewhere (Pokhrel et al., 2016; 2017; Lack and Langridge, 2013; 289 

Lack and Cappa, 2010).  290 

Uncertainty in PAX absorption and scattering measurements has been estimated to be ~4-291 

11% (Nakayama et al., 2015), but a few sources of uncertainty, for instance, MAC increases due 292 

to coatings, particle losses in the dryer or scrubber, and truncation error in the nephelometer may 293 

all contribute. Mie calculations suggest scattering could be underestimated by 1% at 870 nm and 294 

2.5% at 401 nm due to truncation error. This would reduce MSCs (Section 4.6) and typically a 295 

1% reduction in scattering would imply approximately a tenth of a percent of value 296 

underestimation in SSA. Particle losses would reduce scattering, absorption, and derived BC, but 297 
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have no impact on SSA, SAE, or AAE. We found that adding an extra scrubber reduced 298 

scattering and absorption at both wavelengths by 7±5% on average and adjusted the data 299 

upwards by 13% to account for both the dryer and scrubber. Unlike particle losses, an increased 300 

MAC due to “lensing”, mentioned above, could inflate BC values by up to ~30% (Pokhrel et al., 301 

2017).  302 

2.2.6 Montana Department of Environmental Quality PM2.5  303 

The Montana DEQ uses beta attenuation monitors (Met One Instruments, Model BAM-304 

1020) in accordance with US EPA Federal Equivalent Methods (FEM) for continuous PM2.5 305 

monitoring, which is described in more detail in Selimovic et al., 2019. Critically, however, 306 

combining PM2.5 measurements with our scattering and absorption measurements from the PAX 307 

allows us to derive values for MAC and MSC at both wavelengths, which is discussed more in 308 

Section 4.6. Current and archived air quality data for the state of Montana can be accessed using 309 

the following link: http://svc.mt.gov/deq/todaysair/.  310 

2.2.7 Emission ratios (ERs) and downwind enhancement ratios 311 

We used the time series of our mixing ratios or concentrations for each analyte measured 312 

to derive other values that are broadly useful for both study comparisons and integration in local 313 

to global chemistry and climate models. In order to do this, we produced emission ratios (ERs) 314 

and enhancement ratios. The calculation of these two types of ratios is identical, but an emission 315 

ratio is only the appropriate term for a ratio measured directly at a source or further downwind 316 

for a relatively inert species such as BC or CO. An excess amount, denoted by “X” for each 317 

species X is calculated for all species measured by subtracting the comparatively small 318 

background based on a sloping baseline from before to after a smoke impact. Then, for example, 319 

the ratio for each species relative to CO (X/CO) is the ratio between the sum of X over the 320 
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entire smoke impacted period relative to the sum of CO over the entire smoke impacted period. 321 

Mass ratios to CO were calculated for BC and PM when enhancement above background levels 322 

for each smoke impacted period were exhibited.  323 

3 Overview of smoke impacts 324 

Figure 1 shows the hourly average concentrations for PM2.5, AAE derived from 5 minute 325 

averages of Babs at 401 and 870 nm, and 5 minute average concentrations or mixing ratios of BC, 326 

CO, NOx and O3 from 7 August to 10 September 2018. Individual episodes of smoke from 327 

various locations are shown in greater detail in figures S1-S5. In Fig. 1, wildfire smoke episodes 328 

are represented by the yellow shaded area and were identified by large simultaneous 329 

enhancements in CO, BC, and PM2.5, for sustained periods (≥ 6 hours) when average PM2.5 was 330 

consistently elevated above the 12.5 µg m
-3

 EPA standard for “good” air quality and smoke was 331 

visibly present. The very high correlation of CO and BC to PM2.5 suggests that the smoke was 332 

well mixed on the spatial scale that separated the PM2.5 and UM equipment. NOx has a relatively 333 

short lifetime in smoke plumes (Akagi et al., 2012), thus cases where the correlation of NOx and 334 

CO was high, and there was no smoke visibly present were considered anthropogenic in origin 335 

and were not included in the analysis. To investigate the wildfire sources contributing to each 336 

episode we used a combination of meteorological observations, geostationary satellite 337 

observations, near-surface smoke according to the High Resolution Rapid Refresh (HRRR) 338 

model (https://rapidrefresh.noaa.gov/hrrr/), and back trajectory calculations utilizing the National 339 

Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory Hybrid Single 340 

Particle Lagrangian Integrated Trajectory (HYSPLIT; Stein et al., 2015; Draxler, 1999; Draxler 341 

and Hess, 1997, 1998). Due to the complex local topography and micrometeorology, the 342 

combination of these methods can only suggest a likely smoke origin and cannot provide an 343 
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exact smoke age, but it is helpful in informing our results in terms of transport and smoke age, 344 

which was between several hours and up to two days old.  345 

 346 

 347 

Figure 1. Time series of hourly PM, hourly derived AAE, 5-minute BC, CO, NOx, O3 measurements from Missoula. 348 

Sections shaded in yellow represent wildfire smoke impacted periods. Sections shaded in green represent prescribed 349 

fire smoke impacted periods. Unshaded areas represent anthropogenic impacts and were not included in the analysis. 350 

 351 

We also present measurements for one “summer” prescribed fire impact (shaded in 352 

green), for which the origin is known, and which represents smoke ~3 hours old. The prescribed 353 

fire burned over 100 hectares, in a Lodgepole pine dominated ecosystem, and was a stand-354 

replacing fire, producing smoke likely more similar to that from naturally occurring wildfires 355 

than is the case for the more common lower-intensity prescribed fires that focus on clearing out 356 

understory fuels while preserving overstory trees.  357 

4 Results and discussion 358 

4.1 O3  359 

Numerous airborne studies have documented O3 formation in smoke plumes (Akagi et 360 

al., 2013; Liu et al., 2016) and several studies have suggested that wildfires can also lead to an 361 
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increase in the amount of ground-level O3 (Brey and Fischer, 2016; Liu et al., 2016; Morris et al., 362 

2006). For instance, wildfire emissions enhanced average summertime monthly mean O3 by 2-8 363 

ppb in the Intermountain West (Jaffe et al., 2018). In another study boundary layer O3 showed 364 

more influence from local, continental or marine sources, while observations at high elevation 365 

sites (1.5—3.0 km above sea level) showed greater influence from large-scale downward mixing 366 

of free tropospheric air and from transport of photochemically aged plumes from wildfires 367 

(Ambrose et al., 2011). In general, the total amount of O3 in an area is a complex combination of 368 

the relative amounts of NMOGs and NOx, meteorological conditions supporting local 369 

production, and the amount of O3 present in background/transported air (Lindaas et al., 2017). In 370 

this section we investigate the effect of both dilute, aged (up to several days) wildfire smoke and 371 

thicker, moderately fresh (~3 hour old) prescribed fire smoke on O3 levels in Missoula by 372 

comparing the amount of O3 present in typical background ambient conditions during clear sky 373 

to smoke impacted days.  374 

The two largest mixing ratios in our five-minute O3 data are associated with aged smoke 375 

from Idaho (102 ppb, Fig, S1) and Washington (82 ppb, Fig. S4). O3 values associated with aged 376 

smoke from Idaho occurred during higher than normal daily maximum temperatures (38ºC), but 377 

the O3 values associated with aged Washington smoke were in cooler air in comparison (25º C). 378 

Although higher temperatures are associated with higher O3 values, the fact that these peaks are 379 

about 45 and 25 ppb higher, respectively, than the typical summertime 5-min O3 maximum in 380 

clean air suggests that aged smoke (and the meteorological conditions that favor smoke 381 

production) can be associated with significant enhancements in O3 exposure. To explore this 382 

systematically we used hourly average O3 data. Diurnal cycles for O3 in each case are plotted in 383 
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Figure 2a, and were compiled by computing hourly averages from five minute O3 data, for each 384 

hour of the day over the duration of the study.  385 

 386 

Figure 2.  Panel (a): A comparison of the average diurnal cycle of O3 during clear-sky, wildfire (aged, up to several 387 

days) smoke impacted periods, and prescribed (3 hours old) smoke impacted periods. Shaded area in yellow 388 

represents ±1σ for clear-sky background values. Shaded area in green represents ±1σ for prescribed fire smoke 389 

values. Shaded area in red represents ±1σ for wildfire smoke values. Panel (b): Percent change relative to the 390 

average diurnal cycle of O3 during wildfire smoke impacted, prescribed fire smoke impacted, and cloudy days. 391 

 392 

 393 

Clear sky background days and cloudy days were verified using historical weather data 394 

and satellite retrievals. Although we acknowledge that O3 exhibits a temperature dependence and 395 

typical background concentrations vary seasonally, background (smoke-free) hourly-average O3 396 

mixing ratios throughout the duration of our study remained fairly consistent around 50 ± 5 ppb 397 

during the afternoon and 30 ± 5 ppb at night throughout the monitoring period. “Background” O3 398 

was defined as the average O3 during days not impacted by smoke or clouds over the duration of 399 

the study. Figure 2a shows increases in O3 diurnal cycle mixing ratios throughout all periods of 400 

the day during wildfire smoke-impacted times, compared to the average clear sky background 401 

diurnal cycle. The O3 mixing ratio across the entirety of the diurnal cycle was, on average, ~6 402 

ppb (15%) higher during wildfire smoke-impacted periods than during average cloud-free and 403 
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clear sky background periods. Conversely, the O3 mixing ratio across the entirety of the diurnal 404 

cycle was on average ~4% lower during the prescribed fire (thick smoke) impacted period than 405 

clear sky background conditions; most likely due to reduced photochemical production 406 

associated with high BrC levels. We observe the largest relative enhancements of O3 during 407 

aged, wildfire smoke impacted periods after sunset and persisting for several hours after 408 

midnight with the mixing ratio of O3 on average, ~9 ppb (23%) higher than corresponding 409 

average smoke-free periods. This suggests that aged smoke could prolong the O3 lifetime in the 410 

dark or that wildfire smoke enhanced daytime O3 formation upwind of Missoula more than in 411 

Missoula, and these air masses arrived in Missoula after dark, with the latter case implying 412 

substantial regional enhancement in O3 due to wildfire smoke. Combining field observations 413 

during the Southeast Nexus (SENEX) campaign with chemical box modeling using laboratory 414 

derived BB emission factors (EFs) measured as part of the Fire Influence on Global and 415 

Regional Environments (FIREX) campaign (Selimovic et al., 2018; Koss et al., 2018), Decker et 416 

al., (2019) showed that although a change in the ambient concentration of O3 has little effect on 417 

the relative reactivity of nighttime oxidants such as NO3
 
and O3, including night-time O3 418 

oxidation in photochemical models should still be critical, as it has potential to affect next day 419 

photochemistry. For instance, Decker et al., (2019) reported that while the nighttime oxidation of 420 

NMOGs produced by BB for some fuels is dominated by NO3, in some cases, oxidation by O3 421 

remains significant (e.g. 43% for ponderosa pine fires). An important note however is that these 422 

model results are lower limits that are applicable to the center of a young BB plume and do not 423 

include later dispersion, where non-BB sources of NOx mixed with O3 downwind leads to 424 

additional depletion of NMOGs. Mixing effects have potential to be even more significant in 425 

urban areas impacted by BB plumes. I.e. urban sources of NOx mixed with ambient background 426 
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O3 and elevated O3 formed in aged plumes can contribute to additional oxidation and depletion 427 

of BB produced NMOGs.  428 

4.2 NOx  429 

NOx (the sum of NO and NO2) is effectively a precursor to two main atmospheric 430 

oxidants (O3 and NO3) and its chemistry is related to BrC as noted earlier. We note that for the 431 

majority of our sampling period, (≥ 95% of the time), our NO values were below detection 432 

limits. Further, when we did briefly measure NO during smoke impacted periods, the NO/NO2 433 

ratio was about ~0.23. Thus, our NOx measurement is mostly a measurement of NO2. NOx/CO is 434 

usually about 1-2% in fresh forest fire plumes and after 2-3 hours it is converted chiefly to PAN 435 

and particle nitrate (Akagi et al., 2011, 2012, Liu et al., 2016, 2017). The 5-minute data shows 436 

NO2 present as peaks up to ~30 ppb during aged smoke impacts, which is more than 1-2% of CO 437 

confirming a local source (Figs S1-S5). Some of the largest NOx peaks occur after dark before 438 

midnight, and NO2 peaks are dramatically anti-correlated with O3, which is consistent with high 439 

NO3 production rates (Figs S1-S5) We investigate the effect of both wildfire and prescribed fire 440 

smoke in an analysis identical to the analysis done for O3, whereby diurnal cycles of NOx were 441 

plotted by computing hourly averages from 5-minute NOx data, for each hour of the day over the 442 

duration of the study. Figure 3 shows that were no significant changes to the diurnal cycle of 443 

typical “background” concentrations of NOx during either aged wildfire-smoke impacted periods 444 

or moderately fresh prescribed fire impacts. For the duration of the study, NOx for both of the 445 

latter periods remained within the range of typical ambient concentrations, again suggesting our 446 

measured NOx is likely the result of local emissions.  447 
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 448 

Figure 3. Average hourly diurnal cycles of NOx measured in the Missoula valley calculated from 1 hour 449 

averages of 5-minute data. Shaded area in yellow represents ±1σ for background values. Shaded area in 450 

green represents ±1σ for prescribed fire smoke values. Shaded area in red represents ±1σ for wildfire 451 

smoke values. 452 

 453 

The trend in the hourly average diurnal cycle loosely resembles a traffic source peaking 454 

during morning traffic and afterwards diluting. Plume dilution and rapid loss of NOx as smoke is 455 

transported away from a fire suggests slowing of O3 formation downwind. However, several 456 

studies show that urban sources of NOx mixed with biomass burning plumes can lead to an 457 

increase in O3 (Jacob et al., 2010; Lee et al., 2009), and the highest O3 formation rates in smoke 458 

plumes sampled by Akagi et al., (2013) occurred when a plume was mixed with urban emissions. 459 

Thus, our measurements of urban NOx are likely critical to explaining some portion of the 460 

daytime O3 enhancements discussed in the previous section.  461 

4.3 NO3 Production  462 

P(NO3) is the instantaneous formation rate of NO3 through reaction of NO2 and O3 463 

calculated via the following: P(NO3) = KNO3[NO2][O3] (k=3.2 × 10
-17 

cm
3 

molec
-1

 s
-1

 at 298 K; 464 

Burkholder et al., 2015). Reactions of NO3 with many NMOGs are efficient and can lead to the 465 
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production of organic nitrates and secondary organic aerosol (Brown et al., 2012), altering 466 

nighttime oxidative budgets. Several studies show NO3 leading to formation of secondary BrC 467 

aerosol, suggesting that nighttime oxidation may be a significant source of BB derived BrC, 468 

which has potential to affect next-day photochemistry (Palm et al., 2017; Laskin et al., 2015; 469 

Mohr et al., 2013; Iinuma et al., 2010). Using laboratory emission factors measured at the 470 

Missoula Fire Sciences Lab in 2016 (Selimovic et al., 2018; Koss et al., 2018), Decker et al. 471 

(2019) modeled an NO3 production rate (P(NO3)) of 1 ppbv hr
-1 

in fresh plumes, and here we 472 

present complementary evidence of high P(NO3) occurring in aged smoke. Although NO3 is 473 

rapidly photolyzed during the day, we calculate P(NO3) during night and day, because high 474 

NMOG concentrations and suppression of photolysis in thick smoke might make reactions of 475 

NO3 competitive with photolysis. Figs. S1-S5 show numerous P(NO3) peaks above 1 ppb/hr and 476 

some above 2 ppb/hr. Figure 4 plots high resolution (5 minute) data of O3 and NO2 as a function 477 

of calculated P(NO3). Although the highest instances of P(NO3) were observed during wildfire 478 

smoke impacted periods (2.44 ppbv hr
-1

) (Fig. 4d), on average, P(NO3) was highest during 479 

prescribed fire impacts (Fig 4c). 480 

 481 
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 482 

Figure 4. NO2/O3 plots colored by pNO3. Panel (a) represents typical clear sky smoke-free background 483 

conditions, panel (b) represents cloudy smoke-free conditions, panel (c) represents prescribed-fire (3 484 

hours old) smoke conditions, panel (d) represents aged (up to several days) wildfire smoke impacted 485 

conditions.  486 

 487 

 The average P(NO3) for wildfire impacts was 0.57 ppbv hr
-1

, and the average for 488 

prescribed fire impacts was 0.66 ppbv hr
-1

. In both cases, P(NO3) is higher than when compared 489 

with clear, smoke-free P(NO3) (0.47 ppbv hr
-1

) and during cloudy periods (0.35 ppbv hr
-1

). In 490 

Figure 5, we investigate diurnal trends in P(NO3) by calculating hourly averages from 5-minute 491 

data of O3 and NO2 and then plotting them as a function of the hour of day. A weak trend shows 492 

that high P(NO3) is driven by large percentage increases in NO2, which has implications for 493 

when/where NO3 is formed. For example, at the plume source, where BB-NO2 is abundant, NO3 494 

production is likely high, as shown in Decker et al., 2019. In addition, our data confirms that 495 
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formation of NO3 in smoke downwind of fires due to “added” NO2 is also important. This is 496 

likely due to non-fire sources of NO2 (urban or lightning) or NO2 from the thermal 497 

decomposition of fire-generated PAN mixing with enhanced levels of O3 in aged plumes driving 498 

NO3 production.  499 

 500 

Figure 5. Hourly diurnal box and whisker plot of pNO3 plotted with hourly diurnal plots of O3 and NO2. 501 

Values were derived from hourly averages of 5-minute wildfire smoke impacted data. Error bars on O3 502 

and NO2 represent 1σ.  503 

4.4 BC/PM2.5, BC/CO, PM2.5/CO 504 

 505 

We begin this section with a summary of the importance of the BC/CO, BC/PM2.5 506 

and PM2.5/CO ratios. Although BC is estimated to be the second strongest global climate 507 

warming agent, accurate measurements of ambient BC and BC EFs remains challenging, and 508 

aerosol absorption remains a large contributor to uncertainty in models (Bond et al., 2013; Li et 509 

al., 2019). CO emissions estimates are in reasonable agreement for western wildfires (Liu et al., 510 

2017), and can be used to derive BC emissions estimates. For example, combining the 511 

measurements of these two “inert” tracers into a BC/CO ratio can be used with CO emissions 512 
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to update BC emissions estimates from wildfires, which could improve model input and further 513 

assist in validating current models. In addition, BC is only made by flaming combustion at the 514 

fire source, and although its production can differ vary with flame turbulence (Shaddix et al., 515 

1994), the BC/CO ratio can be used as a rough indicator of the fire flaming to smoldering 516 

ratio, as demonstrated in Selimovic et al. (2019) Figure 2b. Turning to reactive species, a rough 517 

metric for the net effect of secondary formation and evaporation of organic and inorganic aerosol 518 

is provided by changes in the PM/CO ratio as smoke ages. However, as referenced in the 519 

Introduction, there remains much ambiguity about the factors controlling the evolution of this 520 

ratio as smoke is transported downwind, and, in addition, few studies provide this ratio in 521 

heavily-impacted surface locations which is critical in assessing model predictions of surface air 522 

quality, especially as it relates to impacts on populated areas (Bian et al., 2017; Lim et al., 2019; 523 

Ahern et al., 2019; Morgan et al., 2019). BC/PM can also indicate PM evolution and roughly 524 

indicate climate impacts. 525 

Table 1 reports our BC/CO, PM2.5/CO, and BC/PM2.5 mass ratios for aged 526 

wildfire smoke impacts and for the one fresher prescribed fire smoke impact. BC/PM2.5 ratios 527 

were calculated by computing 1 hour averages of 5 minute BC derived from PAX 870 absorption 528 

data and then plotted against 1 hour PM2.5 data (Fig. S6).BC/CO ratios were calculated using 529 

integrated 5-minute data to account for, and maintain the high time resolution. PM2.5/CO was 530 

derived using the two calculated ratios. We assess our results by comparing them to previous 531 

measurements of ambient smoke in the Missoula valley (Selimovic et al., 2019) and to airborne 532 

measurements (Liu et al., 2017; May et al., 2014; Sahu et al 2012). Our wildfire BC/CO ratio 533 

(0.0026 ± 0.0007) is roughly two times higher in the wildfire smoke measured in this study 534 

compared to the 2017 wildfire smoke measured a year earlier by Selimovic et al., (2019), but our 535 
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2-yr average (0.0020 ± 0.0007) is just 25% higher than the Liu et al., (2017) airborne study of 536 

2013 western wildfires (0.0016 ± 0.0018).  537 

 538 

Table 1. Study-average enhancement ratios (g g-1 ratioed to CO) compared to ratios reported in other studies.  539 

Ratio Fire 

Type
a
 

This Work Selimovic et al., 

2019
b,c

 

Liu et al., 

2017
d,e

 

May et al., 

2014
d,f 

Sahu et al. 

2012 

BC/CO WF 0.0026 (0.0007) 0.0014 (0.0006) 0.0016 

(0.0018) 

-- 0.0014 

 PF 0.0026 -- -- 0.006 -- 

PM2.5/

CO 

WF 0.1070 (0.0278) 0.1263 (0.0015) 0.2661 

(0.1342) 

-- -- 

 PF 0.165 -- -- 0.11 (0.01) -- 

BC/PM

2.5 

WF 0.0243 (0.0002) 0.0107 (0.0003) 0.0060 

(0.0054) 

-- -- 

 PF 0.0157 (0.0011) -- -- 0.048 -- 
a WF stands for wildfire, PF stands for prescribed fire. Wildfire smoke was more aged (up to several days) than 540 

prescribed fire smoke (~3 hours).  541 
b BC measurements at 1.0 micron cutoff  542 
c BC values reported have been adjusted 13% to account for dryer losses in the PAX instrumentation. 543 
c PM values reported are PM1.0.  544 
d Average of Rim Fire and Big Windy Complex. BC data were analyzed for Liu et al., 2017, but not reported. 545 
e Values for the Shaver and Turtle fires (prescribed burns in coniferous ecosystem in Sierra Nevada mountains) 546 

 547 

 548 

While it’s difficult to assess the exact reason for the 2017 to 2018 differences, a likely 549 

combination of several factors exist to potentially explain them. First, the wildfire smoke 550 

impacting Missoula in 2017 was from closer fires, which could enhance impacts of smoke more 551 

dominated by smoldering combustion and with lower BC/CO, as shown in Selimovic et al., 552 

(2019). Equivalently, assuming BC and CO remain inert during transport, our higher BC/CO 553 

ratio in 2018 could be indicative of fire emissions more dominated by flaming combustion, 554 

which were lofted by convection and then transported to the Missoula valley. Additionally, the 555 

PAX 870, which we use to derive our BC measurements, does not discriminate against any 556 

coating effects, so it is possible that our 2018 BC values are more inflated by lensing effects than 557 

in the younger 2017 smoke. Switching from a 1.0 µm to a 2.5 µm cyclone would add additional 558 
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mass and could potentially lead to larger values in PAX 870 absorption. Even though BB-BC is 559 

nearly all sub-micron, other super micron components (micro-char, dust) may absorb weakly and 560 

cause larger calculated values of BC (Han et al., 2009; Clarke et al., 2004). Although the mass in 561 

the 1.0-2.5 µm range is thought to be a small part of the total mass (Reid et al., 2005a Fig. 2), the 562 

size range difference does affect data interpretation. In Selimovic et al. (2019), we estimated that 563 

western US wildfires emit 7.3 ± 3.3 Gg of BC a year. Using the same method described in that 564 

study, but now with two years of data averaged, we update that value to 9.4 ± 4.0 Gg of BC 565 

produced by wildfires a year. In addition, our BC/CO average across two years times the EF 566 

CO for wildfires measured in Liu et al., (2017) (89.3), suggests an EF BC for wildfires of 0.18 g 567 

kg
-1

.  Our BC/CO for the summer-time prescribed fire in coniferous fuels in this study 568 

(0.0026) is ~2.3 times less than the BC/CO ratio for fall (November) prescribed fire 569 

measurements in western US montane fuels reported in May et al., 2014 (0.006); likely reflecting 570 

more smoldering consumption of duff and dead/down fuels in the summer prescribed fire. 571 

Our surface PM2.5/CO ratios for aged wildfire smoke across both years (0.1070 in 572 

2018, 0.1263 in 2017) are consistently about half that of fresh wildfire smoke (0.2661) sampled 573 

in Liu et al., (2017) and fresh or aged smoke samples acquired at higher altitudes in airborne or 574 

mountain-top studies (Collier et al., 2016; Garofalo et al., 2019). However, our lower ratios at 575 

the surface are consistent with some aircraft samples acquired at relatively lower elevations and 576 

latitudes and likely warmer temperatures (Forrister et al., 2015; Capes et al., 2008). This 577 

reinforces the observation from Selimovic et al., (2019) that on timescales up to ~1-2 days, aging 578 

and/or higher ambient temperatures at the surface may lead to substantial net OA evaporation. 579 

This decrease with age may not occur at high altitude, but significantly reduce downwind surface 580 

PM impacts. Our PM2.5/CO value (0.165) for the fresher prescribed fire smoke (~3 hours old) 581 
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is higher than both our 2017 and 2018 values for aged wildfire smoke, but still significantly 582 

lower than the wildfire average from Liu at al. (2017). Our prescribed fire PM2.5/CO ratio is 583 

higher than the wildfire ratio, but has a similar BC/CO ratio (at least for 2018). One potential 584 

simple explanation is distance, in that the prescribed fire was closer to the Missoula valley than 585 

the wildfires impacting the valley during that same year, and thus experienced less 586 

dilution/evaporation. Additionally, lower surface temperatures (8ºC —29ºC) during the time of 587 

the prescribed fire impact, in comparison to temperatures during the majority of the wildfire 588 

impacts may have been less conducive to PM evaporation (Li and Shiraiwa, 2019). The ~15% 589 

higher PM2.5/CO ratio for 2017 wildfire smoke in Missoula may reflect younger average 590 

smoke age (Selimovic et al., 2019). Our summer prescribed fire PM2.5/CO ratio is 50% higher 591 

than the ratio reported for fresh smoke from the fall prescribed fires in western montane fuels in 592 

May et al., (2014) (0.11), but May et al., (2015) also note that their PM/CO decreased by 593 

about a factor of 2 after several hours of aging on at least one prescribed fire. Fuel and 594 

measurement differences (additional mass in the 1.0-2.5 µm range) mentioned earlier could also 595 

both potentially account for some of the higher PM/CO produced by the summer prescribed fire.  596 

We stress that there is now more than 1000 hours of ground-based data suggesting that a 597 

typical PM/CO value for aged wildfire smoke at the surface is about half the value in fresh to 598 

moderately-aged well-lofted wildfire plumes (Liu et al., 2017; Garafalo et al., 2019; Collier et 599 

al., 2016). One airborne wildfire study by Forrister et al., (2015) at lower latitudes and sampling 600 

elevations than the other airborne studies is consistent with the downwind net evaporation we 601 

apparently observe in Missoula. We also stress that, despite the evidence for PM evaporation 602 

during aging, there is strong data supporting the idea that wildfires are “smokier” than spring or 603 

fall prescribed fires on a per fuel burned or per area burned basis. Liu et al., (2017) reported that 604 



Confidential manuscript submitted to Journal of Geophysical Research 

 

emission factors for PM1.0 (gPM1.0/kg fuel burned) burned) are almost 4 times higher in wildfires 605 

(27.1 ± 6.1) than spring and fall prescribed fires (7.3 ± 4.2, May et al., 2014). Our 2-year average 606 

PM/CO ratio in aged wildfire smoke (~0.117) is ~1.7 times higher than implied for aged, fall 607 

western montane prescribed fire smoke (~0.07) based on May et al., (2014; 2015) suggesting that 608 

a signal of the difference in initial PM emissions can survive aging. Fuel consumption in 609 

spring/fall prescribed fires at the national level is typically 7.2 ± 2.7 Mg ha
-1

 (Yokelson et al., 610 

1997; 2013) as opposed to 34.6 ± 9.9 Mg ha
-1

 on wildfires (Campbell et al., 2007; Santin et al., 611 

2015). Combining the emissions and fuel consumption differences implies that wildfires emit 18 612 

± 14 times more PM per area burned. Although prescribed fires cannot simply replace all 613 

wildfires (Turner et al., 2019; Schoennagel et al., 2017) their potential to reduce the level of 614 

wildfire impacts deserves more attention. In addition, incorporating higher wildfire initial 615 

emissions and temperature-dependent, post-emission OA evaporation may improve models of 616 

wildfire smoke impacts (Nergui et al., 2017). 617 

Our study average BC/PM2.5 ratio for wildfire smoke in 2018 is roughly double our 618 

BC/PM2.5 ratio for 2017 wildfire smoke (Selimovic et al., 2019), and ~4 times higher than the 619 

aircraft average BC/PM1.0 for 2013 wildfires (Liu et al. 2017; Selimovic et al. 2019). Likely 620 

reasons for the higher ratio in 2018 include the possible reasons for a higher BC/CO ratio in 621 

2018 mentioned above: e.g., increased lensing in more aged smoke, transport of more flaming 622 

smoke, and (less likely) including other absorbers with the PM2.5 cutoff. In addition, BC/PM 623 

could be higher in 2018 aged wildfire smoke because of more time (on average) for PM 624 

evaporation. OA is the main component of wildfire PM (Liu et al., 2017), so the BC/PM ratio 625 

should be similar to the BC/OA ratio, which suggests a “low” MAC in the UV for the wildfire 626 

OA (Saleh et al., 2014; section 4.6). Our low BC/PM ratios across both years (~1-2%), along 627 
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with high SSA (Sect 4.6), further confirm that wildfire aerosol is overwhelmingly organic and 628 

strongly cooling. Our summer prescribed fire BC/PM2.5 is ~3 times lower than the ratio 629 

reported for fall prescribed fires in similar fuels in May et al., (2014), which is likely (as noted 630 

above) because drier summer burning conditions enables consumption of fuels (e.g., dead/down, 631 

duff) that tend to burn by smoldering, but are too wet to burn as efficiently in spring/fall. While 632 

we indicate above that wildfires are likely smokier than spring/fall prescribed fires, which has 633 

poor implications for air quality, they also appear to have less positive climate forcing. In any 634 

case, again, differences in smoke production and chemistry between wildfires and prescribed 635 

fires warrants further research, as more definite conclusions can reinforce land management 636 

implications. 637 

4.4 UV-Absorption by BrC and AAE  638 

The AAE is an important aerosol optical parameter used for characterization and 639 

apportionment studies. Further, the AAE can be used to separate BrC from BC absorption (Liu et 640 

al., 2018), and higher AAEs are correlated with absorption that is more dominated by BrC 641 

(Pokhrel et al., 2016; 2017; Selimovic et al., 2018; 2019). A lab study with wildfire fuels found 642 

that BrC accounted for ~86% of absorption by particles in the UV (401 nm) on average in fresh 643 

smoke (AAE of 3.50) which has implications for UV-driven photochemical reactions of O3 and 644 

the lifetimes of e.g. NOx and HONO (Selimovic et al., 2019). Satellite AAE retrievals and one 645 

airborne study indicate that BrC can have a strong impact in fresh wildfire plumes (AAE 2.8—646 

3.75) and significant, persistent impacts in downwind regional haze/plumes (Hammer et al., 647 

2016; Jethva and Torres, 2011; Forrister et al., 2015). There is variability in BrC attribution 648 

methods across studies (Forrister et al., 2015; Pokhrel et al., 2017), but despite this, BrC 649 

absorption would decrease the climate cooling calculated for purely scattering OA depending on 650 
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its MAC, lifetime, and the amount emitted (Feng et al 2013; Forrister et al., 2015). Furthermore, 651 

sources of BrC not directly emitted from BB, including the photo-oxidation of NMOGs need to 652 

be considered. However, these complex processes produce BrC with optical properties and 653 

lifetime that are not yet comprehensively evaluated. Mixing state, combustion conditions, 654 

chemical transformation and photochemical aging are all factors that can influence the 655 

absorption of secondary BrC (Tomaz et al., 2018; Wang et al., 2017; Laskin et al., 2015; Wang 656 

et al., 2014; Ervens et al., 2011; Graber and Rudich, 2006; Fleming et al., 2019).  657 

In Table 2 we present two years of in situ smoke/haze data from Missoula showing 658 

persistent widespread regional impacts of BrC and the associated AAE values. Smoke age is a 659 

key factor. In 2017 the episode with the highest AAE (2.88, 77% BrC absorption at 401 nm) was 660 

due to smoke from a fire just ~2-4 hours upwind and the 2017 average AAE (for smoke 2-48 661 

hours old) was 1.96 (51% BrC absorption at 401 nm). The 2018 smoke was more aged on 662 

average (no nearby wildfires) and had a lower study-average AAE of 1.71 (47% BrC absorption 663 

at 401 nm), but the one relatively fresh prescribed fire smoke episode in 2018 had a higher than 664 

average AAE of 2.49 (71% BrC absorption at 401 nm).  665 

 666 

Table 2. Study-average AAE and %BrC contribution to absorption at 401 nm compared to other studies.  667 

Ratios Fire Type This Work Selimovic et al., 2019 Selimovic et al., 2018a 

AAE WF  1.71 (0.04) 1.96 (0.38) 3.31  

 PF  2.49 (0.04) --  

%BrC WF 46.55 (0.51) 50.72 (12.78) 78 

  PF 70.79 (0.42) -- -- 
a WF stands for wildfire, PF stands for prescribed fire. Wildfire smoke was more aged (up to 

several days) than prescribed fire smoke (~3 hours).  

b Lab fires, calculated from the average of wildfire MCE reported in Forrister et al., 2015  

  668 

Remarkably, despite the large range in episode smoke ages across both years, BrC 669 

accounted for roughly 50% of the UV-absorption at 401 nm on average both years. The small 670 
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~4% difference in % BrC absorption at 401 nm year to year likely indicates that the decrease 671 

after emission in net BrC slows significantly after a few hours. In any case obtaining the same 672 

average value for moderately aged smoke two years in a row suggests our regional smoke AAE 673 

value (~1.7 – 1.9) is a useful target for model validation, which would be hard to demonstrate in 674 

lab or airborne studies.  675 

It is interesting to speculate about the impact of combustion conditions and nighttime 676 

effects on multiday aging of BrC. Selimovic et al., (2018) showed that higher AAE in the initial 677 

emissions is associated with more smoldering combustion. Relatively more smoldering as 678 

demonstrated by the lower BC/CO ratio in 2017 could have contributed to the higher AAE in 679 

2017 (along with differences in smoke age). In addition, wildfires can produce much of their 680 

emissions at times of day shortly before or after photobleaching would stop (Saide et al., 2015) 681 

and wildfires can have a higher smoldering to flaming ratio at night than during the day 682 

(Benedict et al 2017), which would likely enhance emissions of both primary BrC (Selimovic et 683 

al., 2018) and BrC precursors. Precursors include monoterpenes, furans, etc., that can react with 684 

the major nighttime oxidant, NO3 to form UV-absorbing organic nitrates. Estimates using current 685 

NMOG data strongly suggest that a substantial nighttime secondary BrC source could exist 686 

(Stockwell et al., 2015, Gilman et al., 2015, Hatch et al., 2017). I.e. converting even a small 687 

fraction of co-emitted NMOGs that are known to react quickly with NO3 could yield substantial 688 

amounts of BrC during dark hours and oxidation of NMOGs by O3 could also be important, as 689 

mentioned earlier in Section 4.1.  Our five-minute data shows a potential example of this in Fig. 690 

S1. Shortly before 12 AM on 12-August there is a spike in NO3 production followed by a 691 

prominent increase in AAE (from ~1.6 to ~3.0) that lasts until sunrise. The increase in AAE is 692 

likely not due to arrival of fresher, usually more concentrated, smoke, which we also commonly 693 
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see, since hourly PM2.5 is simultaneously decreasing. In Figure 6, we show the diurnal cycle of 694 

NO3 production with %-absorption by BrC at 401 nm. The %-absorption by BrC at 401 nm is 695 

slightly enhanced at night and loosely follows the NO3 production consistent with a role for the 696 

effects discussed above.  However, with the data available, we can’t completely separate the 697 

potential effects of nighttime NO3 reactions, enhanced smoldering emissions, or 698 

transport/mixing. Nonetheless, the presence of NO3 as a major nighttime oxidant in the 699 

formation of BrC should be considered, as our high NO3 production rates in an earlier section 700 

(4.3) show.   701 

 702 
Figure 6. Hourly diurnal box and whisker plot of %-Absorption by BrC calculated from hourly averages of wildfire 703 

smoke impacted 5-minute data compared to the night-time (shaded area) hourly average pNO3. Error bars on pNO3 704 

represent 1σ.  705 

4.6 SSA, MAC, MSC  706 

Table 3 lists our study average SSAs, MACs, and MSCs. MACs and MSCs can be 707 

coupled with PM2.5 data to describe the optical properties of aerosol on a per mass basis. Our 708 

MAC and MSC values were obtained by plotting 1 hour averages of Bscat401, Babs401, and 709 

Bscat870, Babs870 versus the 1 hour PM2.5 values in order to calculate an MSC(401), MAC(401), 710 
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MSC(870), and MAC(870) (Fig. S7—Fig. S10). In Selimovic et al. (2019), we produced MAC 711 

and MSC values by comparing our scattering and absorption measurements measured at a 1.0 712 

µm cutoff to PM2.5 data that was available.  713 

 714 

Table 3. Study-average MAC and MSC compared to other works.  715 

Parameter λ (nm) This Worka (WF) This Worka (PF) Selimovic et al., 2019b, c 

SSA 401 0.95 (<0.01) 0.95  0.93 (0.01) 

 870 0.95 (<0.01) 0.94 0.94 (0.02) 

MAC 401 0.43 (0.01) 0.46 (0.03) 0.26 (0.01) 

 401 (BrC) 0.18 0.29 0.16 

  870 0.12 (<0.01) 0.07 (0.01) 0.05 (<0.01) 

MSC 401 7.37 (0.06) 5.88 (0.39) 3.65 (0.07) 

 530 4.70  3.25 2.41 

  870  2.12 (0.02) 1.13 (0.09) 1.14 (0.02) 

  
a In this work MAC and MSC values are PM2.5 absorption and scattering value divided by PM2.5 mass, and values 716 

between 401 and 870 nm are obtained from power law fits 717 
b In this work MAC and MSC values are PM1.0 absorption and scattering value divided by PM2.5 mass, and values 718 

between 401 and 870 nm are obtained from power law fits.  719 
c Values have been adjusted 13% to account for dryer loss in the PAX instrumentation.  720 

 721 

These values were lower limits and are not directly comparable to the ones obtained in 722 

this study, where the range for both optical and mass measurements goes up to 2.5 µm. 723 

Nonetheless, it is useful to list the results from both studies as a range of values, since 1.0 µm 724 

cutoffs are common in field campaigns, but PM2.5 still remains the default measurement in 725 

regional networks. We also note that going to a PM2.5 cutoff may have added ash, micro-char and 726 

aerosol that is non-combustion generated, such as dust or primary biological aerosol particles, all 727 

of which can be physically entrained in wildfire plumes (Formenti et al., 2003; Gaudichet et al., 728 

1995; Hungershoefer et al., 2008).  729 

Several things stand out comparing 2017 and 2018 data in Table 3. The SSA(401) is 730 

lower in 2017 (0.93) than 2018 (0.95), but SSA(870) is similar both years consistent with the 731 

2017 smoke being fresher and with higher BrC content. MAC(401) and 870 almost doubled from 732 
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2017 to 2018. Since our BC/PM2.5 also approximately doubled, this makes sense and is not 733 

inconsistent with the work of Saleh et al., (2014) who found that the MAC for OA increased with 734 

BC/OA (wildfire PM is mostly OA). A contribution to UV absorption from the increased cutoff 735 

and thereby sampling more entrained micro-char or dust (Han et al., 2015; Russell et al., 2010) 736 

could also play a role. The latter is supported by the ~25% increase in calculated MSC(530). 737 

Although the particles in the 1.0-2.5 µm range contribute perhaps 20% of the total particle mass 738 

in BB emissions (Reid et al., 2005a), they contributed significantly to both the total absorption 739 

and scattering in 2017-18 smoke, but did not strongly affect the SSA.  740 

The SSA is frequently used to calculate aerosol absorption and scattering in models and 741 

satellite retrievals. Uncertainty in the SSA is one of the main sources of uncertainty in estimating 742 

the radiative effect of aerosols (McComiskey et al., 2008; Jiang and Fiengold, 2006), and 743 

assuming constant values of SSA throughout the year may sometimes be inaccurate, as shown by 744 

Selimovic et al., (2019) where the SSA at 870 nm in Missoula increased over a month, and Eck 745 

et al. (2013), where the SSA at 530 nm in Southern Africa increased by 0.07 between July and 746 

October. These increases are consistent with an increase in the smoldering/flaming ratio as 747 

regional fuels dry (Akagi et al., 2011; Liu et al., 2014; Pokhrel et al., 2016); Selimovic et al., 748 

2019). Our study average wildfire SSA at 401 nm is slightly higher than the SSA observed in 749 

Selimovic et al. (2019), but falls within the observed variability for 870 nm. Our values at both 750 

wavelengths are higher than a typical surface SSA of the earth (~0.9, Praveen et al., 2012), which 751 

suggests that overall, the wildfire PM measured in this study would contribute to regional 752 

cooling (Thornhill et al., 2018; Kolusu et al., 2015). However, Figure 7 shows we do not find an 753 

increase in either the SSA at 870 nm or the SSA at 401 nm over the duration of our 2018 754 

sampling period. SSA has been shown to increase as smoke ages (Haywood et al., 2003; 755 
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Yokelson et al., 2009; Liu et al., 2014), and the additional aging in the 2018 smoke may have 756 

obscured any trend based on flaming or smoldering sources, as we received little impact from 757 

local sources in 2018, unlike in 2017 (Selimovic et al., 2019).  758 

 759 
Figure 7. Plot of single scattering albedo at 401 and 870 nm versus the entirety of the sampling duration, calculated 760 

for each hour. Sections shaded in yellow represent wildfire smoke impacted periods. Sections shaded in green 761 

represent prescribed fire smoke impacted periods. Unshaded areas represent anthropogenic impacts.  762 

5 Conclusions 763 

In this study, we measured smoke properties in 2018 in Missoula, MT, a western urban 764 

center that was downwind of numerous wildfires and one prescribed fire. We sampled over 500 h 765 

of smoke impacts characterizing CO, aerosol optical properties, effects of wildfire and prescribed 766 

fire smoke on O3 and NO3 production, and explored how inert tracers and evolving ratios inform 767 
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understanding of smoke production and evolution. By comparing and combining with our 768 

measurements of less aged smoke in Missoula from 2017 we analyze data for over 1000 h of 769 

ambient smoke from western wildfire fuels, primarily coniferous forests. Our low two-year 770 

BC/PM average (0.0175 ± 0.0094) confirms the overwhelmingly organic and thus strongly 771 

cooling nature of wildfire smoke, and is in line with observations from other field studies. Our 772 

2018 BC/CO ratio (0.0026 ± 0.0007) is almost double the ratio measured in 2017 in Missoula, 773 

and suggests a greater influence from lofted smoke produced by flaming combustion, but the 774 

average of our BC/CO ratio across two years (0.0020 ± 0.0007) is close to airborne field 775 

observations of wildfire smoke. Conversely, PM/CO measured at our surface site across both 776 

years was consistently ~50% lower than field studies conducted at higher elevations suggesting 777 

that OA evaporation at higher temperatures near the surface may reduce wildfire PM air quality 778 

impacts.  779 

On average, O3 was enhanced when wildfire smoke was present by ~15% (6 ppb) relative 780 

to typical clear-sky background levels, with the largest percentage enhancements occurring after 781 

sunset and before midnight. The larger O3 increase after dark likely implies widespread, 782 

regionally-enhanced O3 production upwind, but the arrival of thick smoke just before dark during 783 

the prescribed fire impact may have suppressed morning O3 formation. There appeared to be no 784 

smoke impacts on the diurnal cycle of NOx, suggesting that for the duration of the study, NOx 785 

was likely the result of local emissions. However, NO3 production rates were elevated relative to 786 

background conditions when both wildfire and prescribed fire smoke were present. 787 

On at least one occasion, a nighttime increase in AAE followed, and was likely due to, a 788 

spike in P(NO3). On average, the contribution to absorption at 401 nm by BrC was slightly 789 

enhanced at night and loosely followed NO3 production, but this warrants more study. Despite 790 
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the large range in episodic smoke ages across both years, BrC accounted for roughly 50% of the 791 

UV-absorption at 401 on average, signifying wide-spread persistence of BrC even as smoke ages 792 

and is transported downwind. Obtaining similar AAE values for moderately aged smoke two 793 

years in a row implies that our regional smoke AAE value (1.7—2.0) is a useful target for model 794 

validation. The SSA at both wavelengths remained consistent over the course of the sampling 795 

period, but was higher than the SSA at both wavelengths for anthropogenic aerosol. 796 
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(S7) Plot of MSC at 401 nm; (S8) Plot of MAC at 401 nm; (S9) Plot of MSC at 870 nm; 
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Figure S1. Time series of hourly PM2.5, 5-minute BC, CO, NOx, and O3 measurements from 
Missoula. Hourly derived AAE and calculated p(NO3) using 5-minute measurements of NO2 and 

O3 are also shown. Graph label (Central Idaho) represents our best guess at smoke source 
location based on satellite observations and back trajectory calculations.  
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Figure S2. Time series of hourly PM2.5, 5-minute BC, CO, NOx, and O3 measurements from 
Missoula. Hourly derived AAE and calculated p(NO3) using 5-minute measurements of NO2 and 

O3 are also shown. Graph label (Northwest Montana) represents our best guess at smoke 
source location based on satellite observations and back trajectory calculations.  
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Figure S3. Time series of hourly PM2.5, 5-minute BC, CO, NOx, and O3 measurements from 
Missoula. Hourly derived AAE and calculated p(NO3) using 5-minute measurements of NO2 and 

O3 are also shown. Graph label (British Columbia) represents our best guess at smoke source 
location based on satellite observations and back trajectory calculations.  
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Figure S4. Time series of hourly PM2.5, 5-minute BC, CO, NOx, and O3 measurements from 
Missoula. Hourly derived AAE and calculated p(NO3) using 5-minute measurements of NO2 and 
O3 are also shown. Graph label (Pacific Northwest) represents our best guess at smoke source 

location based on satellite observations and back trajectory calculations.  
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Figure S5. Time series of hourly PM2.5, 5-minute BC, CO, NOx, and O3 measurements from 
Missoula for the one prescribed fire measured. Hourly derived AAE and calculated p(NO3) using 

5-minute measurements of NO2 and O3 are also shown.  
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Figure S6. Hourly BC versus hourly PM2.5. Slopes represent the corresponding BC/PM ratio.  
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Figure S7. Hourly scattering measured by the PAX-401 versus hourly PM2.5. Slope values 
represent the corresponding mass scattering coefficients.  
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Figure S8. Hourly absorption measured by the PAX-401 versus hourly PM2.5. Slope values 
represent the corresponding mass absorption coefficients. 
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Figure S9. Hourly scattering measured by the PAX-870 versus hourly PM2.5. Slope values 
represent the corresponding mass scattering coefficients. 
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Figure S10. Hourly absorption measured by the PAX-870 versus hourly PM2.5. Slope values 
represent the corresponding mass absorption coefficients. 

 

 


