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ABSTRACT  

Durfing summer 2018, wfifldfire smoke fimpacted the atmospherfic composfitfion and photochemfistry across much of 

the western U.S. Smoke fis becomfing an fincreasfingfly fimportant source of afir poflflutfion for thfis regfion, and thfis 

probflem  wfiflfl  contfinue  to  be  exacerbated  by  cflfimate  change.  The  Western  Wfifldfire  Experfiment  for  Cfloud 

Chemfistry, Aerosofl Absorptfion and Nfitrogen (WE-CAN) project depfloyed a research afircraft fin summer 2018 (22 

Jufly – 31 August) to sampfle wfifldfire smoke durfing fits first day of atmospherfic evoflutfion usfing Bofise, ID as a base. 

We report on measurements of gas-phase specfies coflflected fin afircraft ascents and descents through the boundary 

flayer. We cflassfify ascents and descents wfith mean hydrogen cyanfide (HCN) >300 pptv and acetonfitrfifle (CH3CN) 

>200 pptv as smoke-fimpacted. We contrast data from the 16 flow/no-smoke and 16 smoke-fimpacted ascents and 

descents to determfine dfifferences between the two data subsets. The smoke was transported from flocafl fires fin 

Idaho as weflfl as from major fire compflexes fin Oregon and Caflfifornfia. Durfing the smoke-fimpacted perfiods, the 

abundances of  many gas-phase specfies, fincfludfing carbon monoxfide (CO), ozone (O3), formafldehyde (HCHO), 

and  peroxyacetyfl  nfitrate  (PAN)  were  sfignfificantfly  hfigher  than  flow/no-smoke  perfiods.  When  compared  to 

ground-based data obtafined from the Coflorado Front Range fin summer 2015, we found that a sfimfiflar subset of 

gas-phase specfies fincreased when both areas were smoke-fimpacted. Durfing smoke-fimpacted perfiods, the average 

abundances  of  severafl  Hazardous  Afir  Poflflutants  (HAPs),  fincfludfing  benzene,  HCHO,  and  acetafldehyde,  were 

comparabfle fin magnfitude to the annuafl averages fin many major U.S. urban areas.   

1. Introductfion 

Wfifldfire smoke fis becomfing an fincreasfingfly fimportant source of afir 

poflflutfion for the western U.S. (O’Deflfl et afl., 2019; McCflure and Jaffe, 

2018b; Lafing and Jaffe, 2019), and thfis probflem fis flfikefly to be exacer-

bated by cflfimate change (Ford et afl., 2018; Lfiu et afl., 2016; Brey et afl., 

2021; Abatzogflou and Wfiflflfiams, 2016; Harvey, 2016; Yue et afl., 2013). 

Western U.S. wfifldfires produce flarge emfissfion fluxes of many poflflutants 

(Wfiedfinmyer  et  afl.,  2006)  fincfludfing fine partficuflate  matter (Garofaflo 

et afl., 2019; Lfiu et afl., 2017; Paflm et afl., 2020), a sufite of voflatfifle organfic 

compounds  (VOCs; Permar  et  afl.,  2021)  fincfludfing  hazardous  afir  pofl-

flutants (HAPs; O’Deflfl et afl., 2020), and reactfive nfitrogen (Lfindaas et afl., 

2021b).  The  composfitfion  of  wfifldfires  smoke  evoflves  over  tfime,  and 

there fis often substantfiafl productfion of secondary poflflutants (e.g., ozone 

(O3) and acyfl peroxy nfitrates (APNs)) (Juncosa Caflahorrano et afl., 2020; 

Jaffe  and  Wfigder,  2012).  As  wfifldfires  become  more  prevaflent, 
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understandfing  thefir  effects  on  afir  quaflfity  fis  becomfing  fincreasfingfly 

fimportant (Vafl Martfin et afl., 2015; Jaffe et afl., 2020). 

The Western Wfifldfire Experfiment for Cfloud Chemfistry, Aerosofl Ab-

sorptfion and Nfitrogen (WE-CAN) project depfloyed the Natfionafl Scfience 

Foundatfion/Natfionafl  Center  for  Atmospherfic  Research  (NSF/NCAR) 

C-130 research afircraft fin summer 2018 (22 Jufly – 31 August) to sampfle 

wfifldfire smoke (Lfindaas et afl., 2021b; Juncosa Caflahorrano et afl., 2020; 

Paflm et afl., 2020; Peng et afl., 2020). Bofise, ID fis routfinefly fimpacted by 

smoke from both fires fin Idaho and major fire compflexes fin other regfions 

(Brey  et  afl.,  2018),  and  thfis  smoke  substantfiaflfly  degrades  flocafl  afir 

quaflfity (McCflure and Jaffe, 2018b; Fowfler, 2019). The summer 2018 

wfifldfire  season  was  partficuflarfly  severe,  wfith  the  hfighest  suppressfion 

costs  fin  prfior  hfistory  and  some  of  the  hfighest  fine  partficuflate  matter 

concentratfions ever observed fin many western U.S. cfitfies (Jaffe et afl., 

2020). Ffig.  1 provfides  an  exampfle  of  vfisfibfiflfity  fimpacts  fin  Bofise,  ID 

caused by wfifldfire smoke durfing the WE-CAN study perfiod. On Jufly 24, 

2018, Bofise was fimpacted by smoke from flarge wfifldfires fin southwestern 

Oregon. Ffig. 1c shows smoke pflume poflygons from the Natfionafl Oceanfic 

and  Atmospherfic  Admfinfistratfion  (NOAA)  Hazard  Mappfing  System 

(HMS)  Ffire  and  Smoke  Product  for  Jufly  24,  2018  (Brey  et  afl.,  2018; 

Roflph et afl., 2009; Rumfinskfi et afl., 2006). Here we present measure-

ments of a sufite of gas-phase specfies coflflected fin NSF/NCAR C-130 as-

cents  and  descents  through  the  Bofise,  ID  boundary  flayer  durfing  the 

summer 2018 WE-CAN study perfiod. We fidentfify ascents and descents 

that are smoke-fimpacted and fidentfify changes fin composfitfion assocfiated 

wfith the presence of wfifldfire smoke. Thfis anaflysfis fis dfifferent from most 

other studfies focused on the fimpact of wfifldfire smoke on afir quaflfity fin 

western U.S. urban areas because our anaflysfis extends beyond crfiterfia 

poflflutants. Most prfior studfies have focused on the fimpact of smoke on 

fine partficuflate matter or O3 abundances due to the avafiflabfle data. 

2. Methods 

2.1. WE-CAN data coflflectfion 

Durfing  WE-CAN,  the  NSF/NCAR  C-130  research  afircraft  was 

outfitted wfith a flarge set of trace gas and aerosofl measurements optfi-

mfized for sampflfing wfifldfire smoke composfitfion. Detafifls of the 2018 WE- 

CAN fiefld campafign and reflevant afirborne finstrumentatfion used fin thfis 

anaflysfis can be found fin Lfindaas et afl. (2021a), Permar et afl. (2021), and 

on the WE-CAN project websfite (https://www.eofl.ucar.edu/fiefld_projec 

ts/we-can). Bofise, ID was seflected as the project base of operatfions for 

the afircraft owfing to fits centraflfized flocatfion and cflose proxfimfity to areas 

wfith promfinent wfifldfire actfivfity fin the western U.S. durfing summertfime. 

The afircraft flew 16 research flfights (fi.e., 32 totafl ascents and descents) 

whfifle statfioned at Bofise Afirport (KBOI; 43.5658◦N, 116.2223◦W, eflev 

=0.875  km  above  mean  sea  flevefl)  between  24  Jufly  and  August  31, 

2018,  and  sampfled  fresh  smoke  from  more  than  20  major  wfifldfires 

throughout the western U.S. (Lfindaas et afl., 2021b; Permar et afl., 2021; 

Barry et afl., 2021; Juncosa Caflahorrano et afl., 2021; Paflm et afl., 2020; 

O’Deflfl et afl., 2020; Peng et afl., 2020). Research flfights typficaflfly took off 

from  KBOI  between  12:00  and  14:00  mountafin  dayflfight  savfing  tfime 

(MDT) and flanded between 19:00 and 21:00 MDT. Data coflflected durfing 

each  ascent  out  of  and  descent  finto  KBOI  provfide  an  opportunfity  to 

evafluate smoke-fimpacted and flow/no-smoke perfiods fin Bofise. For thfis 

anaflysfis, we consfider the mean of a varfiabfle wfithfin the boundary flayer 

(see Sectfion 2.3) as a sfingfle sampfle. Thfis means that there are 32 sampfles 

for each varfiabfle. These data are then subset finto smoke-fimpacted versus 

flow/no-smoke  condfitfions  as  descrfibed  fin  Sectfion 2.4.  Dfifferences  be-

tween means of these two subsets of data are tested usfing a student’s 

t-test. Sfignfificance fis reported at the 95% confidence flevefl. 

2.2. Afirborne measurements 

Measurements  used  fin  thfis  anaflysfis  are  brfiefly  descrfibed  beflow. 

Further detafifls can be found fin Lfindaas et afl. (2021a) and Permar et afl. 

(2021). State parameter, 1-Hz navfigatfion, and mficrophysfics flfight-flevefl 

data  from  the  C-130  afircraft  are  avafiflabfle  from https://data.eofl.ucar. 

edu/dataset/548.005.  Key  measurement  detafifls  regardfing  measured 

specfies, finstrument/technfique, and detectfion flfimfit wfith uncertafinty can 

be found fin Tabfle S1. 

2.2.1. O3 and CO 

O3 was measured wfith an NCAR sfingfle-channefl chemfiflumfinescence 

finstrument (Rfidfley et afl., 1992; Rfidfley and Graheck, 1990). These data 

have a precfisfion of <1 ppbv wfith a 1 s temporafl resoflutfion and an ac-

curacy of ±1 ppbv or 2% (whfichever fis greater) for O3. 

CO  was  measured  wfith  a  commercfiafl  Mfinfi-TILDAS  tunabfle  dfiode 

flaser  finfrared  absorptfion  spectrometer  (Aerodyne  Research)  (Lebegue 

et afl., 2016). These data have a precfisfion of 100 ppt wfith a 2-s temporafl 

resoflutfion and an accuracy of ±0.6 ppbv for CO. A Pficarro G-2401-m 

anaflyzer  was  used  for  the  measurement  of  CO2 and  CH4,  whfich  aflso 

provfided an addfitfionafl, but flower precfisfion, measurement of CO. 

2.2.2. Oxfidfized nfitrogen specfies 

Gaseous  hydrogen  cyanfide  (HCN)  and  nfitrfic  acfid  (HNO3)  were 

measured  by  the  Unfiversfity  of  Washfington  hfigh-resoflutfion  chemficafl 

fionfizatfion tfime-of-flfight mass spectrometer usfing fiodfide-adduct fionfiza-

tfion (I−-CIMS; Lee et afl., 2014; Peng et afl., 2020, Paflm et afl., 2020; Paflm 

et  afl.,  2020).  Ambfient  afir  was  sampfled  at  20  flpm  through  a  strafight 

~50-cm  flength,  0.75-fin  OD  PTFE  Teflon  tube. Juncosa  Caflahorrano 

et afl. (2021) and Lfindaas et afl. (2021a) contafin detafifled expflanatfions of 

the finstrument’s operatfion. 

Peroxacetyfl nfitrate (PAN) and propfionyfl peroxynfitrfite (PPN) were 

measured  wfith  a  thermafl  dfissocfiatfion  chemficafl  fionfizatfion  mass  spec-

trometer (CIMS) (Sflusher et afl., 2004; Zheng et afl., 2011). Accuracy fis 

±12% or 25 pptv (whfichever fis greater) for PAN and PPN, and precfisfion 

Ffig. 1.a) Photograph of the Bofise Mountafins from Bofise Afirport on an exampfle 

of a smoke-fimpacted day (Jufly 24, 2018). b) Photograph of the Bofise Mountafins 

from  Bofise  Afirport  on  an  exampfle  flow/no-smoke  day  (August  03,  2018).  c) 

NOAA  Hazard  Mappfing  System  (HMS)  smoke  pflumes  and  smoke-producfing 

wfifldfires for Jufly 24, 2018. See Brey et afl. (2018) and Rumfinskfi et afl. (2006) 

for a descrfiptfion of these datasets. The green, yeflflow, orange and red shadfing 

quaflfitatfivefly  findficate  the  presence  of  dfiflute  (5 μg  m−3 PM2.5),  concentrated, 
more concentrated (16 μg m−3 PM2.5), and very concentrated (27 μg m

−3 PM2.5) 

smoke pflumes fin the atmospherfic coflumn fidentfified by HMS anaflysfis. 

E. Lfiflfl et afl.                                                                                                                                                                                                                                       
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fis ±20 pptv on average across the flfight. Pflease see further detafifls fin 

Juncosa Caflahorrano et afl. (2021) and Lfindaas et afl. (2021a). 

2.2.3. Photoflysfis frequencfies 

Photoflysfis  frequencfies  were  caflcuflated  from  spectraflfly  resoflved 

(290–680  nm)  actfinfic  flux  densfity  measurements  from  the  Hfigh- 

performance  Instrumented  Afirborne  Pflatform  for  Envfironmentafl 

Research (HIAPER) Afirborne Radfiatfion Package – Actfinfic Fflux (HARP- 

Actfinfic Fflux) finstrument (Haflfl et afl., 2018). 

2.2.4. NMVOCs 

The  Unfiversfity  of  Montana  proton-transfer-reactfion  tfime-of-flfight 

mass  spectrometer  (PTR-ToF-MS  4000,  Ionficon  Anaflytfik,  Innsbruck, 

Austrfia)  made  2–5  Hz  NMVOC  measurements,  fincfludfing  acetonfitrfifle 

(CH3CN). The PTR-ToF-MS fis custom-bufiflt finto a standard NSF/NCAR 

HIAPER Guflfstream-V (GV) rack wfith the mass spectrometer vfibratfion 

dampened separatefly. Permar et afl. (2021) provfides a robust descrfiptfion 

of the PTR-ToF-MS used fin WE-CAN. There were 121 VOCs reported fin 

the pubflficfly avafiflabfle dataset for the PTR. 

VOCs were aflso measured usfing NCAR Trace Organfic Gas Anaflyzer 

(TOGA; Apefl  et  afl.,  2015).  Durfing  WE-CAN,  TOGA  had  a  sampfle 

coflflectfion tfime of 28 s every 100 s for the first 11.5 research flfights, and 

then transfitfioned to a 33 s sampflfing tfime every 105 s for the remafinder 

of  the  research  flfights.  The  foflflowfing  TOGA  measurements  (un-

certafintfies  and  detectfion  flfimfits  fin  parentheses)  were  used  to  fidentfify 

smoke-fimpacted  observatfions,  the  chemficafl  agfing  of  those 

smoke-fimpacted observatfions, and as anthropogenfic tracers: HCN (20%, 

5 ppt), acetonfitrfifle (CH3CN; 40%, 10 ppt), 2-methyflfuran (20%, 5 ppt), 

acroflefin (30%, 0.5 ppt), acryflonfitrfifle (50%, 1 ppt), 2,2,4-trfimethyflpen-

tane  (15%,  0.5  ppt),  tetrachfloroethene  (15%,  0.5  ppt),  chfloroform 

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

were 69 VOCs reported fin the pubflficfly avafiflabfle dataset for TOGA. 

2.3. Boundary flayer fidentfificatfion 

We fidentfify the top of the boundary flayer usfing potentfiafl tempera-

ture (K) profifles coflflected durfing ascents and descents out of and finto 

KBOI. The top of the boundary flayer fis sfignfified by a sharp fincrease fin 

the potentfiafl temperature gradfient, whfich findficates the transfitfion to a 

more stabfle flayer (Cazorfla and Juncosa, 2018). Ffig. 2 demonstrates thfis 

for an exampfle ascent and descent where the boundary flayer was vfisu-

aflfly fidentfified by the abrupt change fin sflope. The boundary flayer varfied 

fin  hefight  from  0.9  km  to  2.7  km  above  ground  flevefl  throughout  the 

sampfled ascents and descents. 

2.4. Smoke fidentfificatfion 

We cflassfify an ascent or descent as smoke-fimpacted when the mean 

HCN mfixfing ratfio fis >300 ppt or the mean acetonfitrfifle (CH3CN) fis >

200 ppt. HCN and CH3CN are commonfly used as tracers of smoke-fimpact 

because bfiomass burnfing fis thefir domfinant source, and they have flong (fi. 

e.,  months  to  years)  atmospherfic  flfifetfimes  (de Gouw  et  afl.,  2003; Lfi 

et  afl.,  2000, 2003).  Despfite  HCN  befing  used  as  a  tracer  of  bfiomass 

burnfing, there are some flfimfitatfions assocfiated wfith the specfies. There fis 

a  flarge  varfiabfiflfity  fin  HCN  emfissfion  factors  wfithfin  the  same  fire  type 

(Akagfi et afl., 2011), and there can be flarge dfifferences fin the enhance-

ment  of  HCN  reflatfive  to  CO  (fi.e., ΔHCN/ΔCO)  between  fires  (Akagfi 

et afl., 2011). Combfined, these two factors can compflficate attrfibutfion of 

smoke fin regfions fimpacted by mufltfipfle types of bfiomass burnfing. CH3CN 

mfixfing  ratfio  vaflues  may  aflso  have  finterference  from  anthropogenfic 

sources  (Huangfu  et  afl.,  2021).  However,  the  flfifetfime  of  HCN  and 

CH3CN agafinst atmospherfic sfinks (reactfion wfith OH or O (
1D), photofl-

ysfis, and  scavengfing by  precfipfitatfion) are flong, on the  scafle of a  few 

years  (Lfi  et  afl.,  2003),  thus  these  specfies  are  essentfiaflfly  conserved 

reflatfive to CO on the tfimescafles reflevant for smoke-transport to Bofise fin 

summer 2018. We determfined the cut-off vaflues of HCN and CH3CN by 

pflottfing  hfistograms  of  the  two  specfies  (Ffig.  S1).  For  each  hfistogram, 

there were two modes, representfing smoke-fimpacted and flow/no-smoke 

condfitfions. We assfigned a cut-off vaflue based on the dfivfisfion between 

the  two  modes.  Based  on  thfis  crfiterfia,  16  ascents  and  descents  are 

cflassfified as smoke-fimpacted and 16 ascents and descents are cflassfified 

as  flow/no-smoke.  Pflease  note  that  our  flow/no-smoke  crfiterfia  fis  not 

strfictfly smoke-free. Due to the ubfiqufitous nature of the 2018 wfifldfire 

season, even when the ascents/descents through the boundary flayer at 

Bofise were cflassfified as “flow/no-smoke” based on trace gas composfitfion, 

the  NOAA  HMS  Ffire  and  Smoke  Product  findficated  that  there  were 

eflevated flevefls of smoke afloft wfith the exceptfion of the ascent on August 

28, 2018. 

The flfight paths of smoke-fimpacted and flow/no-smoke ascents and 

descents are shown fin Ffig. 3a. These maps reflect the common arrfivafl 

and departure corrfidors for KBOI. Both categorfies were assocfiated wfith 

sfimfiflar flfight paths. Wfind speeds and dfirectfions for smoke-fimpacted and 

flow/no-smoke ascents and descents are shown fin Ffig. 3b. On average, 

Ffig.  2.Measured  potentfiafl  temperature  (K)  and  afltfitude  (km)  for  the  ascent 

(bflue)  from  and  descent  finto  Bofise,  ID  (orange)  of  the  NSF/NCAR  C-130  on 

August  15,  2018.  Dashed  flfines  sfignfify  the  top  of  the  boundary  flayer  for  the 

ascent (1.34 km) and descent (1.65 km), fidentfified by the presence of an abrupt 

change fin potentfiafl temperature. 

Ffig. 3.(a) Fflfight tracks assocfiated wfith flow/no-smoke (bflue; fleft) and smoke- 

fimpacted (grey; rfight) ascents out of and descents finto KBOI. (b) Wfind speeds 

and dfirectfions of smoke-fimpacted (bflue; fleft) and flow/no-smoke (grey; rfight) 

ascents and descents. The percentages findficate the frequency of counts by wfind 

dfirectfion. The shadfing represents fintervafls of fincreasfing wfind speed. 

E. Lfiflfl et afl.                                                                                                                                                                                                                                       
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wfinds for both condfitfions were northwesterfly, and there were no major 

dfifferences fin wfind condfitfions durfing smoke-fimpacted versus flow/no- 

smoke  condfitfions. There  fis  no sfignfificant  dfifference fin  mean  ambfient 

temperature between the two subsets of data. 

Whfifle  there  were  many  fires  actfive  wfithfin  Idaho  durfing  summer 

2018, smoke fimpactfing Bofise often travefled from the west from wfifldfires 

burnfing  fin  Washfington,  Caflfifornfia,  and  Oregon.  Thus,  the  age  of  the 

smoke pflumes was often >1 day (O’Deflfl et afl., 2020). Tabfle S2 shows the 

flfikefly  prfimary  source(s)  of  the  smoke  fin  Bofise  as  determfined  by  the 

NOAA HYSPLIT trajectory modefl and IncfiWeb reports. 

3. Resuflts and dfiscussfion 

3.1. Surface PM2.5 durfing smoke-fimpacted condfitfions 

Eflevated  surface  concentratfions  of  fine  partficuflate  matter  are  ex-

pected fin the presence of wfifldfire smoke, and these are often used aflong 

wfith  sateflflfite  observatfions  to  findficate  whether  smoke  fis  findeed 

fimpactfing a surface monfitorfing sfite versus remafinfing afloft (e.g. McCflure 

and Jaffe, 2018b; Brey et afl., 2018; O’Deflfl et afl., 2019; Magzamen et afl., 

2021). Ffig. 4a presents a tfime serfies of surface PM2.5 at the St. Luke’s 

Merfidfian  monfitorfing  statfion  (43.6◦N,  116.3◦W)  west  of  downtown 

Bofise. Thfis figure shows that fincreased concentratfions of PM2.5 at the 

ground are assocfiated wfith smoke-fimpacted ascents and descents. The 

average  surface  PM2.5 on  days  wfith  smoke-fimpacted  (flow/no-smoke) 

ascents or descents fis 26 μg m−3 (17 μg m−3). Despfite the sfignfificant 
fincreases of PM2.5 at 95% confidence, many of the smoke-fimpacted days 

were stfiflfl beflow the EPA 24-h prfimary standard for PM2.5 of 35 μg m
−3. 

Sfince  Bofise  fis  an  urban  area,  eflevated  PM2.5 flevefls  were  sometfimes 

present on flow/no smoke days due to other urban sources. The boxpflots 

fin. 

Ffig.  4b  shows  the  dfifferent  dfistrfibutfion  HCN  and  CH3CN  under 

smoke-fimpacted and flow/no-smoke condfitfions. 

3.2. Changes fin gas-phase composfitfion durfing smoke-fimpacted perfiods 

CO fis a product of fincompflete combustfion, and wfifldfires are a flarge 

source of CO on a gflobafl scafle (van der Werf et afl., 2017). The flfifetfime of 

CO fin summer over contfinentafl regfions fis approxfimatefly 10 days (Hofl-

floway et afl., 2000). We observed the mean CO fin the Bofise boundary 

flayer to be eflevated when fimpacted by smoke; the average CO mfixfing 

ratfios fin the smoke-fimpacted and flow/no-smoke data subsets are 265 

ppb and 150 ppb respectfivefly, as shown fin Ffig. 5. Increased abundances 

of CO have been documented fin other urban areas fimpacted by wfifldfire 

smoke. Lfindaas et afl. (2021a) documented a sfignfificant fincrease of 223 

Ffig.  4. (a)  Tfime  serfies  showfing  Afir  Quaflfity  System 

(AQS) surface data from Bofise, ID from Jufly 25, 2018 

to  August  30,  2018.  Bflue  and  grey  flfines  represent 

flow/no-smoke  and  smoke-fimpacted  ascents  out  of 

and  descents  finto  Bofise  wfith  the  NSF/NCAR  C-130 

afircraft. The areas of no bflue or grey flfines (fi.e. whfite 

space)  are  days  when  no  research  flfight  was  con-

ducted. The orange (yeflflow) pofints represent average 

CH3CN  (HCN)  mfixfing  ratfios  fin  the  boundary  flayer 

measured by the C-130. The dashed flfine at 35 μg m−3 

represents the EPA 24-h prfimary standard for PM2.5. 

(b) Boxpflots of CH3CN, HCN, and PM2.5 dfistrfibutfions 

observed  fin  the  boundary  flayer  over  Bofise  under 

smoke-fimpacted  (grey)  and  flow/no-smoke  (bflue) 

condfitfions. The whfite flfine fin the boxes represents the 

medfian,  the  whfiskers  represent  the  5th  and  95th 

percentfifles,  and  the  bflack  pofint  fis  an  outflfier  (1.5 

tfimes the finterquartfifle range). Ffig. 4b fis the first fin a 

serfies  of  figures  that  shows  reflatfionshfips  between 

mfixfing ratfios of varfious specfies durfing no/flow smoke 

and  smoke-fimpacted  perfiod. Tabfle  S3 fincfludes  the 

mean  vaflues,  and  sfignfificance  assocfiated  wfith  aflfl 

these comparfisons.   

Ffig.  5.Boxpflot  of  the  CO  dfistrfibutfions  observed  fin  the  boundary  flayer  over 

Bofise under smoke-fimpacted (grey) and flow/no-smoke (bflue) condfitfions. The 

whfite flfine fin the boxes represents the medfian, the whfiskers represent the 5th 

and  95th  percentfifles,  and  the  bflack  pofint  fis  an  outflfier  (1.5  tfimes  the  finter-

quartfifle range). See Tabfle S3 for a summary of mean vaflues. 
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ppbv mean CO durfing Jufly and 92 ppbv durfing August across the dfiurnafl 

cycfle durfing smoke-fimpacted perfiods compared to smoke-free perfiods 

durfing  summer  2015  fin  the  Coflorado  Front  Range.  CO  mfixfing  ratfios 

fincreased  fin  flockstep  wfith  PM2.5 when  aged  smoke  pflumes  passed 

through thefir study regfion. 

3.3. Reactfive nfitrogen specfies 

PAN, PPN, and HNO3 are some of the oxfidatfion products of NOx that 

are  formed  rapfidfly  fin  wfifldfire  smoke  pflumes  (Aflvarado  et  afl.,  2010; 

Akagfi et afl., 2011; Lfiu et afl., 2016; Juncosa Caflahorrano et afl., 2020; 

Lfindaas et afl., 2021b). Durfing smoke-fimpacted perfiods fin Bofise, mean 

PAN (PPN) was 40% (66%) hfigher than durfing the flow/no-smoke pe-

rfiods. Lfindaas  et  afl.  (2021a) aflso  observed consfistentfly  eflevated  PAN 

and PPN abundances across the day durfing smoke-fimpacted perfiods fin 

the Front Range. At thefir study sfite, the average enhancements were 183 

and 22 pptv respectfivefly, approxfimatefly a 100% fincrease for both spe-

cfies.  Mean  August  surface  temperature  fin  Bofise  fin  2018  was  306  K 

versus 296 K fin Erfie, CO durfing 2015, the flocatfion of the Lfindaas et afl. 

(2021a) observatfions (Natfionafl Weather Servfice). The two anaflyses are 

notabfly  dfifferent  fin  another  fimportant  way. Lfindaas  et  afl.  (2021a) 

compares PAN abundances throughout the fuflfl dfiurnafl cycfle, whfifle thfis 

dataset was coflflected fin the afternoon and earfly evenfing. Thfis mfight aflso 

expflafin  the  flower  reflatfive  PAN  enhancement  observed  fin  Bofise 

compared to Coflorado. An addfitfionafl factor fis that the smoke coufld be of 

dfifferent ages or from fires wfith dfifferent emfissfions of reactfive oxfidfized 

nfitrogen  (Lfindaas  et  afl.,  2021b). Sfingh  et  afl.  (2010) aflso  report  a 

PPN/PAN  of  0.10  (±0.01)  and  0.11  (±0.02)  for  smoke  fintercepted 

beflow 3 km fin the Caflfifornfia Centrafl Vaflfley durfing the Arctfic Research of 

the Composfitfion of the Troposphere from Afircraft and Sateflflfites (ARC-

TAS-CARB). Thfis fis sflfightfly flower than the ratfios reported by Lfindaas 

et  afl.  (2021a) and  thfis study of  0.14 and  0.17 for  flow/no-smoke and 

smoke-fimpacted  perfiods.  The  PPN/PAN  ratfio  aflso  depends  on  the 

orfigfinafl composfitfion of precursor gases, and these regfions have dfifferent 

domfinant anthropogenfic emfissfion profifles and bfiogenfic emfissfion rates. 

As shown fin Ffig. 6, HNO3 dfid not sfignfificantfly change between the 

two perfiods. Lfindaas et afl. (2021a) aflso noted no change fin HNO3 be-

tween smoke-fimpacted and flow/no-smoke perfiods. Many other studfies 

have aflso shown that HNO3 does not correflate wfith eflevated CO fin efither 

fresh or aged smoke pflumes (e.g., Yokeflson et afl., 2009; Aflvarado et afl., 

2010; Lfiu et afl., 2016; Akagfi et afl., 2011). Juncosa Caflahorrano et afl. 

(2021) provfides a summary of the NOy fin fresh and aged smoke pflumes 

sampfled durfing WE-CAN. The observatfions suggest that HNO3 accounts 

for ~60% of the totafl NOy measured fin smoke mfixed wfith urban emfis-

sfions  and  smoke  fintercepted  beflow  3  km. Juncosa  Caflahorrano  et  afl. 

(2021) excfluded sampfles taken over the Caflfifornfia Centrafl Vaflfley and 

Bofise, Idaho fin thefir anaflysfis. The observed hfigh percentage of HNO3 to 

NOy observed  durfing  WE-CAN  fis  consfistent  wfith  the  smoke-fimpacted 

data  for  Bofise,  where  the  average  PAN  to  HNO3 ratfio  fis  onfly  0.42. 

Sfingh et afl. (2010) aflso reported a flarge contrfibutfion (40%) of HNO3 to 

totafl NOy durfing the ARCTAS-CARB campafign smoke-fimpacted obser-

vatfions over the Caflfifornfia Centrafl Vaflfley. We are not abfle to conduct a 

sfimfiflar comparfison for totafl nfitrate (fi.e., gas HNO3 and aerosofl NO3
−) 

because the aerosofl mass spectrometer (AMS) on board the NSF/NCAR 

C-130 durfing WE-CAN was not coflflectfing observatfions durfing the ascent 

and decent perfiods. 

3.4. O3 and NO2 photoflysfis frequencfies 

Mean  mfixfing  ratfios  of  O3 were  sfignfificantfly  hfigher  (~13  ppb)  fin 

Bofise  durfing  smoke-fimpacted  perfiods  (Ffig.  7).  O3 fis  a  secondary 

poflflutant wfith a flfifetfime of ~5 days fin the Intermountafin West (Lu et afl., 

2016). Whfifle wfifldfires are a source of tropospherfic O3, O3 productfion fin 

wfifldfire smoke fis not fuflfly understood (Jaffe and Wfigder, 2012) and can 

vary substantfiaflfly wfith emfissfions, dfiflutfion rates, and other factors (Gong 

et  afl.,  2017).  Our  observatfions  are  consfistent  wfith  a  prevfious  study 

showfing O3 enhancements durfing smoke-fimpacted days fin Bofise from 

2006  to  2017  (McCflure  and  Jaffe,  2018b),  as  weflfl  as  the  U.S.-wfide 

anaflysfis  of Brey  et  afl.  (2021). McCflure  and  Jaffe  (2018b) found  that 

when PM fis very eflevated, O3 mfixfing ratfios pflateau or decflfine fin Bofise. 

The pattern fis not present fin the smaflfl subset of data we show here (see 

Ffig.  S2).  The  sflope  of  our  O3/CO  regressfion  flfine  fis  0.06  whfich  faflfls 

wfithfin the vaflues presented by Jaffe and Wfigder (2012) for the ≤1–2 

days  pflume  age  category. Lfindaas  et  afl.  (2021a) aflso  demonstrated 

hfigher O3 mfixfing ratfios durfing smoke-fimpacted perfiods fin the Coflorado 

Ffig. 6. (a) Boxpflots of HNO3, PAN, and PPN 

dfistrfibutfions observed fin the boundary flayer 

over Bofise under smoke-fimpacted (grey) and 

flow/no-smoke  (bflue)  condfitfions.  The  whfite 

flfine fin the boxes represents the medfian, the 

whfiskers  represent  the  5th  and  95th  per-

centfifles,  and  the  pofints  are  outflfiers  (1.5 

tfimes  the  finterquartfifle  range).  (b)  Correfla-

tfion  of  observed  PPN  and  PAN  fin  the 

boundary  flayer  over  Bofise  fin  smoke- 

fimpacted (grey) and “flow/no smoke” (bflue) 

condfitfions.  See Tabfle  S3 for  a  summary  of 

mean vaflues.   

Ffig.  7.Boxpflots  of  (a)  O3 and  (b)  NO2 photoflysfis  frequency  dfistrfibutfions 

observed  fin the boundary flayer over  Bofise under smoke-fimpacted  (grey) and 

flow/no-smoke (bflue) condfitfions separated by ascents and descents. The whfite 

flfine fin the boxes represents the medfian, the whfiskers represent the 5th and 95th 

percentfifles, and the pofints are the outflfiers (1.5 tfimes the finterquartfifle range). 

See Tabfle S3 for a summary of mean vaflues. 

E. Lfiflfl et afl.                                                                                                                                                                                                                                       



AtmospherficPoflflutfionResearch13(2022)101269

6

Front  Range  for  a  gfiven  temperature.  Durfing  our  study  perfiod,  tem-

perature fis not sfignfificantfly dfifferent between the smoke-fimpacted and 

flow/no-smoke perfiods. 

The “odd oxygen” (Ox) chemficafl famfifly can be defined to fincflude O3 
and mfinor specfies wfith whfich fit cycfles. Photoflysfis of NO2 domfinates O3 
productfion fin the troposphere, and thus O3 and NO2 are often examfined 

together. Here, we cannot specfificaflfly quantfify changes fin NO or NO2 
because these measurements were not reported durfing afircraft takeoff 

and  flandfing  perfiods.  However,  we  can  examfine  dfifferences  fin  the 

photoflysfis frequency of NO2 (JNO2). The mean JNO2 decreased by 37% 

durfing smoke-fimpacted perfiods. We aflso examfined NO2 photoflysfis rates 

fin the ascents and descents separatefly. The mean photoflysfis frequency of 

NO2 was hfigher durfing ascents than descents because the ascents prfi-

marfifly  occurred  from  mfidday  to  earfly  afternoon  (11:41  MST  -  15:00 

MST) whfifle the descents were typficaflfly flate afternoon to earfly evenfing 

(15:48  MST  -  20:43  MST). Lfindaas  et  afl.  (2021a) hypothesfized  a 

reductfion fin JNO2 coufld have contrfibuted to observed fincreases fin NO2 
fin the mornfing and evenfing of smoke-fimpacted perfiods fin the Coflorado 

Front Range. They dfid not measure actfinfic flux as part of that experfi-

ment, and our dataset does not quantfify NOx over Bofise so our abfiflfity to 

test thfis hypothesfis dfirectfly fis flfimfited. 

3.5. NMVOCs 

Ffig. 8 presents boxpflots of the dfistrfibutfion of VOCs fin the smoke- 

fimpacted  and  flow/no-smoke  datasets,  grouped  by  mean  abundance. 

The mean abundances of most VOCs are hfigher durfing smoke-fimpacted 

perfiods, but 95% statfistficaflfly-sfignfificant enhancements (denoted by *) 

are flargefly assocfiated wfith VOCs wfith flfifetfimes flonger than the transport 

tfime of the smoke (>1 day; e.g., propane and benzene) or VOCs wfith 

substantfiafl secondary productfion (e.g., acetafldehyde). 

The  mean  abundances  of  acetone,  methyfl  ethyfl  ketone  (MEK), 

acetafldehyde,  and  formafldehyde  (HCHO)  are  hfigher  fin  the  smoke- 

fimpacted  perfiods.  These  specfies  are  among  the  most  abundant  non- 

methane  organfic  carbon  (NMOC)  specfies  emfitted  from  wfifldfires  (Lfiu 

et afl., 2017; Permar et afl., 2021), and they are aflso produced secondarfifly 

fin smoke pflumes (Jost et afl., 2003; Trentmann et afl., 2003). Acetone and 

MEK have flonger flfifetfimes (fi.e., days to weeks) agafinst oxfidatfion by OH 

and photoflysfis (Atkfinson et afl., 2006; Brewer et afl., 2019). The prfincfipafl 

sfink of acetafldehyde fin smoke pflumes fis flfikefly reactfion wfith OH, wfith a 

flfifetfime  on  the  order  of  5  h  (Atkfinson  et  afl.,  2006).  Photoflysfis  fis  an 

addfitfionafl sflower sfink on the order of a few days (Sander et afl., 2006). 

The flfifetfime of HCHO agafinst these two sfinks fis shorter, on the order of 

hours (Pope et afl., 2005). 

The mean mfixfing ratfios of five hazardous afir poflflutants (HAPs) were 

determfined to be sfignfificantfly hfigher accordfing to a student’s t-test at 

Ffig. 8.Boxpflots of many (a) non-HAPs and (b) HAPs NMVOCs dfistrfibutfions observed fin the boundary flayer over Bofise under smoke-fimpacted (grey) and flow/no- 

smoke (bflue) condfitfions. The whfite flfine fin the boxes represents the medfian, the whfiskers represent the 5th and 95th percentfifles, the bflack pofints are outflfiers (1.5 

tfimes the finterquartfifle range), and * represents 95% statfistficafl sfignfificance between the smoke-fimpacted and flow/no-smoke fimpacted medfian vaflues. See Tabfle S3 for 

a summary of mean vaflues. 
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95%  confidence  when  Bofise  was  smoke-fimpacted:  benzene  (174% 

hfigher),  acroflefin  (238%  hfigher),  acetafldehyde  (103%  hfigher),  HCHO 

(84% hfigher), and HCN (92% hfigher). Eflevated benzene and acetaflde-

hyde mfixfing ratfios have been noted at other smoke-fimpacted flocatfions 

(Wentworth et afl., 2018). 

Usfing  the  fuflfl  WE-CAN  dataset, O’Deflfl  et  afl.  (2020) showed  that 

benzene, acroflefin, acetafldehyde, HCHO, and HCN flfikefly pose the flargest 

gas-phase HAPs heaflth rfisk fin smoke. Each of these specfies has dfifferent 

atmospherfic  flfifetfimes,  thus  concentratfions  evoflve  fin  smoke  pflumes 

dfifferentfly for each specfies. The smoke that was present fin Bofise ranged 

fin  age  from  approxfimatefly  1  to  3  days,  as  estfimated  usfing  Hybrfid 

Sfingfle-Partficfle Lagrangfian Integrated Trajectory modefl (HYSPLIT) tra-

jectory  sfimuflatfions  (see Tabfle  S2 and  assocfiated  methods  fin  the  SI). 

O’Deflfl  et  afl.  (2020) presented  ratfios  of  HAPs  to  sub-mficron  fine  par-

tficuflate matter (PM1) fin wfifldfire smoke because fine partficuflate matter 

fis  typficaflfly  used  as  a  smoke  tracer  fin  epfidemfioflogy  studfies  of  smoke 

exposure. Here, we compare ratfios of HAPs to PM2.5 observed durfing 

smoke-fimpacted perfiods fin Bofise. To compare HAPs to PM2.5 ratfios fin 

Bofise to those reported fin O’Deflfl et afl. (2020), whfich are to PM1 mass 

from the afircraft observatfions, we assume mass contrfibutfion from smoke 

partficfles wfith dfiameters between 1 and 2.5 μm fis negflfigfibfle. Bfian et afl. 
(2019) findficate partficfles of dfiameter 1–2.5 μm contrfibute <5% of totafl 
PM2.5 vofl fin smoke. The mean ratfio of HAPs to PM2.5 fin smoke-fimpacted 

afir over Bofise for acetafldehyde, acroflefin, benzene, and formafldehyde, 

respectfivefly, was 0.0819, 0.0046, 0.0295, and 0.0914. The medfian ra-

tfios  of  acetafldehyde,  acroflefin,  benzene,  and  formafldehyde  to  PM1 of 

smoke 1–3 days ofld, as reported by O’Deflfl et afl. (2020), were 0.0679, 

0.0051,  0.0326,  and  0.1209. Wfith  the exceptfion  of acetafldehyde, the 

HAPs to PM1 ratfios fin O’Deflfl et afl. (2020) were sflfightfly hfigher than the 

HAPs to PM2.5 ratfios fin Bofise. The mean abundances of tofluene, ethyfl-

benzene, xyflene, and n-hexane were aflfl hfigher durfing smoke-fimpacted 

perfiods, but these dfifferences were not sfignfificant. Thfis fis flfikefly due to 

both  thefir  shorter  atmospherfic  flfifetfimes  and  contrfibutfions  from 

anthropogenfic sources fin the Bofise regfion. 

Ffig. 9 compares the concentratfion of HAPs when Bofise was flow/no- 

smoke and smoke-fimpacted to mean concentratfions across seflect U.S. 

urban areas (Strum and Scheffe, 2016). The average amount of benzene, 

HCHO,  and  acetafldehyde  on  a  smoke-fimpacted  summer  afternoon  fis 

comparabfle fin magnfitude to the annuafl average amounts fin many flarger 

urban areas across the U.S. 

Lfindaas et afl. (2021a) presents the fimpact of aged wfifldfire smoke on 

atmospherfic composfitfion fin the Coflorado Front Range usfing data from 

summer 2015. Poflflack et afl. (2021) finvestfigates the fimpact of wfifldfire 

smoke on O3 and fits precursors fin Bouflder County from 2017 to 2019. 

Lastfly, McCflure  and  Jaffe  (2018a) examfine  hfigh-O3 events  resufltfing 

from wfifldfire smoke fin Bofise durfing 2017. Ffig. S3 compares the change 

fin  the  smoke-fimpacted  vs.  flow/no-smoke  mean  of  many  gas-phase 

specfies  fin  Bofise  to  that  prevfiousfly  documented  fin  these  studfies.  In 

Bofise, there fis a much flarger reflatfive change fin the concentratfions of the 

gas-phase specfies than fin the Front Range and Bouflder County durfing 

smoke-fimpacted perfiods. There are mufltfipfle potentfiafl expflanatfions for 

the  observed  dfifference  between  these  flocatfions.  The  first  fis  that  the 

Front  Range  fis  generaflfly more  finfluenced  by  anthropogenfic poflflutfion 

sources  than  Bofise.  Durfing  flow/no-smoke  days,  the  mfixfing  ratfios  of 

acetafldehyde,  acetone,  benzene,  tofluene,  ethyflbenzene,  o-xyflene,  and 

fisoprene were 226%, 81%, 128%, 524%, 738%, 1396%, and 51% hfigher 

respectfivefly  fin the Coflorado Front Range (Abeflefira et  afl., 2017) than 

durfing flow/no-smoke days fin summer 2015. The regfion fis finfluenced by 

emfissfions from ofifl and gas deveflopment fin addfitfion to traffic and fin-

dustrfiafl  sources  (Abeflefira  et  afl.,  2017; Poflflack  et  afl.,  2021;  (Gfiflman 

et afl., 2013). Another expflanatfion for the flarger reflatfive enhancements 

fin Bofise fis that Bofise was flocated cfloser to major wfifldfires fin 2018 than 

the Front Range fin 2015. 

4. Concflusfions 

Here we report on measurements of gas-phase specfies coflflected fin 

afircraft ascents and descents through the Bofise, ID boundary flayer. We 

cflassfify ascents and descents as smoke-fimpacted or flow/no-smoke usfing 

HCN and CH3CN, two flong-flfived tracers of bfiomass burnfing. The smoke 

was transported to Bofise from both flocafl fires fin Idaho as weflfl as from 

major fire compflexes fin Oregon and Caflfifornfia. These measurements are 

unfique because of thefir detafifled composfitfion finformatfion. 

Durfing  the  smoke-fimpacted  perfiods,  we  observed  a  sfignfificant  fin-

crease fin CO and VOCs wfith flfifetfimes flonger than the transport tfime of 

the smoke or sfignfificant secondary productfion. The mean mfixfing ratfios 

of five HAPs fincreased sfignfificantfly when Bofise was smoke-fimpacted, 

pushfing  the  concentratfions  of  HAPs  fin  Bofise  durfing  smoke-fimpacted 

perfiods  up  to  typficafl  average  concentratfions  fin  other  substantfiaflfly 

flarger U.S. urban areas. Consfistent wfith prfior studfies fin the regfion, when 

Bofise was fimpacted by smoke, there was a sfignfificant fincrease fin the 

mean mfixfing ratfios of O3, PAN, and PPN. We aflso observed a decrease fin 

jNO2. 

Wfifldfire smoke durfing 2018 fimpacted the atmospherfic composfitfion 

and  photochemfistry  across  much  of  the  U.S.  Mountafin west.  Wfifldfire 

smoke fis becomfing an fincreasfingfly fimportant source of afir poflflutfion for 

the western U.S., and decflfines fin afir quaflfity, such as those reported here, 

are flfikefly to be exacerbated by cflfimate change. 

Data avafiflabfiflfity 

Data  used  fin  thfis  study  are  pubflficfly  avafiflabfle  at https://data.eofl. 

ucar.edu/master_flfists/generated/we-can/and https://aqs.epa.gov/aqs 

web/afirdata/downfload_fifles.htmfl#Meta. 

Ffig. 9.Mean concentratfion of acetafldehyde, benzene, ethyflbenzene, tofluene, and formafldehyde fin varfious U.S. cfitfies (orange coflors) as weflfl as averages concen-

tratfions of these specfies measured durfing ascents and descents finto or out of Bofise on flow/no-smoke (bflue) and smoke-fimpacted days (grey). See Tabfle S3 for a 

summary of mean vaflues. 
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