N

© 0N O~ W

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

29
30

Changes in ozone and precursors during two aged wildfire smoke
events in the Colorado Front Range in summer 2015

Jakob Lindads Delphine K. Farmér llana B. Pollack? Andrew Abeleird, Frank Flock& Rob
Rosciolf, Scott Herndoh and Emily V. Fischér

! Colorado State University, Department of Atmospheric Science, Fort Collins, CO, USA
2 Colorado State University, Department of Chemistry, Fort Collins, CO, USA

% National Ceter for Atmospheric Research, Boulder, CO, USA

* Aerodyne Research Indillerica, MA, USA

Correspondence tdakob Lindaaglindaas@rams.colostate.edar Emily V. Fischer (evf@rams.colostate.edu)

Abstract. The relative importance of wildfire smoke for air quality over the western U.S. is expected to increase as the
climate warms and anthropogenic emissions decline. We repant itu measurements of ozone fjQa suite of volatile
organic compounds (VOCs), and reactive oxidized nitrogen species collected during summer 2015 at the Bould
Atmospheric Observatory (BAO) in Erie, CO. Aged wildfire smoke impacted BAO during two distinct time periods during
summer P15: 610 July and 18 30 August. The smoke was transported from the Pacific Northwest and Canada across
much of the continental U.S. Carbon monoxide and particulate matter increased during thérgraoted periods, along

with peroxyacyl nitrates anskveral VOCs that have atmospheric lifetimes longer than the transport timescale of the smoke
During the August smokenpacted period, nitrogen dioxide was also elevated during the morning and evening compared tc
the smokefree periods. There werégne empirically defined high @days during our study periat BAO, and two of these

days were smokampacted. We examined the relationship betwegmar@ temperature at BAO and found that & given
temperature, @mixing ratios were greater (~pbv) during the smokiempacted periods. Enhancements inddring the
August smokempacted period were also observed at two {@rgn monitoring sites in Colorado: Rocky Mountain National
Park anl the Arapahoe National Wildlife Refuge near Walden, CO. Our data provide a new case study of how aged wildfir
smoke can influence atmospheric composition at an urban site, and how smoke can contribute to incedasaethares

across an urbarural gradent.

Keywords. wildfire smoke, air quality, ozoné; situobservations, biomass burning

1 Introduction

Over the past 30 years, wildfires in the western U.S. have increased in both frequency and intensity, and this trefyd will lik

continue under futurelimate changéWesterling, 2016)Wildfire smoke can be transported over thousands of kilometers,
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and exposure to wildfire smoke has significant impacts on human Ki3itizli et al., 2006; Rappold et al., 2011; Elliott et
al., 2013) While U.S. emissions of most major air pollutants are decli(itigder et al., 2008)increasing fire activity

suggests that wildfires may have a greater relative impact on U.S. air quality in the\aduvkartin et al., 2015)

Ozone (Q) is formed when hydrocarbons are oxidized in the presence of nitrogen oxidgs (M@ + NG) and sunlight
(Sillman, 1999) Wildfires emit many trace gas spectéat contribute to tropospherics@roduction. Along with carbon
monoxide (CO), methane (G} and carbon dioxide (Gf) hundreds of different nemethane volatile organic compounds
(NMVOCs) with lifetimes ranging from minutes to montt#gtkinson and Arey, 2003are emitted during biomass burning
(Akagi et al., 2011; Gilman et al., 2013)ue to relatively large emissions of @O, CH, and NQ, the contribution of

VOCs to the total emissions from fires on a molar basis is small (<1%). However, VOCs dominate the OH reactivity ir
smoke plume¢Gilman et al., 2015)Recent obs®ations of the evolution of VOCs within aging smoke plumes indicate that
OH can be elevated in young biomass burning plufHebbs et al., 2003; Yokelson et al., 2009; Akagi et al., 2012; Liu et
al., 2016)in part due to the photolysis of oxygenated VQ®ssonet al., 2001) which make a large contribution to the

total emitted VOC maséStockwell et al., 2015)Elevated OH may reduce the lifetime of emitted VOCs andease

oxidation rates and potentiak@roduction.

Fires are also a major source of oxidized nitrogen; emissions from biomass and biofuel burning represent approximate
15% of total global NQemissiongJaegle et al., 2005)However, there are major uncertaintiesNO, emission estimates

from biomass burning, particularly at a regional s¢8iehreier et al., 2015NO, emissions depend on the nitrogen content

of the fuel(Lacaux et al., 1996; Giordano et al., 20&8)well as the combustion efficien@@oode et al., 2000; McMeeking

et al., 2009; Yokelson et al., 200Emitted NQ is quickly lost in the plume, either by conversion to HNMason et al.,
2001)or via PAN formation(Alvarado etal., 2010; Yates et al., 2018INGs is not often observed in plumes because it
either rapidly forms ammonium nitrate or is efficiently scavenged by other ae(@ablazadeh et al., 1998; Trentmann et

al., 2005)

There are multiple lines of observational evidence indicating that wildfiriseinvestern U.S. increase the abundance of
ground level @ Background @mixing ratios across the western U.S. are positively correlated with wildfire burned area
(Jaffe et al., 2008)and daily episodic enhancements nabground sites can be > 10 pplhw et al., 2016)There are well
documented case studies of within plumgp@duction(seeJaffe and Wigder (2012Heilman et al. (2014)and references
within) and time periodsvhere smoke contributed to exceedances of the U.S. EPA National Ambient Air Quality Standard
(NAAQS) for O;(Morris et al., 2006; Pfister et al., 2008urrently a maximum daily 8 hour average of 70 pidrey and
Fischer (2016)investigated the impacts of smoke on &undances acreshe U.S. via an analysis of routiive situ
measurements and NOAA satellite products.iThealysis demonstratetthat the presence of smoke is correlated with

higher Q mixing ratios in many areas tiie U.S., and that this correlation is not driven by temperature. Regions with the
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largest smokénduced Q enhancement(g.the southeast and Gulf coast) can be located substantially downwind of the

wildfires producing the most smoke.

Despite sevetaecent studies showing that smoke contributes to elevajetth€e have been relatively few detailed studies

of wildfire smoke mixing with anthropogenic air masses near the sui¥ameis et al. (2006emonstrated thamoke from
wildfires in Alaska and Canada exacerbated ozarikitpon in Houston during two days iuly 2004, but did not havie

situ measurements afther chemical species apart from. Gingh et al. (2012ysed aircraft measurements from summer
2008 over California to document significang €hancements in nitrogeith urban air masses mixed with smoke plumes.
Accompanying air quality simulations were not successful in capturing the mechanisms respantgibe enhancements.

In general, measurements of recursors are hard to make routinely. Instrumentation and calibration methods tend to be

time and labor intensive, and thus unpredictable wildfire smoke plumes and their effects on syafecep@ely sampled.

Here we present a case study of aged wildfire smoke mixed with anthropogenic pollution in the Colorado Front Range al
show its impact on atmospheric composition andThe Northern Colorado Front Rangegionviolates the NAAG for

05, and has been the focus of several recent stueligacDuffie et al., 2016; Abeleira et al., 201 Airst we describe the
research location and measurements. Next, we identify the smpketed time periods andéh@w the origin, approximate

age, and wide horizontal extent of the smoke plumes. We characterize significant changes in atmospheric composition w
respect to the two major classes afpecursors, VOCs and oxidized reactive nitrogen (NEinally, we pesent the impact

of smoke on @abundances during this period and discuss the underlying causes of this impact.

2 Measurements and Research Site

During summer 2015, we made measurements of a suite of trace gases at the Boulder Atmospheric Obser@jtory (BA
located north of Denver, CO, in the middle of the rapidly developing northern Colorado Front Range [40.050N, 105.010\
1584m ASL]. BAO has a history of atmospheric trace gas and meteorological measurements stretching back nearly fc
decadegKelly et al., 1979; Gilman et al., 2013pur research campaign from 1 Jiy7 September 2015 measured a suite

of O3 precursor species as well as several, M&dation products and greenhouse gases. The intended goal of the field
campaign was to improve our understanding of the compleyph@tochemistry in the Colorado Front Range and the
contributions of oil and naturgas activities as well as other anthropogenic emissions frdduction. All measurements

were made by instruments housed in two trailers located at the base of the BAO tower. Here we briefly describe ti

measurements used in this paper. Data are blaia https://esrl.noaa.gov/csd/groups/csd7/measurements/2015songnex/.

We measured CO and Gldt ~3 second time resolution with a commercial cavity-dogin spectrometer (Picarro, model

G2401)(Crosson, 2008)The inlet was located ® above ground leve&i(g.l), and aPTFE filter membrangith 1 !m pore
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size(Savillex) at the inlet was changed weekly. Laboratory instrument calibrations were performaaddppesttampaign

using three NOAA standard reference gada$py/www.esrl.noaa.gov/gmd/ccl/refgas.htmiSA06969, CB10166, and

CA08244). Field calibration was performed every 3 hours using high, low and middle reference gas mixtures (Scott Mari
Cylinder IDs CB1088, CB10897, CB10881Mixing ratios were calculated using the WMTH4-X2004 and WMGCO-

X2014 scales. The uncertainty associated with thg &1td CO data is estimated to be 6% and 12% respectively, and it was
estimated as the quadrature sum of measuremestsjpn, calibration uncertainty and uncertainty in the water vapor

correction.

A custom 4channel cryogeffiree gas chromatography (GC) systé®ive et al.,2005)was used to measure selected-non
methane hydrocarbons (NMHCS}; B C, halocarbonsalkyl nitrates (ANs), and oxygenated volatile organic compounds
(OVOCs) at suthourly time resolutionapproximately one sample every 45 noigs The inlet was located at 6 ang.l.with

a 1 Im pore sizeteflon filter. Ambient air foreachsample wagollected ancpre-concentrated over 5 minutesith a one
litre total sample volum@éA calibrated whole air mixture was sampled in the fieléraévery ten ambient samples to monitor
sensitivity changes and measurement precision. A full description of this instramketie associated uncertainties for

each detected specissprovided in(Abeleira et al., 2017)

Ozone data at BAO for this time period were provided by the NOAA Global Monitoring Division surface ozone network
(McClure-Begley et al., 2014; data available at aftp.cmdl.noaa.gov/data/SavwateOzone/BAO/)Ozone was measured

via UV-absorption using a commercial analyzer (Thei®etentific Inc., model 49), which is calibrated to the NIST standard
over the range ®200 ppbv and routinely challenged at the site. The inlet height was 6m a.g.l. on the BAO tower, locatec
about 50 feet from the two trailers, and measurements were reported at a 1 minute averaging interval with an estimated e
of 1%.

Nitrogen oxidegNO,"NO+NO,) and total reactive nitrogen (NDwere measured via NO3 chemiluminescence detection
(Kley and McFarland, 198Q0)sing a commercial analyzer (Teledyne, model 200EU). Two commercial converters, a 395 nm
-LED converter (Air QualityDesigns, Inc., model BLC) for chemicalbelective photolysis of NOto NO and a
molybdenum in stainless steel converter (Thermo Scientific Inc.) heated to 320 ¥%C for reductigntaMNRO were
positioned as close to the inlet tip as possible (<10 cn?)uf stainless steel particulate filter was affixed to the upstream
end of the molybdenum converter; otherwise no other filters were used. The analyzer switched between sampling from t
LED (NOy) converter and the molybdenum (NOy) converter every 10nsis¢c@and the LEDs were turned on (to measure
NO+NG;,) and off (to measure NO only) every minute. N@&as determined by subtraction of measured NO from measured
NO+NG, divided by the efficiency of the LED converter. All three species are reported on aeonsi®minute average
timescale. The detector was calibrated daily by standard addition of a known concentration of N@add&dle (Scott

Marrin Cylinder ID CB098J6), to synthetic ultrapure air. Both converters were calibrated with a known coincestfdO,

4



131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

151

152
153
154
155
156
157
158
159
160
161

generated via gas phase titration of the NO standard. ThehDnel was further challenged with a known mixing ratio of
nitric acid (HNQ)) generated using a permeation tube (Kintech, 30.5 + 0.8 ng/min at 40 ¥%C), which was used to confir
>90% conversion efficiency of HN@by the molybdenum convertddncertainties of £5% for NO, 7% for NOand +20%

for NOy are determined from a quadrature sum of the individual uncertainties associated with the detector, converters, a

calibration mixturesan LOD of 0.4 ppbv for all species is dictated by the specifications of the commercial detector.

Peroxyacyl nitrates (PANSs) were measured using the National Center for Atmospheric Research gas chromatograph with
electron capture detector (NCAR &LD) (Flocke et al., 2005)The instrument configuration was the same as was used
during the summer 2014 FRAPPE field campafgaragoza, 2016)The NCAR GCGECD analyzed a sample every five
minutes from a 6 ma.g.l.inlet with 1!m pore sizeteflon filter. A continuouslow acetone photolysis cell generated a known

quantityof PAN used to calibrate the system diaur intervals.

An Aerodyne dual quantum cascade laser spectrometeiused to measure Hh@cManus et al., 2011 he instrument
employed a prototype 400 m absorption cell for increased sensitivity during the first month of the campaign, after which
was replaced by a 157 m absorption cell. An active passivatien(Roscioli et al., 2016jvas used to improve the time
response of the measurement to ~0.75 s. This technique utilized a continuous injectid®@fppd of a passivating agent
vapor, nonafluorobutane sulfonic dcinto the inlet tip. The inlet tip was made of extruded perfluoroalkoxy Teflon (PFA),
followed by a heated, fused silica inertial separator to remove patrticles larger than 300 nm from the sample streat. The ir
was located 8 m a.g.l. with a 18 m heaszanpling line (PFA, 1/20 diameter OD) to the instrument. The system was

calibrated every hour by using a permeation tube that was quantified immediately prior to the measurement period.

3 Smoke Events

We observed two distinct smokapacted periods at BAQdentified by large enhancements in CO and fine aeroso} {PM
Figure 1 presents CO observations from BAO and fine particulate mattess)(Riiservations from the Colorado

Department of Public Health and Environment (CDPHE) CAMP air quality monitsiiagwww.epa.gov/airdaja located

in downtown Denver, approximately 35km south of BAO. ,RMas similarly elevated during the smeikepacted periods

at nine other CDPHE monitoring sites across t@elorado Front Rangd80OU, CASA, CHAT, COMM, FTCF, GREH, 125,
LNGM, NJH (not shown). For our analysis, we defined a July smigigacted period and an August smek®acted
period. The July smokinpacted period lasted for 4 days from 00 MDT 6 July 201B0t1DT 10 July 2015. The August
smokeimpacted period was significantly longer (~14 days). For the subsequent analysis, we combined three distinct wav
of smokeimpact in this 14 day period into one August smokpacted period: 00 MDT 16 August 208618 MDT 21

August 2015, 12 MDT 22 August 208518 MDT 27 August 2015, and 14 MDT 28 August 2689 MDT 30 August
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2015. We omitted the brief periods between these times from the analysis due to uncertainty on the influence of smo

during them. All other M&dd measurements were considered part of the srireleedata.

Figure 2 presents the extent of the presence of smoke in the atmospheric column during representativgpanteialays,

7 July and 21 August 2015. The NOAA Hazard Mapping System smokegmalghbow that the smoke events observed at
BAO were large regional events. The HMS smoke product is producedrogitigle NASA and NOAAsatelliteproducts

(Rolph et al., 2009)Smoke in the atmospheric column is detected using both visible and infrared imaadeiy fully
described irBrey et al. (2017)The extent of smoke plumes withthe HMS dataset represents a conservative estimate, and
no information is provided on the vertical extent or vertical placement of the pl&igase 2 also shows actinODIS fire
locations for the previous dgiglio et al., 2003; Giglio et al., 2006nd 5 dayNOAA Air Resources Laboratoriybrid

Single Particle Lagrangian Integrated Trajectory (HYSPIHagktrajectories initialized each hour of the day from BAO at
1000m above ground levébtein et al., 2015)Trajectories were run using the EDAS (Eta Data Assimilation System) 40 km

x 40 km horizontal resolution reanalysis prod(i€alnay et al., 1996)In total, Figure 2demongtates thathe smoke that
impacted BAO during both periods was transported from laxggemefire complexes in the Pacific Northwest and Canada,
with approximate transport timescales on the order of two to three Heyst Range surface temperatures weoé
anomalously high in July and August 2015 based on a comparison of reanalysis dhis: peribd to thel981 D 2010
climatology. Surface precipitation, surface relative humidity, and soil moisture in the Front Range were all lower than thi
referent period. The extreme fires in Washingama Idahowere associated with warmer and dryer than averagensum
temperatures in the Pacific NorthwéKtalnay et al., 1996)Creamean et al. (201@yovide a more detailedescription of
smoke transport and the sources of the aerosols associated with the Augusingpacked periodSummer 2015 was the
largest wildfire season in Washington, and the Okanogan Complex fire, which likely contributed to the smoke observed
BAO, was the largest fire complex in state history. Summer 2015 was also one of the largest fire seasons for northern Ida

with approximately 740,000 acres burned.

4 Observed Changes in Ozone and its Precursors
4.1 CO, CH4, and VOC Abundances

We quantifed CO, CH, and 40+ VOC species including-C,o nonmethane hydrocarbons (NMHCs);-C; halocarbons,

and several oxygenated species (methyl ethyl ketone, acetone, and acetaldehyde) at BAO. The focus of the BAO fit
intensive was to study the photochetmyisof local emissions from oil and gas developmeng.(Gilman et al., 2013;
Swarthout et al., 2013; Thompson et al., 204Heleira et al.2017), andthe GCsystemwas not set up tquantify species

with known large biomass burning emission ratiegy(hydrogen cyanide, acetonitrile, most oxygenated organic species)
(Akagi et al., 2011)The chromatograms were checked for HCN and acetonitrile peaks after the campaign but those peal

were not able to be idengf. In addition early campaign issues with the online multichannel gas chromatography system
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compromised the data for the July smoke period and thus we restrict our comparison of VOCs ifregnadesus smoke
impacted periods to a comparison betwee®36 August, theAugust smokémpacted periodand 24 Julyp16 August, the
smokefree period The brief smokédree times during 1® 30 August (denoted by white between the red shading in Figure
1) were not included in either period since it is diffidoltdetermine whether they were smékgpacted. GC measurements
were made approximately eve4$ minutes and we compared 251 measurements of VOCs during the Augustfsriokie

to 583 measurements during the smiéee period.A statistical summary oflaVOC measurements for eagleriod is

available in Table S1 in the supplement.

In this section, we describe significant changes in VOC abundances and notable exceptions. The HYSPLIT trajectori
(Figure 2) suggest that the age of the smoke impattimdrront Range during the August smalaziod was 23 days. We
observed enhancements in the abundances of CQ),a@H VOCs with lifetimes longer than the transport time of the smoke,
with the exception of some alkanes that have a large background catioerit the Front Range due to emissions from oll
and gas production. Tee of thealkenes we quantified (isoprene, ethene, and propene) were generally near the limit of
detection during the August smgekapacted period, although notably -@dutene abndances were not changed.
Significant differences were not observed in the four oxygenated VOCs quantified betweerirspaiked and smokizee

periods.

Meanhourly CO mixing ratios were significantly enhancley 223 ppbv, 0170%during the July smokénpacted period

and by 92 ppbv, or70%, during the August smokienpacted period (Figure 1). This enhancement was present across the
diurnal cycle (Figure 3) and laoth smoke periods displayedhégherrange of CO mixing ratiosJ@ly: 127 B 639 ppbv,
August: 101 B 529 ppbv, smokefree: 72 B 578 ppbv). The two smoke periods differad their sourcedires, length, and
meterology, with higheraverage CO anBM, s measurements the July smoke period-igure 3. Average enhancements

of CH, weresimilar for bothperiods (July: 52 ppbv, August: 50 ppbv, or ~ 2.5% incredde)hane has a relatively high
background at BAO due to large emissions of,@i nearby Weld County from livestock production and oil and gas
developmentPZtron et al., 2014; TownseSanall et al., 2016)Taken together, the larger background of;@Hd the large

local sources of ClHin the Front Range served to mute the impact ofAthgust smoke on overall GHabundances. The
diurnal cycle of CH did not change during the smoekapacted period as compared to the smibke period and we
observed a similar range of mixing ratios (~1,848,360 ppbv) in the both smofre and smokémpacted periods. We

note several large spiké&s CH, on the order of minutes during theigustsmokeimpacted period, but we do not believe
that these are related to the presence of smoke because they were not correlated with similar excursions iAN) and P
and exhibited strong correlations with propane and other tracers of oil and gas and other anthropogeniDaettoitthe
availability of valid data, the rest of the discussion on VOC composition will focus on changes during the August smoke

impaced period.



228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

Similar to CO, ethane has an atmospheric lifetime on the order of a month during summertimiasatuaés(Rudolph and
Ehhalt, 1981)rnd is emitted by wildfirefAkagi et al., 2011)However, average ethane mixing ratios were not higher during
the August smokémpacted period compared to the smdilee period. One potential reason for this may be the large local
sources of alkanes from oil and natugas activities within the Denvdulesberg Basin which contribute to relatively high
local mixing ratios of these speciéSilman et al., 2013; Swarthout et al., 2013; Thompson et al., 2014; Abeleira et al.,
2017) The range of ethane mixing ratios observed at BAO was also not different betweerfreadRe3- 337 ppbv) and
smoke-impacted periods (362 ppbv) Similarly, we did not observe significant changes in most of th€s&alkanes we
measured Figure 3 show there were two exceptions to the general alkalpgervations 2-methylhexane showed a
significant decrease in average abundan@ptv or-45%) and 3nethylhexane showed a significant increase (63 pptv or
75%) during the smokenpacted period, despite both having similar sméile® abundances and similar rate constants for

reaction withthe hydroxyl radical(OH; kop~ 7 x 13%cm® molec* 7).

The atmospheric lifetimes of the four alkenes we quantified (isoprene, prateeee, and cig-butene) range from tens of
minutes to hoursSurprisingly,we observed significant decreases in the abundance of isoprene, propene and ethene durir
the August smokémpacted periodompared to the smoKeee period -64% (143 pptv),-77% (39 pptv), and81% (206

pptv) respectivelyfor summary statistics séable 1) The shape of the diurnal cycles did not charijgufe S), though
propene and ethene were near their respective limits of detection for the majority of each day during then sactde
period.Given the short lifetimes of these species, this indicates that the presence of theigneokecal anthropogeniar
biogenic emissions of these species, or their respective rates of oxidation by OH \Wie Qresent several potential
mechanisms here, but we do not have sufficient information to determine if one of these is solely responsible for the patte

we obsered.

Our first hypothesis is that fewer anthropogenic emissions of these alkenes drove the observed decreases in alk
abundances. However, there is no evidence that anthropogenic emissions were different during the Augimpagielle
period. Specificlly, the August smokémpacted period encompassed both weekdays and weekends and did not contain any
state or federal holidays. Therefore we move to our second hypothesis, that changes in the biogenic emissions of alke
accounted for the decreased alkeniging ratios.lsoprene is widely known to be emitted byoad leaf vegetation, and
emission rates angositively correlated withight and temperaturéGuenther et al.2006) Recent measurements quantified
ethene and propene emissions from a ponderosa pine forest near Colorado Springs, CO, witkdaity ifitgg1t and
temperature dependence similar to isopréRieew et al., 2017)Interestingly, emissions and mixing ratios of ethene and
propene were not céely correlated with isoprene within the diurnal cycle, indicating they have different vegetative/soil
sources than isoprene at that site. Ponderosa pine stands are present in the foothills on the western edge of the plains i
Front Range, and seversdecies of broad leaf trees are present along waterways, in urban areas, and in the foothills of thi

region. Thus, biogenic sources of ethene, propene, and isoprene in the region around BAO are reasonable. Given the Au

8
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smokeimpacted period was on aege colder than the smokee period, and potentially saw a reduction in photosynthetic
active radiation (PAR) at the surface due to the increased number of aerosols, it is possible that biogenic emissions
isoprene, ethane, and propene were supprebagever, biogenic fluxes of these compounds are unavailable for the region
around BAO during summer 2015, and extrapolating emissions from one ponderosa pine stand to the rest of the Front Ra
may be overly ambitious. Further, we note that a PMF aisabyshe VOC data from this site did produce a Obiogenic factorO
dominated by isoprene, but with negligible contribution of any other hydrocarbon, suggesting that the biogenic component
these G-C; alkenes was smalAbeleira et al., 2017)Thus, while the hypothesis that smoke suppressed biogenic emissions

remains feasible, we will consider other potential causes for the observed decrease in alkene abundances.

The alkenes we measured all have high reactivities with respect to OH (>'8 mdlec' cm® s) and Q (> 0.1 x 16’

molec! cm® s) (Atkinson and Arey, 2003Enhancementis OH abundances have been inferiredildfire smoke plumesy

several studiee.g.Akagi et al. (2012)Hobbs et al. (2003)Liu et al. (2016) Yokelson et al. (2009)If the August smoke
impacted period was characterized by higher than normal OH mixing ratios, then a third hypothesis is that the observ
decreases in alkene abundances could be due to a higher oxidation rate by OH due to higher OH concentratiens. How
other measured VOCs such agytene or methylcyclohexane have similar OH reactivities to etfatiénson and Arey,

2003) and we do not see associated decreasesguindances of these other VOCs. Thtig hypothesis ofncreased
oxidation by OH causinglecreased alkene abundances in the August smoke penat supported by thiill suite of

measurementat BAO.

Lastly, we move on to our final hypothesis. Alkernesre much higher rates of reaction with tBan the other VOCs we
guantified. As we will demonstrate in Section 4.3, the August sAmRacted period was characterized by highgr O
abundances than would otherwise be expected. Therefore, the fourth higorthasding decreased alkene abundances is
that enhanced alkene oxidation by decreased the observed mixing ratios. Two factors complicate this hypothesis though.
First, we do not observe a negative relationship betweean® alkene abundance during ttmokefree time periods (i.e.
increased ©Qis not correlated with decreased alkenes when no smoke is present). Second, despite having a higher react

rate with Q compared to propene and ethene,2kutene does not decrease during the August stimopacted period.

After careful consideration, there is no strong evidence supporting any of these four hypotheses over the others (suppres
anthropogenic emissions, suppressed biogenic emissions, increased OH, incgeakidd @bssible that more than one of
these processes could have contributed to the observation of decreased alkene abundances during-lireg 2Awgekt
smokeinfluenced period. Future field campaigns and modeling work are necessary to understaodnhoon suppressed

alkene abundances may be in smokpacted airmasses, and what processes might control this phenomenon.
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The only alkyne measured was ethyne. Ethyne is emitted by wildAtemi et al., 2011and has a fetime of ~1 month
during summer. We observed a significant increase in the abundance of ethyne during the Augushpantée period.
These enhancements were small in absolute mixing ratio (0.163 ppbv), but represented a large percentage increase (6

and were consistently present throughout the day.

It is well known that wildfires produce carcinogenic aromatic hydrocarbons including befzenet al., 2014)During the
smokeimpacted periods, we obsexV significantly enhanced benzene throughout the day with an average increase of 0.117
ppbv and a percentage increase of 67%. These enhancements followed the pattern of CO and ethyne; there were consi
increases throughout the day and the diurnal cseti@ined its shape. Wildfires also produce toluéfent et al., 2014)
however, it has a substantially shorter lifetime (< 2 days) than benzene (~12 days). Toluene showed no significant change:
its mean nixing ratio, diurnal cycle, or range of values measured at BAO during the smpketed periods. The other

aromatic hydrocarbons we quantifiedXg@lene and ethybenzene) also did not change significantly.

As mentioned in Section 1, oxygenated VOCs erdtted by wildfires and make a large contribution to the total emitted
VOC mass in wildfire smokéStockwell et al., 2015)Additionally they are produced as oxidatiintermediategAtkinson

and Arey, 2003) Acetaldehyde, acetone, and methyl ethyl ketone (MEK) showed no consistent changes in their abundance
diurnal cycles, or range during the smeékegpacted period compared to the smditee period. Small increases in average
acetone (~350 pptv) and MEK 150 pptv) mixing ratios during late afternoon and evening hours were not statistically

significant.

Given the diversity of emission sources across the northern Colorado Front Range, previous studies of atmosphe
composition at BAO have noted a strorepdndence of VOC composition on wind direct{tron et al., 2012; Gilman et

al., 2013). Recent housing development and oil and gas production surrounding the BAO site have made analyses based
wind direction more challenging in recent yed@kécDuffie et al., 2016) Importantly for our analysis, we found that the
statistically significant changes in all species during the srmogacted periods occurred across all wind directions. Figure

4 shows this for twaeepresentativepecies: benzene and BN@Ve also did not find statistically significant changes in wind
direction or wind speed patterns between srioke and smokémpacted periods. Thusve attribute the changes in

atmospheric composition during the Asgsmokeimpacted period to the presence of smoke.

4.2 Reactive Oxidized Nitrogen (NOy) Species

Peroxyacyl nitratesind HNQ were successfully measured from 10 Jbly September and alkyl nitrates were measured
from 24 Julyb 30 August. Thus we reportggiificant changes in these species for the August srimopacted period only.
We observed significant enhancements in both peroxyacetyl nitrate (PAN) and peroxypropionyl nitrate (PPN) during th

August smokémpacted period. PAN and PPN abundances wersistemtly elevated across the day by an average of 183
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and 22 pptv respectively, corresponding to a ~100% change for both species. The peak of each diurnal cycle was shifted Ii
in the day by about-8 hours for the smokenpacted period. This cannot becounted for merely by the shift in the timing

of solar noon given that the total decrease in daylight between 10 July and 30 August is ~PHeoGr® C, alkyl nitrates
measured at BAO exhibited similar behavjargethyl nitrate and ethyl nitrate saw average enhancements during the August
smoke period of 1.2 and 0.77 pptv, 41% and 31% respectively, though the average mixing ratios of these species are smi
by an order of magnitude compared to other alkyl rgajuantified. Propyl pentyt, and butylnitrate did not display
significant changes in their average mixing ratio, though we observed a similar shift in the peak of their diurnal 2ytles of
hours. We did not observe significant changes in the abeedasf HNQ. There were no changes to the diurnal cydle

HNO; or the range of mixing ratios observed.

NO and NQ measurements were made during the entire campaign, PJuBeptember 2015, so both the July and August
smokeimpacted periods were anabd with respect to potential changes in,NRO was present in the same abundances
between the two periods and showed the same diurnal cycle during the Augustirapadted period as compared to the
smokefree period (Figure 5). During the July smekepacted period the morning builth of NO was slower than the
smokefree period, though the mixing ratios were within the range of srfrekevalues anthe duration othe Julysmoke

impactedperiodwas much shorter #m theAugust smokémpacted period.

Figure 5 shows that NCabundances exhibited more significant charthas NQ During the July smokémpacted period,
NO,was within the range of smoKkee measurementin contrast N@during the August smokinpacted period followed

the same diurnal cycle but had pronounced significant increases in average mixing ratios during the morning and eveni
hours of ~8 ppbv (1%) following sunrise and 3 ppbv (60%) following sunset. These emdthpeak abundances appeared
during multiple days during the August smeakgpacted periodOut of 7 morning peaks in NQluring the August smoke
impacted period, 3 had concurrent toluene and ethyne p@ales.of these days occurred on a weekend, and tresot
occurred on weekday3oluene and ethyne are common tracers of traffic/industrial emissions. However, 4 of the days did
not have corresponding ethyne and toluene peaks. Thus, we canOt rule out that traffic did not impact some, of the M
enhancements avobserved, however there is also likely another contributing mechanism. There are a few potentia
hypotheses for a netnaffic relatedNO, enhancement during the August smoke period. One hypothesis is that the photolysis
frequency (Joz) was most impacte(l.e. reduced) by the smoke near sunrise and sufisether hypothesis concerns the
equilibrium between PAN and NOThe thermal decomposition of PAN can be a source of (8thgh and Hanst, 1981)

but the concurrently observed PAN abundandasng the August smokienpacted periodcan only account for at most 1

ppbv of additionaNO,. However there could have beesignificantly higher PAN abundances in the smoke plume prior to

reaching BAOso this hypothesis for theO, enhancementsannot be fully ruled outWe do not have measurements of
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other reactive nitrogen species (e.g. HONO, CINNGO;, and NOs) to testother potential hypothesedor a different

chemical mechanism to explain thesebved N@ enhancements.

4.3 Ozone

As discussed in the introduction, wildfire smoke has been found to produséthih plumes and to be correlated with
enhanced surfacez;n areas to which it is advected. The total amount P&t location is a conlgx combination of the
relative abundances of VOCs and j@eteorological conditions supporting locaj @roduction, and the amount of;O
present in the air mass before local production. In this seeti®escribe the significant increases ynddringboth smoke
impacted periods, show that these enhancements were most likely not due to changes in meteorological conditions, i
discuss evidence pointing to whether these changes may be due to enhanced local production or trapgpoduufe®

within the smoke plume.

Figure 5d shows that there were significant increases; imig€ing ratios during nighttime and midday during the August
smokeimpacted period compared to the average shfidediurnal cycle. The means@ixing ratio across all hours of the
day was 6 ppbv (14%) larger during the August srrokgacted period than the smekee period (Figure 6), significant at
the 99% confidence level based on a-samnple difference of meansest. There were no signifiot changes in the average
O3 mixing ratios during the July smolmpacted period (Figure 5a). The average mixing ratioad@®ing the July smoke
impacted period was not greater than absolute average during the-fseeokeriod (Figure 5a). However, discussed in

Section 2, this period in particular was much colder on average than the-Be®keriod.

O; mixing ratiosgenerally increase with temperature, and this relationship has been attribegaetal specific processes
including 1) warm andbften stagnant antiyclonic atmospheric conditions that are conducive ¢fo@nation, 2) warmer air
temperatures that reduce thietime of PAN, releasing N® and 3) lower relative humidity that reduces the speed of
termination reactions to thes@roduction cycle(Jacob et al., 1993; Camalier et al., 20®Bfecific to the Front Range,
Abeleira and Farmer (2017) show that ozone in in this region has a temperature dependence, but it is smaller than other U.S.
regions, consistent with the smaller local biogenic VOC emissions compared to many other locations in the eastern U.S.
Finally, there is an additional meteorological factor in the Front Range that can impact the temperature dependence of ozone.
Gusty westerly winds are often associated witthitemperatures, and these winds serve to weaken or eliminate cyclical
terraindriven circulations that normally enhan©g mixing ratiosacross the Front Rangeigure 6 presents hourly average
O3 and temperature at BAO and shows a positive relationship betweandQemperature for both the smefkee period
and August smokénpacted periodThe increase in £mixing ratios during the August smok®apacted period compared to
the snokefree period is present across the entire range of comparable temperBtersame resuls apparenturing the
July smokeperiod, wherefor comparable temperaturdhe July smokgeriod has higher £than would be expected from

the O-temperature relationship during the smdtee period. Across both smcokapacted periods and for a given
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temperature, the magnitude of the increase in averagea®10 = 2 ppbv. This was calculated as the mean difference
between medians within dat¢emperature bin weighted by the total number of hourly measurements within each bin. The
weighted standard deviation was calculated in the same way. The magnitude of this difference is greater than the aver:
difference in means between the sméle® G mixing ratios and the August smekapacted period because there were
several periods during the July and August srrokgacted period where air temperatures were colderG) han most
observations during the smcekee period. Thus the lower;Mnixing ratios associated with these smak@acted periods

(e.g.~ 20- 40 ppbv) were not included in the weighted difference in medians since there were not commensuraitesmoke

O3 measurements at those same temperatures.

In addition to a positive relathship with surface temperature, elevategirOthe western U.S. has also been found to be
correlated withmonthly averageb00 hPa geopotential heights, 700 hPa temperaturesswafacewind speedson an
interannualbasis(Reddy and Pfister, 2016WWe tested thelay-to-day variability in therelationship between £and these
meteorological variableduring our study period usingpbservations from the 0Z and 127 atmospheric soundings conducted

in Denver http://mesonet.agron.iastate.edu/archive/raobhe positive relationships between MDA8 @nd 700 mb

temperature, 0 mb geopotetial height, and surface winds are very weak,=R0.04, and R= 0.08, and R= 0.0009
respectivelyThus,we did not find any evidence to support the hypothesis that differences in meteorological conditions were

solely responsible for theignificant differences in compositiam O; that we observed during the smeakgpacted period.

To determine if a change in synoptic scale transport in ssimpacted versus smoKeee periods could have contributed to
different abundances, we performed-m&ans cluster analysis on-A@ur HYSPLIT back trajectories. The trajectories were
calculatedusing the methods described above, and initiated each hour at 2000 m a.g.l. from BAO. We chose to initialize tr
trajectories at 2000 m a.g.l so that fewer trajectories intersect the ground in the Rocky Mountains. Trajectorieslare unlike
to capture theomplex circulationsg.g.potential Denver Cyclones or up/down slope winds) characteristic of summertime in
the Front Range, but they should capture synoptic scale air mass motionsmBagak analysis clustered each trajectory
into a predetermined numbef clusters by minimizing the distance between each trajectory and its nearest neighbor; this
technique has been used to classify air mass history in air quality sthttiedy et al., 1998)We found 4 predominate
trajectory clusters during our study period: northwesterly flow, westerly flow, southwesterly flow, and local/indeterminate
flow (Figure ). We then compared afternoon (12ENMPM MDT) hourly O; measurements separated by trajectory cluster
and binned by temperature between the snfde period and the August smekepacted period. Most hours during the
August smokeémpacted period were associated with northwesterly flow and wedfthe same enhancement ig for a

given temperature when comparing smak@acted observations to smekee observations assigned to this cluster as we
found for the complete dataset (Figuresa®d6). Thus we conclude that potential changes irdfven by synoptic scale

transport conditions cannot account for the observgeh®ancements during the August smakeacted period at BAO.
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Following the definition iCooper et al., 2012ve define a Ohigh; dayO as any day in our study period with at least one
hour above the $5percentile(71.75 ppbv)of all 11amb4pm MDT hourly averag®; measurements during the campaign.

We found 9 individual high @days during our study period, of which 2 occdrdrring the August smokienpacted period
(Figure 7). Thetotal number of high ©days is lower than normal for the same time period in previous ysamse stated
above, highO; during the Augustsmoke period was not a result of abnormal meteorologarébles such as higher than
normal temperatures. The lower portion of Figure 7 again shows that maximum daily temperatures during the smok
impacted periods were the same as or lower than maximum daily temperatures during théreamp&eod.Denver
cyclones and ifbasin wind patternsan alsacontribute toO; production and reirculation in the Front Range (s8ellivan

et al. (2016)Vu et al. (2016)xand references within). We examined surface wind observatittps/fmesowest.utah.ejlon

the 2 highO; days during the smoke impacted period: 20 August and 25 August. There is no evidence of the establishme
of Denver Cyclones on either of these d&ysllivan et al. (2016point out that thermally driven recirculation can manifest
as a secondary increase@j at suface sites. We did observe a secondary maxima at 17:00 MT on 25 August, but this

feature was not present on 20 August.

Several Front Range Oz monitors recorded elevated ozone during the August smoke-impacted period. Specifically, the
maximum daily 8-hour average O3 mixing ratio at Aurora East exceeded 75 ppbv on 21 August. This was the first highest
maximum for this station for summer 2015. The second highest maximum for summer 2015 coincided with the August
smoke-impacted period at Fort Collins West, Greely, La Casa, Welby and Aurora East. The third highest maximum for
summer 2015 coincided with the August smoke-impacted period at Aurora East, South Boulder Creek, Rocky Mountain

National Park, and Fort Collins — CSU.

The presence of smoke was not always associated with high absolute abundancasBAQ. The July smokempacted
period and most of the days in the August smoke periochatihave maximum hourly mixing ratios greater than th& 95
percentile. However, it is important to note that many of these days did have hightaur@ances than would otherwise be
expected given their temperatures (see Figure 6). Therefore we conclude that the presence of wildfire smokeldontribute
higher Q mixing ratios than would otherwise be expected during the two smoke events we samglétat during 2 of

these days the smoke contributed to an empirically defined OkitayO.

As mentioned in the Introductiomjildfire smoke can produce;Within the plume as it is transporteas well asontribute

to O; photochemistryoy mixing additionalprecursorsnto surface air masseBo assesthe possibilityof Os production with

the plumewe analysechourly O; measurements from twational Park Service (NPS) Air Resources Divisibtig(//ard
request.airesource.com/data.agpmeasuremeribcationsthat are locatedutside the polluted Front Range urban corridor
The Rocky Mountain National Park lottgrm monibring site (ROMO; 40.27780N, 105.54530W, 2743 meters A.S.L.) is

located on the east side of the Continental Divide antbaated with the Interagency Monitog of Protected Visual
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Environments (IMPROVE) and EPA Clean Air Status and Trends Network (CASTNet) monitoring sites. Front Range ail
masses frequently reach this site during summer afterr(8amedict et al., 2013)'he Arapahoe National Wildlife Refuge
long-term monitoring site (WALD; 40.88220N, 106.30610W, 2417 meters A.S.L.) near Walden, Colorado, is a rura
mountain valley site witlvery little influence from anthropogenic emissiomsese two sites follow a rougirban to rural
gradient from primarily influenced by anthropogenic emissions (BAO), to sometimes influenced thyomogenic
emissions (ROMO), to very little influence froamthropogenic emissions (WALD¥igure 8 shows that the August smeke
impacted period produced increases ig rixing ratios across all three siteéd/hen comparingall data for a given
temperature, there aserage weightednhancements of 102ppbv, D * 2 ppbv, and6 = 2 ppbv Qat BAO, ROMO and

WALD respectively. @enhancements across all three sites, across an approximate urban to rural gradient, suggest that so
amount of the @enhancement observed at BAO during the August srimopacted period is the result of;@roduction

within the plume during transi©; during the July smokampacted periodn Figure 8shows a different pattern. As we saw

in Figure 6,03 is enhanced above the level predicted by the ambiemeterture at BAOBuUt no statistically significant
enhancements are observed at ROMO and WALD for the July simgeeted periodOne possibly reasdor this nuance

is that based on the HMS smoke product shown in Figuiti Jess obvious that smoke was present at RGMOWALD

during the Julysmokeimpacted period.

One measure dbcal production of @is the ozone production efficiency (OPE). OPE is calculated as the slope of the
relationship between £and NQ (= NO, DNO,) (Trainer et al., 1993)OPE is ameasure othe number of molecules @f;

that are produceteforea given NQ moleculeis oxidized To calculateOPE we used one minute;@nd NQ data in 30
minute chunks from 12PM5PM MDT. The slopes were calculated using a reduced major axis regression (package Imodel:
for R software) and only OPE values corresponding to%am ®3were retainedWe donot find any significant differences

in average calculate@PEbetween the smokienpacted(8 + 3 ppbv/ppbvand smokéree periods{ + 3 ppbv/ppby. Thus

from the OPE perspective it does not appear there weretamges in the local productiafficiency of O; due to the
presence omoke. On the other hand, we documented many changes to the atmospheric compoSiipreotirsors,
particularly with respect to CO, benzene, ethyne, the alkenes, and PRANisionally the smoke may added many O
precursors that we were not settapneasureg.g many OVOCs)Due to the nonlinear nature of Ghemistry the different

mix of precursors could haveaused enhanced loca} Production, depressed locak @roduction, or had no effect on local

O3 production.Taken together, the observations do not suggest a single mechanism that describes smoke influgnce on O
Front Range airmasses during theseecsteidies. Instead, the observations point to the presence of smoke resulting in a
complex array of processes that will require more detailed observations and chemical trandpbimgto clearly identify

and quantify.
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5 Conclusions

Here we report a time series of detailed-ghase ground measurements in the northern Colorado Front Range during
summer 2015. Clear anomalies in CO and,Pkhowed that aged wildfire smoke was present at gréesred duing two

distinct periods (@10 July and 1830 August) for a total of nearly three out of the nine weeks sampled. This smoke from
wildfires in the Pacific Northwest and Canada impacted a large area across much of the central and western U.S., and \
several days old when it was sampled in Colorado. This wildfire smoke mixed with anthropogenic emissions in the Fron
Range, resulting in significant changes in the abundances ah@®many of its precursor species. Our measurements are
unique because of ihe length of time we sampled this smeék®acted anthropogenic air mass, and 2) the detailed

composition information that was collected.

During the smokémpacted periods we observed significantly increased abundances of GQar@Hseveral VOCs with

OH oxidation lifetimes longer than the transport time of the smoke. We measured significant decreases in several of the m
reactive alkene species, indicating possible enhanced oxidation processes occurring locally. Mixing ratios of peroxyac
nitrates ad some alkyl nitrates were enhanced and peak abundances were delayetdyrs but there was no significant
change in HN@mixing ratios or its diurnal cycle. During the longer August smiakeacted period we observed significant
increases in N@mixing ratios just after sunrise and sunset. We did not observe any consistent shifts in wind direction o
changes in wind speed that can explain the observed changes in comgesitidiigure 4)and the changes in abundances
that we observed for a givenespes were generally present across all directions and speeelsmoke was ubiquitous
across the Front Range as evidenced by enhanced ®MCAMP (Figure 1) an@ otherFront Range CDPHE monitoring

sites.

We observed significantly enhanced &undanceat BAO of about 10 ppbvor a given temperature during both smeke
impacted periods. The enhancements during the August spawkel led to very high surface;@velson several dayout

of 9 high G; days at BAO during our study periodw2re during the August smokmpactedperiod These enhancements
were not due to higher temperatures, nor anomalous meteorological conditions. We found evidenmeddic@d within

the smoke plume during transétnd danges irthe observed abundances of mayprecursordndicated that the smoke
may have impactebbcal O; productionas well Future modéing work and additional observational studies are needed in

order to fully address the question of howch Q the smokeroduced and how ¢hanged local @production.

It is important to note that the presence of smoke does not always result inglei@; labundances. Many other factors
contribute to the overall level of surfacg,@nd smoke can also be associated veltatively lowO; at times, such as during
the July smoke evertescribedabove This case study describes two distinct smoke ewehere the presence of smoke

likely increasedO; abundances above thosgpected by coincident temperaturbewever, we do not intend to claim that
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all high G; episodes in the Front Range are caused lgkermor that smoke will always cause higher than expected O
Each smoke event has unique characteristics and thus it is important to study and characterize more events such as the

the future.

Wildfire smoke during these time perioiis2015most Ikely impacted atmospheric composition and photochemistry across
much of the mountain west and great plains regions of the U.S. Given the BAO, Rocky Mountain and Walden resear:
locations span an urbanral gradient as well as a large altitudinal gradié@nis likely that both rural and urban locations
impacted by this smoke could have experienced enhangéev&ls. Additionally, the Pacific Northwest wildfires that
produced this smoke were among the most extreme in that regionOs history. We knoldfitest ave increasing in both
frequency and intensity throughout the western U.S. due to climate ¢laantthus wildfire smoke events such as this one

will likely play an increasinglyproblematicrolein U.S. air quality.
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Figure 1. Top panel: Time series of hourly PM,s concentrations for the CDPHE CAMP air quality monitoring site
(www.epa.gov/airdata) located in downtown Denver (39.75’, -104.98"). Bottom panel: Time series of hourly CO mixing ratios at the
Boulder Atmospheric Observatory (BAO: 40.05°, -105.01"). Red shading denotes periods during which smoke is present at BAO.
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Figure 2. Representative days during each smoke period observed at the Boulder Atmospheric Observatory (BAO: blue square).
NOAA Hazard Mapping System (http://www.ssd.noaa.gov/PS/FIRE/) smoke polygons are plotted in dark grey shading with
MODIS fire locations (http://modis-fire.umd.edu/index.php) from the previous day plotted as red triangles. The thin black lines
show HYSPLIT 120 hour back trajectories from the BAO site initiated at 1000 m a.g.l. for each hour of the day plotted. Yellow
cross hatches display the location of each trajectory 48 hours back and orange cross hatches indicate the 72 hour location. The
green points show the location of the Rocky Mountain National Park and Walden measurement locations.
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Figure 3. Significant changes (two sided Student’s t-test, 90% confidence interval) in hourly averaged mixing ratios of a subset of
species measured at BAO between smoke-free periods and the 16 - 30 August smoke period. Significant increases during smoke-
impacted periods compared to smoke-free periods are shown in red, significant decreases are in blue.
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812 Figure 4. 95th percentiles of all hourly average measurements of a) benzene and b) NO, during the smoke-free period (in black)
813 and the August smoke-impacted period (in red), as a function of wind direction.
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Figure 5. Average diurnal cycles in MDT of O3z and oxidized reactive nitrogen species at BAO. Panels a), b), and c) compare
average diurnal cycles from smoke-free time periods (black) to average diurnal cycles from the July smoke-impacted period
(orange). Panels d) — h) show average diurnal cycles during the August smoke-impacted period (red) to the same average diurnal
cycles from smoke-free periods (black). Grey shading indicates plus and minus one standard deviation. PAN and HNO;
measurements were not available during the July smoke-impacted period. Solar noon on 1 July 2015 was at 1:03 PM, solar noon
on 7 September was 2015 was at 12:57 PM.
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Figure 6. Hourly O3 data from BAO plotted against hourly temperature data show a positive correlation between temperature and
O3 abundances for the smoke-free time periods in grey and both smoke-impacted periods (July in orange and August in red).
Overlaid are boxplots (5th, 25th, 50th, 75th, and 95th percentiles) for each 5 °C bin. On the left normalized histograms of the
hourly O; data are plotted, with all smoke-free measurements in black, and all hourly measurements made during the July smoke-
impacted period in orange and August smoke-impacted period in red.
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827

828 Figure 7. Maximum hourly average O; mixing ratios for each day at BAO plotted in black with maximum daily temperature at
829 BAO in blue. Red boxes denote days that exceed the 95" percentile of all hourly average O3 mixing ratios between 11am — 4pm
830 MDT. Black boxes pinpoint these same days in the temperature timeseries.
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832 Figure 8. Hourly O; versus temperature for a) BAO, b) the Rocky Mountain National Park long-term monitoring site (ROMO),
833 and c) the Arapahoe National Wildlife Refuge long-term monitoring site near Walden, CO (WALD). Plotted here are all hourly
834 data, with boxplots showing standard percentiles of 5 °C binned O3 data the same as was shown in Figure 6.
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Table 1. Summary of alkene statistics at the Boulder Atmospheric Observatory during the smoke-free period and the August
smoke-impacted period in summer 2015.
& Standard deviation in parentheses
" Indicates statistically significant change in mean during August sinoacted period as compared to the smivke
period

Smokefree period August smokempacted period
Compound min median | meanf max min median | meart max
ethene 0.001 | 0.2 0.253(0.212) 1.94 0.001 0.001 0.0464 (0.128) 0.918
propene 0.002 | 0.041 0.051 (0.04) 0.41 0.002 0.008 0.011 (0.012) 0.086
cis-2-butene 0.001 | 0.018 0.0236 (0.0292)| 0.345 | 0.001 0.014 0.023 (0.07) 1.08
isoprene 0.003 | 0.141 0.223 (0.268) | 2.02 0.001 0.048 0.0804(0.114) 1.16
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