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Abstract 22 

During summer 2018, wildfire smoke impacted the atmospheric composition and photochemistry 23 

across much of the western U.S. Smoke is becoming an increasingly important source of air 24 

pollution for this region, and this problem will continue to be exacerbated by climate change. 25 

The Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption and Nitrogen (WE-26 

CAN) project deployed a research aircraft in summer 2018 (22 July – 31 August) to sample 27 

wildfire smoke during its first day of atmospheric evolution using Boise, ID as a base. We report 28 

on measurements of gas-phase species collected in aircraft ascents and descents through the 29 

boundary layer. We classify ascents and descents with mean hydrogen cyanide (HCN) > 300 30 

pptv and acetonitrile (CH3CN) > 200 pptv as smoke-impacted. We contrast data from the 16 31 

low/no-smoke and 16 smoke-impacted ascents and descents to determine differences between 32 

the two data subsets. The smoke was transported from local fires in Idaho as well as from major 33 

fire complexes in Oregon and California. During the smoke-impacted periods, the abundances of 34 

many gas-phase species, including carbon monoxide (CO), ozone (O3), formaldehyde (HCHO), 35 

and peroxyacetyl nitrate (PAN) were significantly higher than low/no-smoke periods. When 36 

compared to ground-based data obtained from the Colorado Front Range in summer 2015, we 37 

found that a similar subset of gas-phase species increased when both areas were smoke-38 

impacted. During smoke-impacted periods, the average abundances of several Hazardous Air 39 
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Pollutants (HAPs), including benzene, HCHO, and acetaldehyde, were comparable in magnitude 40 

to the annual averages in many major U.S. urban areas. 41 

 42 
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1. Introduction 46 

Wildfire smoke is becoming an increasingly important source of air pollution for the 47 

western U.S. (O’Dell et al., 2019; McClure and Jaffe, 2018; Laing and Jaffe, 2019), and this 48 

problem is likely to be exacerbated by climate change (Ford et al., 2018; Liu et al., 2016; Brey et 49 

al., 2020; Abatzoglou and Williams, 2016; Harvey, 2016; Yue et al., 2013). Western U.S. 50 

wildfires produce large emission fluxes of many pollutants (Wiedinmyer et al., 2006) including 51 

fine particulate matter (Garofalo et al., 2019; Liu et al., 2017; Palm et al., 2020), a suite of 52 

volatile organic compounds (VOCs; Permar et al., 2021) including hazardous air pollutants 53 

(HAPs; O’Dell et al., 2020), and reactive nitrogen (Lindaas et al., 2021). The composition of 54 

wildfires smoke evolves over time, and there is often substantial production of secondary 55 

pollutants (e.g., ozone (O3) and acyl peroxy nitrates (APNs)) (Juncosa Calahorrano et al., 2020; 56 

Jaffe and Wigder, 2012). As wildfires become more prevalent, understanding their effects on air 57 

quality is becoming increasingly important (Val Martin et al., 2015; Jaffe et al., 2020).  58 

The Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption and 59 

Nitrogen (WE-CAN) project deployed the National Science Foundation / National Center for 60 

Atmospheric Research (NSF/NCAR) C-130 research aircraft in summer 2018 (22 July – 31 61 

August) to sample wildfire smoke (Lindaas et al., 2021; Juncosa Calahorrano et al., 2020; Palm 62 

et al., 2020; Peng et al., 2020). Boise, ID is routinely impacted by smoke from both fires in Idaho 63 

and major fire complexes in other regions (Brey et al., 2018), and this smoke substantially 64 

degrades local air quality (McClure and Jaffe, 2018; Fowler, 2019). The summer 2018 wildfire 65 

season was particularly severe, with the highest suppression costs in prior history and some of 66 

the highest fine particulate matter concentrations ever observed in many western U.S. cities 67 

(Jaffe et al., 2020). Figure 1 provides an example of visibility impacts in Boise, ID caused by 68 

wildfire smoke during the WE-CAN study period. On 24 July 2018, Boise was impacted by 69 

smoke from large wildfires in southwestern Oregon. Figure 1c shows smoke plume polygons 70 

from the National Oceanic and Atmospheric Administration (NOAA) Hazard Mapping System 71 

(HMS) Fire and Smoke Product for 24 July 2018 (Brey et al., 2018; Rolph et al., 2009; Ruminski 72 

et al., 2009). Here we present measurements of a suite of gas-phase species collected in 73 

NSF/NCAR C-130 ascents and descents through the Boise, ID boundary layer during the 74 

summer 2018 WE-CAN study period. We identify ascents and descents that are smoke-impacted 75 

and identify changes in composition associated with the presence of wildfire smoke. This 76 

analysis is different from most other studies focused on the impact of wildfire smoke on air 77 

quality in western U.S. urban areas because our analysis extends beyond criteria pollutants. Most 78 
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prior studies have focused on the impact of smoke on fine particulate matter or O3 abundances 79 

due to the available data.    80 

 81 

 82 

Figure 1: a) Photograph of the 83 

Boise Mountains from Boise 84 

Airport on an example of a smoke-85 

impacted day (24 July 2018). b) 86 

Photograph of the Boise 87 

Mountains from Boise Airport on 88 

an example low/no-smoke day (03 89 

August 2018). c) NOAA Hazard 90 

Mapping System (HMS) smoke 91 

plumes and smoke-producing 92 

wildfires for 24 July 2018. See 93 

Brey et al. (2018) and Ruminski et 94 

al. (2006) for a description of these 95 

datasets. The green, yellow, orange 96 

and red shading qualitatively 97 

indicate the presence of dilute (5 98 

μg m-3 PM2.5), concentrated, more 99 

concentrated (16 μg m-3 PM2.5), 100 

and very concentrated (27 μg m-3 101 

PM2.5) smoke plumes in the 102 

atmospheric column identified by 103 

HMS analysis 104 

2. Methods 105 

2.1 WE-CAN data collection 106 

During WE-CAN, the NSF/NCAR C-130 research aircraft was outfitted with a large set 107 

of trace gas and aerosol measurements optimized for sampling wildfire smoke composition. 108 

Details of the 2018 WE-CAN field campaign and relevant airborne instrumentation used in this 109 

analysis can be found in Lindaas et al. (2020), Permar et al. (2021), and on the WE-CAN project 110 

website (https://www.eol.ucar.edu/field_projects/we-can). Boise, ID was selected as the project 111 

base of operations for the aircraft owing to its centralized location and close proximity to areas 112 

with prominent wildfire activity in the western U.S. during summertime. The aircraft flew 16 113 

research flights (i.e., 32 total ascents and descents) while stationed at Boise Airport (KBOI; 114 

43.5658° N, 116.2223° W, elev = 0.875 km above mean sea level) between 24 July and 31 115 

August 2018, and sampled fresh smoke from more than 20 major wildfires throughout the 116 

western U.S. (Lindaas et al., 2021; Permar et al., 2021; Barry et al., 2021; Juncosa Calahorrano 117 

et al., 2021; Palm et al., 2020; O’Dell et al., 2020; Peng et al., 2020). Research flights typically 118 

a)

b)

c)
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took off from KBOI between 12:00 and 14:00 mountain daylight saving time (MDT) and landed 119 

between 19:00 and 21:00 MDT. Data collected during each ascent out of and descent into KBOI 120 

provide an opportunity to evaluate smoke-impacted and low/no-smoke periods in Boise. For this 121 

analysis, we consider the mean of a variable within the boundary layer (see Section 2.3) as a 122 

single sample. This means that there are 32 samples for each variable. These data are then subset 123 

into smoke-impacted versus low/no-smoke conditions as described in Section 2.4. Differences 124 

between means of these two subsets of data are tested using a student’s t-test. Significance is 125 

reported at the 95% confidence level. 126 

 127 

2.2 Airborne measurements 128 

Measurements used in this analysis are briefly described below. Further details can be 129 

found in Lindaas et al. (2020) and Permar et al. (2021). State parameter, 1-Hz navigation, and 130 

microphysics flight-level data from the C-130 aircraft are available from 131 

https://data.eol.ucar.edu/dataset/548.005. Key measurement details regarding measured species, 132 

instrument/technique, and detection limit with uncertainty can be found in Table S1. 133 

2.2.1 O3 and CO 134 

O3 was measured with an NCAR single-channel chemiluminescence instrument (Ridley 135 

and Grahek, 1990; Ridley et al., 1992). These data have a precision of <1 ppbv with a 1 s 136 

temporal resolution and an accuracy of ± 1 ppbv or 2% (whichever is greater) for O3. 137 

CO was measured with a commercial Mini-TILDAS tunable diode laser infrared 138 

absorption spectrometer (Aerodyne Research) (Lebegue et al., 2016). These data have a 139 

precision of 100 ppt with a 2-s temporal resolution and an accuracy of ±0.6 ppbv for CO. A 140 

Picarro G-2401-m analyzer was used for the measurement of CO2 and CH4, which also provided 141 

an additional, but lower precision, measurement of CO.  142 

2.2.2 Oxidized nitrogen species 143 

Gaseous hydrogen cyanide (HCN) and nitric acid (HNO3) were measured by the 144 

University of Washington high-resolution chemical ionization time-of-flight mass spectrometer 145 

using iodide-adduct ionization (I--CIMS; Lee et al., 2014, 2018; Peng et al., 2020, Palm et al., 146 

2019; Palm et al., 2020). Ambient air was sampled at 20 lpm through a straight ∼50-cm length, 147 

0.75-in OD PTFE Teflon tube. Juncosa Calahorrano et al. (2020) and Lindaas et al. (2020) 148 

contain detailed explanations of the instrument’s operation. 149 

Peroxacetyl nitrate (PAN) and propionyl peroxynitrite (PPN) were measured with a 150 

thermal dissociation chemical ionization mass spectrometer (CIMS) (Slusher et al., 2004; Zheng 151 

et al., 2011). Accuracy is ±12% or 25 pptv (whichever is greater) for PAN and PPN, and 152 

precision is ±20 pptv on average across the flight. Please see further details in Juncosa 153 

Calahorrano et al. (2020) and Lindaas et al. (2020). 154 

2.2.3 Photolysis frequencies 155 



 

5 

Photolysis frequencies were calculated from spectrally resolved (290-680 nm) actinic 156 

flux density measurements from the High-performance Instrumented Airborne Platform for 157 

Environmental Research (HIAPER) Airborne Radiation Package – Actinic Flux (HARP-Actinic 158 

Flux) instrument (Hall et al., 2018).  159 

2.2.4 NMVOCs  160 

The University of Montana proton-transfer-reaction time-of-flight mass spectrometer 161 

(PTR-ToF-MS 4000, Ionicon Analytik, Innsbruck, Austria) made 2-5 Hz NMVOC 162 

measurements, including acetonitrile (CH3CN). The PTR-ToF-MS is custom-built into a 163 

standard NSF/NCAR HIAPER Gulfstream-V (GV) rack with the mass spectrometer vibration 164 

dampened separately. Permar et al. (2021) provides a robust description of the PTR-ToF-MS 165 

used in WE-CAN. There were 121 VOCs reported in the publicly available dataset for the PTR. 166 

VOCs were also measured using NCAR Trace Organic Gas Analyzer (TOGA; Apel et 167 

al., 2015). During WE-CAN, TOGA had a sample collection time of 28 s every 100 s for the first 168 

11.5 research flights, and then transitioned to a 33 s sampling time every 105 s for the remainder 169 

of the research flights. The following TOGA measurements (uncertainties and detection limits in 170 

parentheses) were used to identify smoke-impacted observations, the chemical aging of those 171 

smoke-impacted observations, and as anthropogenic tracers: HCN (20%, 5 ppt), acetonitrile 172 

(CH3CN; 40%, 10 ppt), 2-methylfuran (20%, 5 ppt), acrolein (30%, 0.5 ppt), acrylonitrile (50%, 173 

1 ppt), 2,2,4-trimethylpentane (15%, 0.5 ppt), tetrachloroethene (15%, 0.5 ppt), chloroform 174 

(15%, 2 ppt), HFC-134a (50%, 1 ppt), and HCFC-22 (50%, 1 ppt). There were 69 VOCs 175 

reported in the publicly available dataset for TOGA. 176 

2.3 Boundary layer identification 177 

We identify the top of the boundary layer using potential temperature (K) profiles 178 

collected during ascents and descents out of and into KBOI. The top of the boundary layer is 179 

signified by a sharp increase in the potential temperature gradient, which indicates the transition 180 

to a more stable layer (Cazorla and Juncosa, 2018). Figure 2 demonstrates this for an example 181 

ascent and descent where the boundary layer was visually identified by the abrupt change in 182 

slope. The boundary layer varied in height from 0.9 km to 2.7 km above ground level throughout 183 

the sampled ascents and descents. 184 

 185 

Figure 2: Measured potential 186 

temperature (K) and altitude (km) for 187 

the ascent (blue) from and descent 188 

into Boise, ID (orange) of the 189 

NSF/NCAR C-130 on 15 August 190 

2018. Dashed lines signify the top of 191 

the boundary layer for the ascent 192 

(1.34 km) and descent (1.65 km), 193 
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identified by the presence of an abrupt change in potential temperature. 194 

 195 

 196 

 197 

2.4 Smoke identification 198 

 We classify an ascent or descent as smoke-impacted when the mean HCN mixing ratio is 199 

> 300 ppt or the mean acetonitrile (CH3CN) is > 200 ppt. HCN and CH3CN are commonly used 200 

as tracers of smoke-impact because biomass burning is their dominant source, and they have 201 

long (i.e., months to years) atmospheric lifetimes (de Gouw et al., 2003; Li et al., 2000; Li et al., 202 

2003). Despite HCN being used as a tracer of biomass burning, there are some limitations 203 

associated with the species. There is a large variability in HCN emission factors within the same 204 

fire type (Akagi et al., 2011), and there can be large differences in the enhancement of HCN 205 

relative to CO (i.e., ΔHCN/ΔCO) between fires (Akagi et al., 2011). Combined, these two factors 206 

can complicate attribution of smoke in regions impacted by multiple types of biomass burning. 207 

CH3CN mixing ratio values may also have interference from anthropogenic sources (Huangfu et 208 

al., 2021). However, the lifetime of HCN and CH3CN against atmospheric sinks (reaction with 209 

OH or O(1D), photolysis, and scavenging by precipitation) are long, on the scale of a few years 210 

(Li et al., 2003), thus these species are essentially conserved relative to CO on the timescales 211 

relevant for smoke-transport to Boise in summer 2018. We determined the cut-off values of 212 

HCN and CH3CN by plotting histograms of the two species (Figure S1). For each histogram, 213 

there were two modes, representing smoke-impacted and low/no-smoke conditions. We assigned 214 

a cut-off value based on the division between the two modes. Based on this criteria, 16 ascents 215 

and descents are classified as smoke-impacted and 16 ascents and descents are classified as 216 

low/no-smoke. Please note that our low/no-smoke criteria is not strictly smoke-free. Due to the 217 

ubiquitous nature of the 2018 wildfire season, even when the ascents/descents through the 218 

boundary layer at Boise were classified as "low/no-smoke" based on trace gas composition, the 219 

NOAA HMS Fire and Smoke Product 220 

indicated that there were elevated levels of 221 

smoke aloft with the exception of the ascent 222 

on 28 August 2018. 223 

The flight paths of smoke-impacted 224 

and low/no-smoke ascents and descents are 225 

shown in Figure 3a. These maps reflect the 226 

common arrival and departure corridors for 227 

KBOI. Both categories were associated with 228 

similar flight paths. Wind speeds and 229 

directions for smoke-impacted and low/no-230 

smoke ascents and descents are shown in 231 

Figure 3b. On average, winds for both 232 

conditions were northwesterly, and there were 233 

Low/No-Smoke Smoke-Impacted

b)

a)
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no major differences in wind conditions during smoke-impacted versus low/no-smoke 234 

conditions. There is no significant difference in mean ambient temperature between the two 235 

subsets of data. 236 

 237 

Figure 3: (a) Flight tracks associated with low/no-smoke (blue; left) and smoke-impacted (grey; 238 

right) ascents out of and descents into KBOI. (b) Wind speeds and directions of smoke-impacted 239 

(blue; left) and low/no-smoke (grey; right) ascents and descents. The percentages indicate the 240 

frequency of counts by wind direction. The shading represents intervals of increasing wind 241 

speed. 242 

 243 

While there were many fires active within Idaho during summer 2018, smoke impacting 244 

Boise often traveled from the west from wildfires burning in Washington, California, and 245 

Oregon. Thus, the age of the smoke plumes was often > 1 day (O’Dell et al., 2020). Table S2 246 

shows the likely primary source(s) of the smoke in Boise as determined by the NOAA HYSPLIT 247 

trajectory model and InciWeb reports.  248 

 249 

3. Results and Discussion 250 

3.1 Surface PM2.5 during smoke-impacted conditions 251 

Elevated surface concentrations of fine particulate matter are expected in the presence of wildfire 252 

smoke, and these are often used along with satellite observations to indicate whether smoke is 253 

indeed impacting a surface monitoring site versus remaining aloft (e.g. McClure et al., 2018; 254 

Brey et al., 2016; O’Dell et al., 2019; Magzamen et al., 2021). Figure 4a presents a time series of 255 

surface PM2.5 at the St. Luke’s Meridian monitoring station (43.6° N, 116.3° W) west of 256 

downtown Boise. This figure shows that increased concentrations of PM2.5 at the ground are 257 

associated with smoke-impacted ascents and descents. The average surface PM2.5 on days with 258 

smoke-impacted (low/no-smoke) ascents or descents is 26 μg m-3
 (17 μg m-3). Despite the 259 

significant increases of PM2.5 at 95% confidence, many of the smoke-impacted days were still 260 

below the EPA 24-hour primary standard for PM2.5 of 35 μg m-3. Since Boise is an urban area, 261 

elevated PM2.5 levels were sometimes present on low/no smoke days due to other urban sources. 262 

The boxplots in  263 

Figure 4b shows the different distribution HCN and CH3CN under smoke-impacted and low/no-264 

smoke conditions.  265 
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 266 

 267 

 268 

Figure 4: (a) Time series showing Air Quality System (AQS) surface data from Boise, ID from 269 

25 July 2018 to 30 August 2018. Blue and grey lines represent low/no-smoke and smoke-270 

impacted ascents out of and descents into Boise with the NSF/NCAR C-130 aircraft. The areas 271 

of no blue or grey lines (i.e. white space) are days when no research flight was conducted. The 272 

orange (yellow) points represent average CH3CN (HCN) mixing ratios in the boundary layer 273 

measured by the C-130. The dashed line at 35 μg m-3 represents the EPA 24-hour primary 274 

standard for PM2.5. (b) Boxplots of CH3CN, HCN, and PM2.5 distributions observed in the 275 

boundary layer over Boise under smoke-impacted (grey) and low/no-smoke (blue) conditions. 276 

The white line in the boxes represents the median, the whiskers represent the 5th and 95th 277 

a)

b)
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percentiles, and the black point is an outlier (1.5 times the interquartile range). Figure 4b is the 278 

first in a series of figures that shows relationships between mixing ratios of various species 279 

during no/low smoke and smoke-impacted period. Table S3 includes the mean values, and 280 

significance associated with all these comparisons. 281 

 282 

3.2 Changes in gas-phase composition during smoke-impacted periods 283 

 284 

CO is a product of incomplete combustion, and wildfires are a large source of CO on a 285 

global scale (van der Werf et al., 2017). The lifetime of CO in 286 

summer over continental regions is approximately 10 days 287 

(Holloway et al., 2000). We observed the mean CO in the Boise 288 

boundary layer to be elevated when impacted by smoke; the 289 

average CO mixing ratios in the smoke-impacted and low/no-290 

smoke data subsets are 265 ppb and 150 ppb respectively, as 291 

shown in Figure 5. Increased abundances of CO have been 292 

documented in other urban areas impacted by wildfire smoke. 293 

Lindaas et al. (2017) documented a significant increase of 223 294 

ppbv mean CO during July and 92 ppbv during August across the 295 

diurnal cycle during smoke-impacted periods compared to smoke-296 

free periods during summer 2015 in the Colorado Front Range. 297 

CO mixing ratios increased in lockstep with PM2.5 when aged 298 

smoke plumes passed through their study region. 299 

 300 

Figure 5: Boxplot of the CO distributions observed in the boundary layer over Boise under 301 

smoke-impacted (grey) and low/no-smoke (blue) conditions. The white line in the boxes 302 

represents the median, the whiskers represent the 5th and 95th percentiles, and the black point is 303 

an outlier (1.5 times the interquartile range). See Table S3 for a summary of mean values. 304 

 305 

3.3 Reactive nitrogen species 306 

 307 

PAN, PPN, and HNO3 are some of the oxidation products of NOx that are formed rapidly 308 

in wildfire smoke plumes (Alvarado et al., 2010; Akagi et al., 2012; Liu et al., 2016; Juncosa 309 

Calahorrano et al., 2020; Lindaas et al., 2020). During smoke-impacted periods in Boise, mean 310 

PAN (PPN) was 40% (66%) higher than during the low/no-smoke periods. Lindaas et al. (2017) 311 

also observed consistently elevated PAN and PPN abundances across the day during smoke-312 

impacted periods in the Front Range. At their study site, the average enhancements were 183 and 313 

22 pptv respectively, approximately a 100% increase for both species. Mean August surface 314 

temperature in Boise in 2018 was 306 K versus 296 K in Erie, CO during 2015, the location of 315 

the Lindaas et al. (2017) observations (National Weather Service). The two analyses are notably 316 

different in another important way. Lindaas et al. (2017) compares PAN abundances throughout 317 
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the full diurnal cycle, while this dataset was collected in the afternoon and early evening. This 318 

might also explain the lower relative PAN enhancement observed in Boise compared to 319 

Colorado. An additional factor is that the smoke could be of different ages or from fires with 320 

different emissions of reactive oxidized nitrogen (Lindaas et al., 2020). Singh et al. (2010) also 321 

report a PPN/PAN of 0.10 (±0.01) and 0.11 (±0.02) for smoke intercepted below 3 km in the 322 

California Central Valley during the Arctic Research of the Composition of the Troposphere 323 

from Aircraft and Satellites (ARCTAS-CARB). This is slightly lower than the ratios reported by 324 

Lindaas et al. (2017) and this study of 0.14 and 0.17 for low/no-smoke and smoke-impacted 325 

periods. The PPN/PAN ratio also depends on the original composition of precursor gases, and 326 

these regions have different dominant anthropogenic emission profiles and biogenic emission 327 

rates. 328 

As shown in Figure 6, HNO3 did not significantly change between the two periods. 329 

Lindaas et al. (2017) also noted no change in HNO3 between smoke-impacted and low/no-smoke 330 

periods. Many other studies have also shown that HNO3 does not correlate with elevated CO in 331 

either fresh or aged smoke plumes (e.g., Yokelson et al., 2009; Alvarado et al., 2010; Liu et al., 332 

2016; Akagi et al., 2012). Juncosa Calahorrano et al. (2020) provides a summary of the NOy in 333 

fresh and aged smoke plumes sampled during WE-CAN. The observations suggest that HNO3 334 

accounts for ~60% of the total NOy measured in smoke mixed with urban emissions and smoke 335 

intercepted below 3 km. Juncosa Calahorrano et al. (2020) excluded samples taken over the 336 

California Central Valley and Boise, Idaho in their analysis. The observed high percentage of 337 

HNO3 to NOy observed during WE-CAN is consistent with the smoke-impacted data for Boise, 338 

where the average PAN to HNO3 ratio is only 0.42. Singh et al. (2010) also reported a large 339 

contribution (40%) of HNO3 to total NOy during the ARCTAS-CARB campaign smoke-340 

impacted observations over the California Central Valley. We are not able to conduct a similar 341 

comparison for total nitrate (i.e., gas HNO3 and aerosol NO3
-) because the aerosol mass 342 

spectrometer (AMS) on board the NSF/NCAR C-130 during WE-CAN was not collecting 343 

observations during the ascent and decent periods. 344 

 345 
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Figure 6: (a) Boxplots of HNO3, PAN, and PPN distributions observed in the boundary layer 346 

over Boise under smoke-impacted (grey) and low/no-smoke (blue) conditions. The white line in 347 

the boxes represents the median, the whiskers represent the 5th and 95th percentiles, and the 348 

points are outliers (1.5 times the interquartile range). (b) Correlation of observed PPN and PAN 349 

in the boundary layer over Boise in smoke-impacted (grey) and “low/no smoke” (blue) 350 

conditions. See Table S3 for a summary of mean values. 351 

 352 

3.4 O3 and NO2 photolysis frequencies  353 

 354 

 Mean mixing ratios of O3 were significantly higher (~13 ppb) in Boise during smoke-355 

impacted periods (Figure 7). O3 is a secondary pollutant with a lifetime of ~5 days in the 356 

Intermountain West (Lu et al., 2016). While wildfires are a source of tropospheric O3, O3 357 

production in wildfire smoke is not fully understood (Jaffe and Wigder, 2012) and can vary 358 

substantially with emissions, dilution rates, and other factors (Gong et al., 2017). Our 359 

observations are consistent with a previous study showing O3 enhancements during smoke-360 

impacted days in Boise from 2006-2017 (McClure and Jaffe, 2018), as well as the U.S.-wide 361 

analysis of Brey et al. (2015). McClure and Jaffe (2018) found that when PM is very elevated, O3 362 

mixing ratios plateau or decline in Boise. The pattern is not present in the small subset of data we 363 

show here (see Figure S2). The slope of our O3/CO regression line is 0.06 which falls within the 364 

values presented by Jaffe and Wigder (2012) for the ≤1–2 days plume age category.  Lindaas et 365 

al. (2017) also demonstrated higher O3 mixing ratios during smoke-impacted periods in the 366 

Colorado Front Range for a given temperature. During our study period, temperature is not 367 

significantly different between the smoke-impacted and low/no-smoke periods. 368 

a) b)
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Figure 7: Boxplots of (a) 369 

O3 and (b) NO2 photolysis 370 

frequency distributions 371 

observed in the boundary 372 

layer over Boise under 373 

smoke-impacted (grey) and 374 

low/no-smoke (blue) 375 

conditions separated by 376 

ascents and descents. The 377 

white line in the boxes 378 

represents the median, the 379 

whiskers represent the 5th 380 

and 95th percentiles, and the 381 

points are the outliers (1.5 382 

times the interquartile range). See Table S3 for a summary of mean values. 383 

 384 

The “odd oxygen” (Ox) chemical family can be defined to include O3 and minor species 385 

with which it cycles. Photolysis of NO2 dominates O3 production in the troposphere, and thus O3 386 

and NO2 are often examined together. Here, we cannot specifically quantify changes in NO or 387 

NO2 because these measurements were not reported during aircraft takeoff and landing periods. 388 

However, we can examine differences in the photolysis frequency of NO2 (JNO2). The mean 389 

JNO2 decreased by 37% during smoke-impacted periods. We also examined NO2 photolysis rates 390 

in the ascents and descents separately. The mean photolysis frequency of NO2 was higher during 391 

ascents than descents because the ascents primarily occurred from midday to early afternoon 392 

(11:41 MST - 15:00 MST) while the descents were typically late afternoon to early evening 393 

(15:48 MST - 20:43 MST). Lindaas et al. (2017) hypothesized a reduction in JNO2 could have 394 

contributed to observed increases in NO2 in the morning and evening of smoke-impacted periods 395 

in the Colorado Front Range. They did not measure actinic flux as part of that experiment, and 396 

our dataset does not quantify NOx over Boise so our ability to test this hypothesis directly is 397 

limited. 398 

 399 

3.5 NMVOCs  400 

 401 

Figure 8 presents boxplots of the distribution of VOCs in the smoke-impacted and 402 

low/no-smoke datasets, grouped by mean abundance. The mean abundances of most VOCs are 403 

higher during smoke-impacted periods, but 95% statistically-significant enhancements (denoted 404 

by *) are largely associated with VOCs with lifetimes longer than the transport time of the smoke 405 

(> 1 day; e.g., propane and benzene) or VOCs with substantial secondary production (e.g., 406 

acetaldehyde). 407 

 408 

The mean abundances of acetone, methyl ethyl ketone (MEK), acetaldehyde, and 409 
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formaldehyde (HCHO) are higher in the smoke-impacted periods. These species are among the 410 

most abundant non-methane organic carbon (NMOC) species emitted from wildfires (Liu et al., 411 

2017; Permar et al., 2021), and they are also produced secondarily in smoke plumes (Jost et al., 412 

2003; Trentmann et al., 2003). Acetone and MEK have longer lifetimes (i.e., days to weeks) 413 

against oxidation by OH and photolysis (Atkinson et al., 2006; IUPAC, 2009; Brewer et al., 414 

2019; Brewer et al., 2017). The principal sink of acetaldehyde in smoke plumes is likely reaction 415 

with OH, with a lifetime on the order of 5 hours (Atkinson et al., 2006). Photolysis is an 416 

additional slower sink on the order of a few days (Sander et al., 2006). The lifetime of HCHO 417 

against these two sinks is shorter, on the order of hours (Pope et al., 2005). 418 

 419 

The mean mixing ratios of five hazardous air pollutants (HAPs) were determined to be 420 

significantly higher according to a student’s t-test at 95% confidence when Boise was smoke-421 

impacted: benzene (174% higher), acrolein (238% higher), acetaldehyde (103% higher), HCHO 422 

(84% higher), and HCN (92% higher). Elevated benzene and acetaldehyde mixing ratios have 423 

been noted at other smoke-impacted locations (Wentworth et al., 2018). 424 

 425 

Using the full WE-CAN dataset, O’Dell et al. (2020) showed that benzene, acrolein, 426 

acetaldehyde, HCHO, and HCN likely pose the largest gas-phase HAPs health risk in smoke. 427 

Each of these species has different atmospheric lifetimes, thus concentrations evolve in smoke 428 

plumes differently for each species. The smoke that was present in Boise ranged in age from 429 

approximately 1 to 3 days, as estimated using Hybrid Single-Particle Lagrangian Integrated 430 

Trajectory model (HYSPLIT) trajectory simulations (see Table S2 and associated methods in the 431 

SI). O’Dell et al. (2020) presented ratios of HAPs to sub-micron fine particulate matter (PM1) in 432 

wildfire smoke because fine particulate matter is typically used as a smoke tracer in 433 

epidemiology studies of smoke exposure. Here, we compare ratios of HAPs to PM2.5 observed 434 

during smoke-impacted periods in Boise. To compare HAPs to PM2.5 ratios in Boise to those 435 

reported in O’Dell et al. (2020), which are to PM1 mass from the aircraft observations, we 436 

assume mass contribution from smoke particles with diameters between 1 and 2.5 µm is 437 

negligible. Bian et al. (2020) indicate particles of diameter 1-2.5 µm contribute <5% of total 438 

PM2.5 volume in smoke. The mean ratio of HAPs to PM2.5 in smoke-impacted air over Boise for 439 

acetaldehyde, acrolein, benzene, and formaldehyde, respectively, was 0.0819, 0.0046, 0.0295, 440 

and 0.0914. The median ratios of acetaldehyde, acrolein, benzene, and formaldehyde to PM1 of 441 

smoke 1-3 days old, as reported by O’Dell et al. (2020), were 0.0679, 0.0051, 0.0326, and 442 

0.1209. With the exception of acetaldehyde, the HAPs to PM1 ratios in O’Dell et al. (2020) were 443 

slightly higher than the HAPs to PM2.5 ratios in Boise. The mean abundances of toluene, 444 

ethylbenzene, xylene, and n-hexane were all higher during smoke-impacted periods, but these 445 

differences were not significant. This is likely due to both their shorter atmospheric lifetimes and 446 

contributions from anthropogenic sources in the Boise region. 447 
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Figure 8: Boxplots of many (a) non-HAPs and (b) HAPs NMVOCs distributions observed in the 448 

boundary layer over Boise under smoke-impacted (grey) and low/no-smoke (blue) conditions. 449 

The white line in the boxes represents the median, the whiskers represent the 5th and 95th 450 

percentiles, the black points are outliers (1.5 times the interquartile range), and * represents 95% 451 

statistical significance between the smoke-impacted and low/no-smoke impacted median values. 452 

See Table S3 for a summary of mean values. 453 

 454 

Figure 9 compares the concentration of HAPs when Boise was low/no-smoke and smoke-455 

impacted to mean concentrations across select U.S. urban areas (Strum and Scheffe, 2016). The 456 

average amount of benzene, HCHO, and acetaldehyde on a smoke-impacted summer afternoon is 457 

comparable in magnitude to the annual average amounts in many larger urban areas across the 458 

U.S. 459 

a) b)
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Figure 9: Mean concentration of acetaldehyde, benzene, ethylbenzene, toluene, and 460 

formaldehyde in various U.S. cities (orange colors) as well as averages concentrations of these 461 

species measured during ascents and descents into or out of Boise on low/no-smoke (blue) and 462 

smoke-impacted days (grey). See Table S3 for a summary of mean values. 463 

 464 

Lindaas et al. (2017) presents the impact of aged wildfire smoke on atmospheric 465 

composition in the Colorado Front Range using data from summer 2015. Pollack et al. (2021) 466 

investigates the impact of wildfire smoke on O3 and its precursors in Boulder County from 2017-467 

2019. Lastly, McClure and Jaffe (2018) examine high-O3 events resulting from wildfire smoke in 468 

Boise during 2017. Figure S3 compares the change in the smoke-impacted vs. low/no-smoke 469 

mean of many gas-phase species in Boise to that previously documented in these studies. In 470 

Boise, there is a much larger relative change in the concentrations of the gas-phase species than 471 

in the Front Range and Boulder County during smoke-impacted periods. There are multiple 472 

potential explanations for the observed difference between these locations. The first is that the 473 

Front Range is generally more influenced by anthropogenic pollution sources than Boise. During 474 

low/no-smoke days, the mixing ratios of acetaldehyde, acetone, benzene, toluene, ethylbenzene, 475 

o-xylene, and isoprene were 226%, 81%, 128%, 524%, 738%, 1396%, and 51% higher 476 

respectively in the Colorado Front Range (Abeleira et al., 2017) than during low/no-smoke days 477 

in summer 2015. The region is influenced by emissions from oil and gas development in addition 478 

to traffic and industrial sources (Abeleira et al., 2017; Pollack et al., 2021; Gilman et al., 2013). 479 

Another explanation for the larger relative enhancements in Boise is that Boise was located 480 

closer to major wildfires in 2018 than the Front Range in 2015.  481 

 482 

4. Conclusions 483 

Here we report on measurements of gas-phase species collected in aircraft ascents and 484 

descents through the Boise, ID boundary layer. We classify ascents and descents as smoke-485 

impacted or low/no-smoke using HCN and CH3CN, two long-lived tracers of biomass burning. 486 

The smoke was transported to Boise from both local fires in Idaho as well as from major fire 487 

complexes in Oregon and California. These measurements are unique because of their detailed 488 

composition information.  489 

 490 

During the smoke-impacted periods, we observed a significant increase in CO and VOCs 491 

with lifetimes longer than the transport time of the smoke or significant secondary production. 492 

The mean mixing ratios of five HAPs increased significantly when Boise was smoke-impacted, 493 

pushing the concentrations of HAPs in Boise during smoke-impacted periods up to typical 494 

Mean 

Concentration 

(µg/m3)

Bronx, NY

Chicago, IL

Los Angeles, CA

Richmond, VA

Roxbury, MA

Boise (Smoke)

Atlanta, GA

Underhill, VT

Boise (Low/No-Smoke)

Annual 

averages

Averages of 

ascents and 

descents
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average concentrations in other substantially larger U.S. urban areas. Consistent with prior 495 

studies in the region, when Boise was impacted by smoke, there was a significant increase in the 496 

mean mixing ratios of O3, PAN, and PPN. We also observed a decrease in jNO2.  497 

 498 

Wildfire smoke during 2018 impacted the atmospheric composition and photochemistry 499 

across much of the U.S. Mountain west. Wildfire smoke is becoming an increasingly important 500 

source of air pollution for the western U.S., and declines in air quality, such as those reported 501 

here, are likely to be exacerbated by climate change.  502 

 503 

5. Data Availability 504 

Data used in this study are publicly available at 505 

https://data.eol.ucar.edu/master_lists/generated/we-can/ and 506 

https://aqs.epa.gov/aqsweb/airdata/download_files.html#Meta.  507 
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