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Abstract. The relative importance of wildfire smoke for
air quality over the western US is expected to increase as
the climate warms and anthropogenic emissions decline.
We report on in situ measurements of ozone (O3), a suite
of volatile organic compounds (VOCs), and reactive ox-
idized nitrogen species collected during summer 2015 at
the Boulder Atmospheric Observatory (BAO) in Erie, CO.
Aged wildfire smoke impacted BAO during two distinct time
periods during summer 2015: 6–10 July and 16–30 Au-
gust. The smoke was transported from the Pacific North-
west and Canada across much of the continental US. Car-
bon monoxide and particulate matter increased during the
smoke-impacted periods, along with peroxyacyl nitrates and
several VOCs that have atmospheric lifetimes longer than the
transport timescale of the smoke. During the August smoke-
impacted period, nitrogen dioxide was also elevated during
the morning and evening compared to the smoke-free peri-
ods. There were nine empirically defined high-O3 days dur-
ing our study period at BAO, and two of these days were
smoke impacted. We examined the relationship between O3
and temperature at BAO and found that for a given tem-
perature, O3 mixing ratios were greater (∼ 10 ppbv) during
the smoke-impacted periods. Enhancements in O3 during the
August smoke-impacted period were also observed at two
long-term monitoring sites in Colorado: Rocky Mountain
National Park and the Arapahoe National Wildlife Refuge
near Walden, CO. Our data provide a new case study of how
aged wildfire smoke can influence atmospheric composition

at an urban site, and how smoke can contribute to increased
O3 abundances across an urban–rural gradient.

1 Introduction

Over the past 30 years, wildfires in the western US have
increased in both frequency and intensity, and this trend
will likely continue under future climate change (Westerling,
2016). Wildfire smoke can be transported over thousands of
kilometers, and exposure to wildfire smoke has significant
impacts on human health (Künzli et al., 2006; Rappold et al.,
2011; Elliott et al., 2013). While US emissions of most major
air pollutants are declining (Pinder et al., 2008), increasing
fire activity suggests that wildfires may have a greater rela-
tive impact on US air quality in the future (Val Martin et al.,
2015).

Ozone (O3) is formed when hydrocarbons are oxidized
in the presence of nitrogen oxides (NOx =NO+NO2) and
sunlight (Sillman, 1999). Wildfires emit many trace gas
species that contribute to tropospheric O3 production. Along
with carbon monoxide (CO), methane (CH4), and carbon
dioxide (CO2), hundreds of different non-methane volatile
organic compounds (NMVOCs) with lifetimes ranging from
minutes to months (Atkinson and Arey, 2003) are emitted
during biomass burning (Akagi et al., 2011; Gilman et al.,
2015). Due to relatively large emissions of CO2, CO, CH4,
and NOx , the contribution of VOCs to the total emissions
from fires on a molar basis is small (< 1 %). However, VOCs
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dominate the OH reactivity in smoke plumes (Gilman et al.,
2015). Recent observations of the evolution of VOCs within
aging smoke plumes indicate that OH can be elevated in
young biomass burning plumes (Hobbs et al., 2003; Yokelson
et al., 2009; Akagi et al., 2012; Liu et al., 2016) in part due
to the photolysis of oxygenated VOCs (Mason et al., 2001),
which make a large contribution to the total emitted VOC
mass (Stockwell et al., 2015). Elevated OH may reduce the
lifetime of emitted VOCs and increase oxidation rates and
potential O3 production.

Fires are also a major source of oxidized nitrogen; emis-
sions from biomass and biofuel burning represent approx-
imately 15 % of total global NOx emissions (Jaegle et al.,
2005). However, there are major uncertainties in NOx emis-
sion estimates from biomass burning, particularly at a re-
gional scale (Schreier et al., 2015). NOx emissions depend
on the nitrogen content of the fuel (Lacaux et al., 1996;
Giordano et al., 2016) as well as the combustion efficiency
(Goode et al., 2000; McMeeking et al., 2009; Yokelson et al.,
2009). Emitted NOx is quickly lost in the plume, either by
conversion to HNO3 (Mason et al., 2001) or via PAN forma-
tion (Alvarado et al., 2010; Yates et al., 2016). HNO3 is not
often observed in plumes because it either rapidly forms am-
monium nitrate or is efficiently scavenged by other aerosols
(Tabazadeh et al., 1998; Trentmann et al., 2005).

There are multiple lines of observational evidence indicat-
ing that wildfires in the western US increase the abundance
of ground-level O3. Background O3 mixing ratios across the
western US are positively correlated with wildfire burned
area (Jaffe et al., 2008), and daily episodic enhancements in
O3 at ground sites can be > 10 ppbv (Lu et al., 2016). There
are well-documented case studies of within-plume O3 pro-
duction (see Jaffe and Wigder, 2012; Heilman et al., 2014,
and references within) and time periods where smoke con-
tributed to exceedances of the US EPA National Ambient Air
Quality Standard (NAAQS) for O3 (Morris et al., 2006; Pfis-
ter et al., 2008), currently a maximum daily 8 h average of
70 ppbv. Brey and Fischer (2016) investigated the impacts of
smoke on O3 abundances across the US via an analysis of
routine in situ measurements and NOAA satellite products.
Their analysis demonstrated that the presence of smoke is
correlated with higher O3 mixing ratios in many areas of the
US, and that this correlation is not driven by temperature.
Regions with the largest smoke-induced O3 enhancements
(e.g., the southeast and Gulf Coast) can be located substan-
tially downwind of the wildfires producing the most smoke.

Despite several recent studies showing that smoke con-
tributes to elevated O3, there have been relatively few de-
tailed studies of wildfire smoke mixing with anthropogenic
air masses near the surface. Morris et al. (2006) demonstrated
that smoke from wildfires in Alaska and Canada exacerbated
ozone pollution in Houston during 2 days in July 2004, but
did not have in situ measurements of other chemical species
apart from O3. Singh et al. (2012) used aircraft measure-
ments from summer 2008 over California to document sig-

nificant O3 enhancements in nitrogen-rich urban air masses
mixed with smoke plumes. Accompanying air quality simu-
lations were not successful in capturing the mechanisms re-
sponsible for these enhancements. In general, measurements
of O3 precursors are hard to make routinely. Instrumentation
and calibration methods tend to be time and labor intensive,
and thus unpredictable wildfire smoke plumes and their ef-
fects on surface O3 are sparsely sampled.

Here we present a case study of aged wildfire smoke
mixed with anthropogenic pollution in the Colorado Front
Range and show its impact on atmospheric composition and
O3. The Northern Colorado Front Range region violates the
NAAQS for O3, and has been the focus of several recent stud-
ies (e.g., McDuffie et al., 2016; Abeleira et al., 2017). First
we describe the research location and measurements. Next,
we identify the smoke-impacted time periods and show the
origin, approximate age, and wide horizontal extent of the
smoke plumes. We characterize significant changes in atmo-
spheric composition with respect to the two major classes of
O3 precursors, VOCs and oxidized reactive nitrogen (NOy).
Finally, we present the impact of smoke on O3 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 Observatory
(BAO), located north of Denver, CO, in the middle of
the rapidly developing northern Colorado Front Range
(40.05◦ N, 105.01◦W; 1584 m a.s.l.). BAO has a history
of atmospheric trace gas and meteorological measurements
stretching back nearly 4 decades (Kelly et al., 1979; Gilman
et al., 2013). Our research campaign from 1 July–7 Septem-
ber 2015 measured a suite of O3 precursor species as well as
several NOx oxidation products and greenhouse gases. The
intended goal of the field campaign was to improve our un-
derstanding of the complex O3 photochemistry in the Col-
orado Front Range and the contributions of oil and natural
gas activities as well as other anthropogenic emissions to
O3 production. All measurements were made by instruments
housed in two trailers located at the base of the BAO tower.
Here we briefly describe the measurements used in this paper.
Data are available at https://esrl.noaa.gov/csd/groups/csd7/
measurements/2015songnex/.

We measured CO and CH4 at ∼ 3 s time resolution
with a commercial cavity ring-down spectrometer (Picarro,
model G2401; Crosson, 2008). The inlet was located 6 m
above ground level (a.g.l.), and a PTFE filter membrane
with 1 µm pore size (Savillex) at the inlet was changed
weekly. Laboratory instrument calibrations were performed
pre- and post-campaign using three NOAA standard ref-
erence gases (http://www.esrl.noaa.gov/gmd/ccl/refgas.html;
CA06969, CB10166, and CA08244). Field calibration was
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performed every 3 h using high, low and middle reference
gas mixtures (Scott Marin Cylinder IDs CB10808, CB10897,
CB10881). Mixing ratios were calculated using the WMO-
CH4-X2004 and WMO-CO-X2014 scales. The uncertainty
associated with the CH4 and CO data is estimated to be 6
and 12 % respectively, and it was estimated as the quadrature
sum of measurement precision, calibration uncertainty and
uncertainty in the water vapor correction.

A custom four-channel cryogen-free gas chromatography
(GC) system (Sive et al., 2005) was used to measure se-
lected non-methane hydrocarbons (NMHCs), C1–C2 halo-
carbons, alkyl nitrates (ANs), and oxygenated volatile or-
ganic compounds (OVOCs) at sub-hourly time resolution;
approximately one sample every 45 min. The inlet was lo-
cated at 6 m a.g.l. with a 1 µm pore size Teflon filter. Ambient
air for each sample was collected and pre-concentrated over
5 min, with a 1 L total sample volume. A calibrated whole
air mixture was sampled in the field after every 10 ambi-
ent samples to monitor sensitivity changes and measurement
precision. A full description of this instrument and the asso-
ciated uncertainties for each detected species is provided in
(Abeleira et al., 2017).

Ozone data at BAO for this time period were provided by
the NOAA Global Monitoring Division surface ozone net-
work (McClure-Begley et al., 2014; data available at ftp.
cmdl.noaa.gov/data/ozwv/SurfaceOzone/BAO/). Ozone was
measured via UV absorption using a commercial analyzer
(Thermo Scientific Inc., model 49), which is calibrated to
the NIST standard over the range 0–200 ppbv and routinely
challenged at the site. The inlet height was 6 m a.g.l. on the
BAO tower, located about 50 ft (∼ 15 m) from the two trail-
ers, and measurements were reported at a 1 min averaging
interval with an estimated error of 1 %.

Nitrogen oxides (NOx ≡NO+NO2) and total reactive
nitrogen (NOy) were measured via NO–O3 chemilumines-
cence detection (Kley and McFarland, 1980) using a com-
mercial analyzer (Teledyne, model 200EU). Two commer-
cial converters, a 395 nm LED converter (Air Quality De-
signs, Inc., model BLC) for chemically selective photolysis
of NO2 to NO and a molybdenum in stainless steel converter
(Thermo Scientific Inc.) heated to 320 ◦C for reduction of
NOy to NO, were positioned as close to the inlet tip as pos-
sible (< 10 cm). A 7 µm 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 the LED (NOx) converter and the
molybdenum (NOy) converter every 10 s, and the LEDs were
turned on (to measure NO+NO2) and off (to measure NO
only) every minute. NO2 was determined by subtraction of
measured NO from measured NO+NO2 divided by the ef-
ficiency of the LED converter. All three species are reported
on a consistent 2 min average timescale. The detector was
calibrated daily by standard addition of a known concen-
tration of NO, NIST-traceable (Scott-Marrin Cylinder ID
CB098J6), to synthetic ultrapure air. Both converters were

calibrated with a known concentration of NO2 generated via
gas phase titration of the NO standard. The NOy channel
was further challenged with a known mixing ratio of nitric
acid (HNO3) generated using a permeation tube (Kintech,
30.5± 0.8 ng min−1 at 40 ◦C), which was used to confirm
> 90 % conversion efficiency of HNO3 by the molybdenum
converter. Uncertainties of±5 % for NO,±7 % for NO2, and
±20 % for NOy are determined from a quadrature sum of the
individual uncertainties associated with the detector, convert-
ers, and calibration mixtures; a limit of detection of 0.4 ppbv
for all species is dictated by the specifications of the com-
mercial detector.

Peroxyacyl nitrates (PANs) were measured using the Na-
tional Center for Atmospheric Research gas chromatograph
with an electron capture detector (NCAR GC-ECD; Flocke
et al., 2005). The instrument configuration was the same as
was used during the summer 2014 FRAPPE field campaign
(Zaragoza, 2016). The NCAR GC-ECD analyzed a sample
every 5 min from a 6 m a.g.l. inlet with 1 µm pore size Teflon
filter. A continuous-flow acetone photolysis cell generated a
known quantity of PAN used to calibrate the system at 4 h
intervals.

An Aerodyne dual quantum cascade laser spectrometer
was used to measure HNO3 (McManus et al., 2011). The
instrument employed a prototype 400 m absorption cell for
increased sensitivity during the first month of the campaign,
after which it was replaced by a 157 m absorption cell. An
active passivation inlet (Roscioli et al., 2016) was used to
improve the time response of the measurement to ∼ 0.75 s.
This technique utilized a continuous injection of 10–100 ppb
of a passivating agent vapor, nonafluorobutane sulfonic acid,
into the inlet tip. The inlet tip was made of extruded per-
fluoroalkoxy Teflon (PFA), followed by a heated, fused sil-
ica inertial separator to remove particles larger than 300 nm
from the sample stream. The inlet was located 8 m a.g.l. with
a 18 m heated sampling line (PFA, 1/2 in. diameter OD) to
the instrument. The system was calibrated every hour by us-
ing a permeation tube that was quantified immediately prior
to the measurement period.

3 Smoke events

We observed two distinct smoke-impacted periods at BAO,
identified by large enhancements in CO and fine aerosol
(PM2.5). Figure 1 presents CO observations from BAO and
fine particulate matter (PM2.5) observations from the Col-
orado Department of Public Health and Environment (CD-
PHE) CAMP air quality monitoring site (www.epa.gov/
airdata), located in downtown Denver, approximately 35 km
south of BAO. PM2.5 was similarly elevated during the
smoke-impacted periods at nine other CDPHE monitor-
ing sites across the Colorado Front Range: BOU, CASA,
CHAT, COMM, FTCF, GREH, I25, LNGM, NJH (Fig. S1
in the Supplement). For our analysis, we defined a July
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Figure 1. Top panel: time series of hourly PM2.5 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 Atmo-
spheric Observatory (BAO: 40.05′,−105.01′). Red shading denotes
periods during which smoke is present at BAO.

smoke-impacted period and an August smoke-impacted pe-
riod. The July smoke-impacted period lasted for 4 days
from 00:00 MDT 6 July 2015 to 00:00 MDT 10 July 2015.
The August smoke-impacted period was significantly longer
(∼ 14 days). For the subsequent analysis, we combined three
distinct waves of smoke impact in this 14-day period into one
August smoke-impacted period: 00:00 MDT 16 August 2015
to 18:00 MDT 21 August 2015, 12:00 MDT 22 August 2015
to 18:00 MDT 27 August 2015, and 14:00 MDT 28 August
2015 to 09:00 MDT 30 August 2015. We omitted the brief
periods between these times from the analysis due to uncer-
tainty on the influence of smoke during them. All other valid
measurements were considered part of the smoke-free data.

Figure 2 presents the extent of the presence of smoke in the
atmospheric column during representative smoke-impacted
days, 7 July and 21 August 2015. The NOAA Hazard Map-
ping System smoke polygons show that the smoke events ob-
served at BAO were large regional events. The HMS smoke
product is produced using multiple NASA and NOAA satel-
lite products (Rolph et al., 2009). Smoke in the atmospheric
column is detected using both visible and infrared imagery
and is fully described in Brey et al. (2017). The extent of
smoke plumes within the HMS dataset represents a conser-
vative estimate, and no information is provided on the ver-
tical extent or vertical placement of the plumes. Figure 2
also shows active MODIS fire locations for the previous
day (Giglio et al., 2003, 2006) and 5-day NOAA Air Re-

sources Laboratory Hybrid Single Particle Lagrangian In-
tegrated Trajectory (HYSPLIT) back trajectories initialized
each hour of the day from BAO at 1000 m above ground
level (Stein et al., 2015). Trajectories were run using the
EDAS (Eta Data Assimilation System) 40 km× 40 km hor-
izontal resolution reanalysis product (Kalnay et al., 1996).
In total, Fig. 2 demonstrates that the smoke that impacted
BAO during both periods was transported from large ex-
treme fire complexes in the Pacific Northwest and Canada,
with approximate transport timescales of the order of 2–3
days. Front Range surface temperatures were not anoma-
lously high in July and August 2015 based on a comparison
of reanalysis data for this period to the 1981–2010 clima-
tology. Surface precipitation, surface relative humidity, and
soil moisture in the Front Range were all lower than this
referent period. The extreme fires in Washington and Idaho
were associated with warmer and drier than average sum-
mer temperatures in the Pacific Northwest (Kalnay et al.,
1996). Creamean et al. (2016) provide a more detailed de-
scription of smoke transport and the sources of the aerosols
associated with the August smoke-impacted period. Sum-
mer 2015 was the largest wildfire season in Washington, and
the Okanogan Complex fire, which likely contributed to the
smoke observed at BAO, was the largest fire complex in state
history. Summer 2015 was also one of the largest fire seasons
for northern Idaho, with approximately 740 000 acres burned.

4 Observed changes in ozone and its precursors

4.1 CO, CH4, and VOC abundances

We quantified CO, CH4, and 40+ VOC species including
C2–C10 non-methane hydrocarbons (NMHCs), C1–C2 halo-
carbons, and several oxygenated species (methyl ethyl ke-
tone, acetone, and acetaldehyde) at BAO. The focus of the
BAO field intensive was to study the photochemistry of lo-
cal emissions from oil and gas development (e.g., Gilman
et al., 2013; Swarthout et al., 2013; Thompson et al., 2014;
Abeleira et al., 2017), and the GC system was not set up to
quantify species with known large biomass burning emission
ratios (e.g., hydrogen cyanide, acetonitrile, most oxygenated
organic species; Akagi et al., 2011). The system did not have
a mass spectrometer online, and the calibration standards
did not contain HCN and acetonitrile. Thus the detection of
these species was not possible. In addition, early campaign
issues with the online multichannel gas chromatography sys-
tem compromised the data for the July smoke period and thus
we restrict our comparison of VOCs in smoke-free versus
smoke-impacted periods to a comparison between 16–30 Au-
gust, the August smoke-impacted period, and 24 July–16 Au-
gust, the smoke-free period. The brief smoke-free times dur-
ing 16–30 August (denoted by white between the red shading
in Fig. 1) were not included in either period since it is dif-
ficult to determine whether they were smoke-impacted. GC
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(a) (b)

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 gray 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 h back trajec-
tories 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 h back and orange cross-hatches indicate the 72 h 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.

measurements were made approximately every 45 min and
we compared 251 measurements of VOCs during the August
smoke period to 583 measurements during the smoke-free
period. A statistical summary of all VOC measurements for
each period is available in Table S1 in the Supplement.

In this section, we describe significant changes in VOC
abundances and notable exceptions. The HYSPLIT trajecto-
ries (Fig. 2) suggest that the age of the smoke impacting the

Front Range during the August smoke period was 2–3 days.
We observed enhancements in the abundances of CO, CH4,
and VOCs with lifetimes longer than the transport time of
the smoke, with the exception of some alkanes that have a
large background concentration in the Front Range due to
emissions from oil and gas production. Three of the alkenes
we quantified (isoprene, ethene, and propene) were generally
near the limit of detection during the August smoke-impacted
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period, although notably cis-2-butene abundances were not
changed. Significant differences were not observed in the
four oxygenated VOCs quantified between smoke-impacted
and smoke-free periods.

Mean hourly CO mixing ratios were significantly en-
hanced by 223 ppbv, or 170 % during the July smoke-
impacted period and by 92 ppbv, or 70 %, during the Au-
gust smoke-impacted period (Fig. 1). This enhancement
was present across the diurnal cycle (Fig. 3) and both
smoke periods displayed a higher range of CO mixing ra-
tios (July: 127–639 ppbv; August: 101–529 ppbv; smoke-
free: 72–578 ppbv). The two smoke periods differed in their
sources fires, length, and meteorology, with higher aver-
age CO and PM2.5 measurements in the July smoke period
(Fig. 1). Average enhancements of CH4 were similar for
both periods (July: 52 ppbv; August: 50 ppbv; or ∼ 2.5 % in-
crease). Methane has a relatively high background at BAO
due to large emissions of CH4 in nearby Weld County from
livestock production and oil and gas development (Pétron
et al., 2014; Townsend-Small et al., 2016). Taken together,
the larger background of CH4 and the large local sources of
CH4 in the Front Range served to mute the impact of the
August smoke on overall CH4 abundances. The diurnal cy-
cle of CH4 did not change during the smoke-impacted pe-
riod as compared to the smoke-free period and we observed
a similar range of mixing ratios (∼ 1840–3360 ppbv) in the
both smoke-free and smoke-impacted periods. We note sev-
eral large spikes in CH4 of the order of minutes during the
August smoke-impacted period, but we do not believe that
these are related to the presence of smoke because they were
not correlated with similar excursions in CO and PANs, and
exhibited strong correlations with propane and other tracers
of oil and gas and other anthropogenic activity. Due to the
availability of valid data, the rest of the discussion on VOC
composition will focus on changes during the August smoke-
impacted period.

Similar to CO, ethane has an atmospheric lifetime of
the order of a month during summertime at mid-latitudes
(Rudolph and Ehhalt, 1981) and is emitted by wildfires
(Akagi et al., 2011). However, average ethane mixing ra-
tios were not higher during the August smoke-impacted pe-
riod compared to the smoke-free period. One potential rea-
son for this may be the large local sources of alkanes from
oil and natural gas activities within the Denver–Julesberg
Basin which contribute to relatively high local mixing ra-
tios of these species (Gilman 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 between smoke-free (0.3–337 ppbv) and
smoke-impacted periods (1–362 ppbv). Similarly, we did not
observe significant changes in most of the C3–C9 alkanes
we measured. Figure 3 shows there were two exceptions
to the general alkane observations: 2-methylhexane showed
a significant decrease in average abundances (−39 pptv or
−45 %) and 3-methylhexane showed a significant increase

(63 pptv or 75 %) during the smoke-impacted period, despite
both having similar smoke-free abundances and similar rate
constants for reaction with the hydroxyl radical (OH; kOH
∼ 7× 1012 cm3 molec−1 s−1).

The atmospheric lifetimes of the four alkenes we quan-
tified (isoprene, propene, ethene, and cis-2-butene) range
from tens of minutes to hours. Surprisingly, we observed
significant decreases in the abundance of isoprene, propene
and ethene during the August smoke-impacted period com-
pared to the smoke-free period: −64 % (−143 pptv), −77 %
(−39 pptv), and −81 % (−206 pptv) respectively (for sum-
mary statistics see Table 1). The shape of the diurnal cycles
did not change (Fig. S2), though propene and ethene were
near their respective limits of detection for the majority of
each day during the smoke-impacted period. Given the short
lifetimes of these species, this indicates that the presence of
the smoke changed either local anthropogenic or biogenic
emissions of these species, or their respective rates of oxida-
tion by OH or O3. We present several potential mechanisms
here, but we do not have sufficient information to determine
whether one of these is solely responsible for the pattern we
observed.

Our first hypothesis is that fewer anthropogenic emissions
of these alkenes drove the observed decreases in alkene abun-
dances. However, there is no evidence that anthropogenic
emissions were different during the August smoke-impacted
period. Specifically, the August smoke-impacted period en-
compassed both weekdays and weekends and did not con-
tain any state or federal holidays. Therefore we move to our
second hypothesis, that changes in the biogenic emissions
of alkenes accounted for the decreased alkene mixing ratios.
Isoprene is widely known to be emitted by broad leaf vegeta-
tion, and emission rates are positively correlated with light
and temperature (Guenther et al., 2006). Recent measure-
ments quantified ethene and propene emissions from a pon-
derosa pine forest near Colorado Springs, CO, with an inter-
daily light and temperature dependence similar to isoprene
(Rhew et al., 2017). Interestingly, emissions and mixing ra-
tios of ethene and propene were not closely correlated with
isoprene within the diurnal cycle, indicating they have dif-
ferent vegetative/soil sources than isoprene at that site. Pon-
derosa pine stands are present in the foothills on the western
edge of the plains in the Front Range, and several species
of broad leaf trees are present along waterways, in urban ar-
eas, and in the foothills of this region. Thus, biogenic sources
of ethene, propene, and isoprene in the region around BAO
are reasonable. Given the August smoke-impacted period
was on average colder than the smoke-free period, and po-
tentially saw a reduction in photosynthetic active radiation
(PAR) at the surface due to the increased number of aerosols,
it is possible that biogenic emissions of isoprene, ethene, and
propene were suppressed. However, biogenic fluxes of these
compounds are unavailable for the region around BAO dur-
ing summer 2015, and extrapolating emissions from one pon-
derosa pine stand to the rest of the Front Range may be overly
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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.

Smoke-free period August smoke-impacted period

Compound min median meana max min median meana max

etheneb 0.001 0.2 0.253 (0.212) 1.94 0.001 0.001 0.0464 (0.128) 0.918
propeneb 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
isopreneb 0.003 0.141 0.223 (0.268) 2.02 0.001 0.048 0.0804 (0.114) 1.16

a Standard deviation in parentheses. b Indicates statistically significant change in mean during August smoke-impacted period as compared to
the smoke-free period.

ambitious. Further, we note that a positive matrix factoriza-
tion analysis of the VOC data from this site did produce a
“biogenic factor” dominated by isoprene, but with negligi-
ble contribution of any other hydrocarbon, suggesting that
the biogenic component of these C2–C3 alkenes was small
(Abeleira et al., 2017). Thus, while the hypothesis that smoke
suppressed biogenic emissions remains feasible, we consider
other potential causes for the observed decrease in alkene
abundances below.

The alkenes we measured all have high reactivities
with respect to OH (> 8× 1012 molec−1 cm3 s) and O3
(> 0.1× 1017 molec−1 cm3 s; Atkinson and Arey, 2003). En-
hancements in OH abundances have been inferred in wildfire
smoke plumes by several studies (e.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 hypothe-
sis is that the observed decreases in alkene abundances could
be due to a higher oxidation rate by OH due to higher OH
concentrations. However, other measured VOCs such as o-
xylene or methylcyclohexane have similar OH reactivities to
ethene (Atkinson and Arey, 2003), and we do not see associ-
ated decreases in abundances of these other VOCs. Thus, the
hypothesis of increased oxidation by OH causing decreased
alkene abundances in the August smoke period is not sup-
ported by the full suite of measurements at BAO.

Lastly, we move on to our final hypothesis. Alkenes have
much higher rates of reaction with O3 than the other VOCs
we quantified. As we will demonstrate in Sect. 4.3, the Au-
gust smoke-impacted period was characterized by higher O3
abundances than would otherwise be expected. Therefore,
the fourth hypothesis regarding decreased alkene abundances
is that enhanced alkene oxidation by O3 decreased the ob-
served mixing ratios. Two factors complicate this hypothesis
though. First, we do not observe a negative relationship be-
tween O3 and alkene abundance during the smoke-free time
periods (i.e., increased O3 is not correlated with decreased
alkenes when no smoke is present). Second, despite having a
higher reaction rate with O3 compared to propene and ethene,
cis-2-butene does not decrease during the August smoke-
impacted period.

After careful consideration, there is no strong evidence
supporting any of these four hypotheses over the others (sup-
pressed anthropogenic emissions, suppressed biogenic emis-
sions, increased OH, increased O3). It is possible that more
than one of these processes could have contributed to the ob-
servation of decreased alkene abundances during the 2-week-
long August smoke-influenced period. Future field cam-
paigns and modeling work are necessary to understand how
common suppressed alkene abundances may be in smoke-
impacted air masses, and what processes might control this
phenomenon.

The only alkyne measured was ethyne. Ethyne is emit-
ted by wildfires (Akagi et al., 2011) and has a lifetime of
∼ 1 month during summer. We observed a significant in-
crease in the abundance of ethyne during the August smoke-
impacted period. These enhancements were small in absolute
mixing ratio (0.163 ppbv), but represented a large percentage
increase (67 %) and were consistently present throughout the
day.

It is well known that wildfires produce carcinogenic aro-
matic hydrocarbons including benzene (Fent et al., 2014).
During the smoke-impacted periods, we observed signifi-
cantly 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 consistent increases throughout the day and the di-
urnal cycle retained its shape. Wildfires also produce toluene
(Fent et al., 2014); however, it has a substantially shorter life-
time (< 2 days) than benzene (∼ 12 days). Toluene showed no
significant changes in its mean mixing ratio, diurnal cycle, or
range of values measured at BAO during the smoke-impacted
periods. The other aromatic hydrocarbons we quantified (o-
xylene and ethyl benzene) also did not change significantly.

As mentioned in Sect. 1, oxygenated VOCs are emit-
ted by wildfires and make a large contribution to the to-
tal emitted VOC mass in wildfire smoke (Stockwell et al.,
2015). Additionally they are produced as oxidation inter-
mediates (Atkinson and Arey, 2003). Acetaldehyde, ace-
tone, and methyl ethyl ketone (MEK) showed no consistent
changes in their abundances, diurnal cycles, or range dur-
ing the smoke-impacted period compared to the smoke-free
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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 north-
ern Colorado Front Range, previous studies of atmospheric
composition at BAO have noted a strong dependence of VOC
composition on wind direction (Pétron et al., 2012; Gilman et
al., 2013). Recent housing development and oil and gas pro-
duction surrounding the BAO site have made analyses based
on wind direction more challenging in recent years (Mc-
Duffie et al., 2016). Importantly for our analysis, we found
that the statistically significant changes in all species during
the smoke-impacted periods occurred across all wind direc-
tions. Figure 4 shows this for two representative species: ben-
zene and NO2. We also did not find statistically significant
changes in wind direction or wind speed patterns between
smoke-free and smoke-impacted periods. Thus, we attribute
the changes in atmospheric composition during the August
smoke-impacted period to the presence of smoke.

4.2 Reactive oxidized nitrogen (NOy) species

Peroxyacyl nitrates and HNO3 were successfully measured
from 10 July to 7 September and alkyl nitrates were mea-
sured from 24 July to 30 August. Thus we report significant
changes in these species for the August smoke-impacted pe-
riod only. We observed significant enhancements in both per-
oxyacetyl nitrate (PAN) and peroxypropionyl nitrate (PPN)
during the August smoke-impacted period. PAN and PPN
abundances were consistently elevated across the day by an
average of 183 and 22 pptv respectively, corresponding to
a ∼ 100 % change for both species. The peak of each diur-
nal cycle was shifted later in the day by about 3–4 h for the
smoke-impacted period. This cannot be accounted 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∼ 2 h.
The C1–C2 alkyl nitrates measured at BAO exhibited sim-
ilar behaviors; methyl 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 mix-
ing ratios of these species are smaller by an order of mag-
nitude compared to other alkyl nitrates quantified. Propyl,
pentyl, and butyl nitrate did not display significant changes in
their average mixing ratio, though we observed a similar shift
in the peak of their diurnal cycles of 2–4 h. We did not ob-
serve significant changes in the abundances of HNO3. There
were no changes to the diurnal cycle of HNO3 or the range
of mixing ratios observed.

NO and NO2 measurements were made during the en-
tire campaign, 1 July–7 September 2015, so both the July
and August smoke-impacted periods were analyzed with re-
spect to potential changes in NOx . NO was present in the
same abundances between the two periods and showed the
same diurnal cycle during the August smoke-impacted pe-
riod as compared to the smoke-free period (Fig. 5). During

the July smoke-impacted period the morning build-up of NO
was slower than the smoke-free period, though the mixing
ratios were within the range of smoke-free values and the du-
ration of the July smoke-impacted period was much shorter
than the August smoke-impacted period.

Figure 5 shows that NO2 abundances exhibited more sig-
nificant changes than NO. During the July smoke-impacted
period, NO2 was within the range of smoke-free measure-
ments. In contrast NO2 during the August smoke-impacted
period followed the same diurnal cycle but had pronounced
significant increases in average mixing ratios during the
morning and evening hours of ∼ 8 ppbv (17 %) following
sunrise and 3 ppbv (60 %) following sunset. These enhanced
peak abundances appeared during multiple days during the
August smoke-impacted period. Out of seven morning peaks
in NO2 during the August smoke-impacted period, three had
concurrent toluene and ethyne peaks. One of these days oc-
curred on a weekend, and the others occurred on weekdays.
Toluene and ethyne are common tracers of traffic/industrial
emissions. However, four of the days did not have corre-
sponding ethyne and toluene peaks. Thus, we cannot rule out
that traffic did not impact some of the NO2 enhancements we
observed. But there is also likely another contributing mech-
anism. There are a few potential hypotheses for a non-traffic
related NO2 enhancement during the August smoke period.
One hypothesis is that the photolysis frequency (JNO2) was
most impacted (i.e., reduced) by the smoke near sunrise
and sunset. Another hypothesis concerns the equilibrium be-
tween PAN and NO2. The thermal decomposition of PAN
can be a source of NO2 (Singh and Hanst, 1981), but the
concurrently observed PAN abundances during the August
smoke-impacted period can only account for at most 1 ppbv
of additional NO2. However, there could have been signifi-
cantly higher PAN abundances in the smoke plume prior to
reaching BAO so this hypothesis for the NO2 enhancements
cannot be fully ruled out. We do not have measurements of
other reactive nitrogen species (e.g., HONO, ClNO2, NO3,
and N2O5) to test other potential hypotheses for a different
chemical mechanism to explain the observed NO2 enhance-
ments.

4.3 Ozone

As discussed in the Introduction, wildfire smoke has been
found to produce O3 within plumes and to be correlated with
enhanced surface O3 in areas to which it is advected. The to-
tal amount of O3 at a location is a complex combination of
the relative abundances of VOCs and NOx , meteorological
conditions supporting local O3 production, and the amount of
O3 present in the air mass before local production. In this sec-
tion, we describe the significant increases in O3 during both
smoke-impacted periods, show that these enhancements were
most likely not due to changes in meteorological conditions,
and discuss evidence pointing to whether these changes may
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Figure 5. Average diurnal cycles in MDT of O3 and oxidized re-
active 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 (or-
ange). Panels (d)–(h) show average diurnal cycles during the Au-
gust smoke-impacted period (red) to the same average diurnal cy-
cles from smoke-free periods (black). Gray, orange, and red shad-
ing indicates plus and minus 1 standard deviation. PAN and HNO3
measurements were not available during the July smoke-impacted
period. Solar noon on 1 July 2015 was at 13:03, solar noon on 7
September was 2015 was at 12:57.

be due to enhanced local production or transport of O3 pro-
duced within the smoke plume.

Figure 5d shows that there were significant increases in O3
mixing ratios during nighttime and midday during the Au-
gust smoke-impacted period compared to the average smoke-

free diurnal cycle. The mean O3 mixing ratio across all
hours of the day was 6 ppbv (14 %) larger during the August
smoke-impacted period than the smoke-free period (Fig. 6),
significant at the 99 % confidence level based on a two-
sample difference of means t test. There were no signifi-
cant changes in the average O3 mixing ratios during the July
smoke-impacted period (Fig. 5a). The average mixing ratio
of O3 during the July smoke-impacted period was not greater
than absolute average during the smoke-free period (Fig. 5a).
However, as discussed in Sect. 2, this period in particular was
much colder on average than the smoke-free period.

O3 mixing ratios generally increase with temperature, and
this relationship has been attributed to several specific pro-
cesses including (1) warm and often stagnant anti-cyclonic
atmospheric conditions that are conducive to O3 formation,
(2) warmer air temperatures that reduce the lifetime of PAN,
releasing NO2, and (3) lower relative humidity that reduces
the speed of termination reactions to the O3 production cy-
cle (Jacob et al., 1993; Camalier et al., 2007). Specific to the
Front Range, Abeleira and Farmer (2017) show that ozone
in this region has a temperature dependence, but it is smaller
than other US regions, consistent with the smaller local bio-
genic VOC emissions compared to many other locations in
the eastern US. Finally, there is an additional meteorologi-
cal factor in the Front Range that can impact the tempera-
ture dependence of ozone. Gusty westerly winds are often
associated with high temperatures, and these winds serve to
weaken or eliminate cyclical terrain-driven circulations that
normally enhance O3 mixing ratios across the Front Range.
Figure 6 presents hourly average O3 and temperature at BAO
and shows a positive relationship between O3 and temper-
ature for both the smoke-free period and August smoke-
impacted period. The increase in O3 mixing ratios during
the August smoke-impacted period compared to the smoke-
free period is present across the entire range of comparable
temperatures. The same result is apparent during the July
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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 gray and both smoke-impacted periods (July in orange and August in red). Overlaid are box
plots (5th, 25th, 50th, 75th, and 95th percentiles) for each 5 ◦C bin. On the left normalized histograms of the hourly O3 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.

smoke period, where, for comparable temperatures, the July
smoke period has higher O3 than would be expected from
the O3–temperature relationship during the smoke-free pe-
riod. Across both smoke-impacted periods and for a given
temperature, the magnitude of the increase in average O3
was 10± 2 ppbv. This was calculated as the mean difference
between medians within each temperature 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 av-
erage difference in means between the smoke-free O3 mix-
ing ratios and the August smoke-impacted period because
there were several periods during the July and August smoke-
impacted period where air temperatures were colder (∼ 5 ◦C)
than most observations during the smoke-free period. Thus
the lower O3 mixing ratios associated with these smoke-
impacted periods (e.g., ∼ 20–40 ppbv) were not included in
the weighted difference in medians since there were not com-
mensurate smoke-free O3 measurements at those same tem-
peratures.

In addition to a positive relationship with surface temper-
ature, elevated O3 in the western US has also been found
to be correlated with monthly average 500 hPa geopotential
heights, 700 hPa temperatures, and surface wind speeds on
an interannual basis (Reddy and Pfister, 2016). We tested
the day-to-day variability in the relationship between O3 and
these meteorological variables during our study period us-
ing observations from the 0Z and 12Z atmospheric sound-
ings conducted in Denver (http://mesonet.agron.iastate.edu/
archive/raob/). The positive relationships between MDA8 O3

and 700 mb temperature, 500 mb geopotential height, and
surface winds are very weak – R2

= 0.04, R2
= 0.08, and

R2
= 0.0009 respectively. Thus, we did not find any evidence

to support the hypothesis that differences in meteorological
conditions were solely responsible for the significant dif-
ferences in composition or O3 that we observed during the
smoke-impacted period.

To determine if a change in synoptic-scale transport in
smoke-impacted versus smoke-free periods could have con-
tributed to different abundances, we performed a k-means
cluster analysis on 72 h HYSPLIT back trajectories. The tra-
jectories were calculated using the methods described above,
and initiated each hour at 2000 m a.g.l. from BAO. We chose
to initialize the trajectories at 2000 m a.g.l. so that fewer tra-
jectories intersect the ground in the Rocky Mountains. Tra-
jectories are unlikely to capture the complex circulations
(e.g., potential Denver cyclones or up/down slope winds)
characteristic of summertime in the Front Range, but they
should capture synoptic-scale air mass motions. The k-means
analysis clustered each trajectory into a predetermined num-
ber of clusters by minimizing the distance between each tra-
jectory and its nearest neighbor; this technique has been used
to classify air mass history in air quality studies (Moody
et al., 1998). We found four predominate trajectory clusters
during our study period: northwesterly flow, westerly flow,
southwesterly flow, and local/indeterminate flow (Fig. S3).
We then compared afternoon (12:00–17:00 MDT) hourly O3
measurements separated by trajectory cluster and binned
by temperature between the smoke-free period and the Au-
gust smoke-impacted period. Most hours during the August

Atmos. Chem. Phys., 17, 10691–10707, 2017 www.atmos-chem-phys.net/17/10691/2017/
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Figure 7. Maximum hourly average O3 mixing ratios for each day at BAO plotted in black with maximum daily temperature at BAO in blue.
Red boxes denote days that exceed the 95th percentile of all hourly average O3 mixing ratios between 11:00 and 16:00 MDT. Black boxes
pinpoint these same days in the temperature time series.

smoke-impacted period were associated with northwesterly
flow and we found a similar enhancement in O3 for a given
temperature when comparing smoke-impacted observations
to smoke-free observations assigned to this cluster as we
found for the complete dataset (Figs. S4 and S5). Thus we
conclude that potential changes in O3 driven by synoptic-
scale transport conditions cannot account for the observed
O3 enhancements during the August smoke-impacted period
at BAO.

Following the definition in Cooper et al. (2012), we de-
fine a “high-O3 day” as any day in our study period with
at least 1 h above the 95th percentile (71.75 ppbv) of all
11:00–16:00 MDT hourly average O3 measurements during
the campaign. We found 9 individual high-O3 days during
our study period, of which 2 occurred during the August
smoke-impacted period (Fig. 7). The total number of high-
O3 days is lower than normal for the same time period in
previous years. As we stated above, high O3 during the Au-
gust smoke period was not a result of abnormal meteoro-
logical variables, such as higher than normal temperatures.
The lower portion of Fig. 7 again shows that maximum daily
temperatures during the smoke-impacted periods were the
same as or lower than maximum daily temperatures during
the smoke-free period. Denver cyclones and in-basin wind
patterns can also contribute to O3 production and recircula-
tion in the Front Range (see Sullivan et al., 2016; Vu et al.,
2016, and references within). We examined surface wind ob-
servations (http://mesowest.utah.edu) on the 2 high-O3 days
during the smoke impacted period: 20 August and 25 August.
There is no evidence of the establishment of Denver cyclones
on either of these days. Sullivan et al. (2016) point out that
thermally driven recirculation can manifest as a secondary
increase in O3 at surface sites. We did observe a secondary
maximum at 17:00 MDT on 25 August, but this feature was
not present on 20 August.

Several Front Range O3 monitors recorded elevated ozone
during the August smoke-impacted period. Specifically, the
maximum daily 8 h average O3 mixing ratio at Aurora East
exceeded 75 ppbv on 21 August. This was the highest max-
imum for this station for summer 2015. The second high-
est 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 Moun-
tain National Park, and Fort Collins – CSU.

The presence of smoke was not always associated with
high absolute abundances of O3 at BAO. The July smoke-
impacted period and most of the days in the August smoke
period did not have maximum hourly mixing ratios greater
than the 95th percentile. However, it is important to note
that many of these days did have higher O3 abundances than
would otherwise be expected given their temperatures (see
Fig. 6). Therefore we conclude that the presence of wild-
fire smoke contributed to higher O3 mixing ratios than would
otherwise be expected during the two smoke events we sam-
pled, and that during 2 of these days the smoke contributed
to an empirically defined “high-O3 day”.

As mentioned in the Introduction, wildfire smoke can pro-
duce O3 within the plume as it is transported, as well as
contribute to O3 photochemistry by mixing additional pre-
cursors into surface air masses. To assess the possibility of
O3 production with the plume, we analyzed hourly O3 mea-
surements from two National Park Service (NPS) Air Re-
sources Division (http://ard-request.air-resource.com/data.
aspx) measurement locations that are located outside the pol-
luted Front Range urban corridor. The Rocky Mountain Na-
tional Park long-term monitoring site (ROMO; 40.2778◦ N,
105.5453◦W; 2743 m a.s.l.) is located on the east side of
the Continental Divide and co-located with the Interagency
Monitoring of Protected Visual Environments (IMPROVE)

www.atmos-chem-phys.net/17/10691/2017/ Atmos. Chem. Phys., 17, 10691–10707, 2017
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(a) BAO
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(c) Walden
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Figure 8. Hourly O3 versus temperature for (a) BAO, (b) the Rocky Mountain National Park long-term monitoring site (ROMO), and (c) the
Arapahoe National Wildlife Refuge long-term monitoring site near Walden, CO (WALD). Plotted here are all hourly data, with box plots
showing standard percentiles of 5 ◦C binned O3 data as shown in Fig. 6.

and EPA Clean Air Status and Trends Network (CASTNet)
monitoring sites. Front Range air masses frequently reach
this site during summer afternoons (Benedict et al., 2013).
The Arapahoe National Wildlife Refuge long-term moni-
toring site (WALD; 40.8822◦ N, 106.3061◦W; 2417 m a.s.l.)
near Walden, Colorado, is a rural mountain valley site with
very little influence from anthropogenic emissions. These
two sites follow a rough urban to rural gradient; from primar-
ily influenced by anthropogenic emissions (BAO), to some-
times influenced by anthropogenic emissions (ROMO), to
very little influence from anthropogenic emissions (WALD).
Figure 8 shows that the August smoke-impacted period pro-
duced increases in O3 mixing ratios across all three sites.
When comparing all data for a given temperature, there
are average weighted enhancements of 10± 2, 10± 2, and
6± 2 ppbv O3 at BAO, ROMO, and WALD respectively. O3
enhancements across all three sites, across an approximate
urban to rural gradient, suggest that some amount of the O3
enhancement observed at BAO during the August smoke-
impacted period is the result of O3 production within the
plume during transit. O3 during the July smoke-impacted pe-
riod in Fig. 8 shows a different pattern. As we saw in Fig. 6,
O3 is enhanced above the level predicted by the ambient
temperature at BAO. But no statistically significant enhance-
ments are observed at ROMO and WALD for the July smoke-

impacted period. One possible reason for this nuance is that,
based on the HMS smoke product shown in Fig. 2, it is less
obvious that smoke was present at ROMO and WALD during
the July smoke-impacted period.

One measure of local production of O3 is the ozone pro-
duction efficiency (OPE). OPE is calculated as the slope
of the relationship between O3 and NOz (defined as NOy–
NOx ; Trainer et al., 1993). OPE is a measure of the number
of molecules of O3 that are produced before a given NOx

molecule is oxidized. To calculate OPE we used 1 min O3
and NOz data in 30 min chunks from 12:00 to 17:00 MDT.
The slopes were calculated using a reduced major axis re-
gression (package lmodel2 for R software) and only OPE
values corresponding to an R2 > 0.3 were retained. We do not
find any significant differences in average calculated OPE be-
tween the smoke-impacted (8± 3 ppbv ppbv−1) and smoke-
free periods (7± 3 ppbv ppbv−1). Thus from the OPE per-
spective it does not appear there were any changes in the lo-
cal production efficiency of O3 due to the presence of smoke.
On the other hand, we documented many changes to the at-
mospheric composition of O3 precursors, particularly with
respect to CO, benzene, ethyne, the alkenes, and PANs. Ad-
ditionally the smoke may have added many O3 precursors
that we were not set up to measure (e.g., many OVOCs).
Due to the nonlinear nature of O3 chemistry, the different
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mix of precursors could have caused enhanced local O3 pro-
duction, depressed local O3 production, or had no effect on
local O3 production. Taken together, the observations do not
suggest a single mechanism that describes smoke influence
on O3 in Front Range air masses during these case stud-
ies. Instead, the observations point to the presence of smoke
resulting in a complex array of processes that will require
more detailed observations and chemical transport modeling
to clearly identify and quantify.

5 Conclusions

Here we report a time series of detailed gas-phase ground
measurements in the northern Colorado Front Range during
summer 2015. Clear anomalies in CO and PM2.5 showed that
aged wildfire smoke was present at ground-level during two
distinct periods (6–10 July and 16–30 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 US, and
was several days old when it was sampled in Colorado. This
wildfire smoke mixed with anthropogenic emissions in the
Front Range, resulting in significant changes in the abun-
dances of O3 and many of its precursor species. Our mea-
surements are unique because of (1) the length of time we
sampled this smoke-impacted anthropogenic air mass, and
(2) the detailed composition information that was collected.

During the smoke-impacted periods we observed signifi-
cantly increased abundances of CO, CH4, and several VOCs
with OH oxidation lifetimes longer than the transport time
of the smoke. We measured significant decreases in several
of the most reactive alkene species, indicating possible en-
hanced oxidation processes occurring locally. Mixing ratios
of peroxyacyl nitrates and some alkyl nitrates were enhanced
and peak abundances were delayed by 3–4 h, but there was
no significant change in HNO3 mixing ratios or its diurnal
cycle. During the longer August smoke-impacted period we
observed significant increases in NO2 mixing ratios just after
sunrise and sunset. We did not observe any consistent shifts
in wind direction or changes in wind speed that can explain
the observed changes in composition (e.g., Fig. 4), and the
changes in abundances that we observed for a given species
were generally present across all directions and speeds. The
smoke was ubiquitous across the Front Range as evidenced
by enhanced PM2.5 at CAMP (Fig. 1) and 9 other Front
Range CDPHE monitoring sites.

We observed significantly enhanced O3 abundances at
BAO of about 10 ppbv for a given temperature during both
smoke-impacted periods. The enhancements during the Au-
gust smoke-period led to very high surface O3 levels on
several days; out of nine high-O3 days at BAO during our
study period, two were during the August smoke-impacted
period. These enhancements were not due to higher tempera-
tures, nor anomalous meteorological conditions. We found

evidence of O3 produced within the smoke plume during
transit, and changes in the observed abundances of many O3
precursors indicated that the smoke may have impacted local
O3 production as well. Future modeling work and additional
observational studies are needed in order to fully address the
question of how much O3 the smoke produced and how it
changed local O3 production.

It is important to note that the presence of smoke does not
always result in very high O3 abundances. Many other fac-
tors contribute to the overall level of surface O3, and smoke
can also be associated with relatively low O3 at times, such
as during the July smoke event described above. This case
study describes two distinct smoke events where the pres-
ence of smoke likely increased O3 abundances above those
expected by coincident temperatures. However, we do not in-
tend to claim that all high-O3 episodes in the Front Range are
caused by smoke, nor that smoke will always cause higher
than expected O3. Each smoke event has unique characteris-
tics and thus it is important to study and characterize more
events such as these in the future.

Wildfire smoke during these time periods in 2015 most
likely impacted atmospheric composition and photochem-
istry across much of the Mountain West and Great Plains
regions of the US. Given that the BAO, Rocky Mountain,
and Walden research locations span an urban–rural gradient
as well as a large altitudinal gradient, it is likely that both ru-
ral and urban locations impacted by this smoke could have
experienced enhanced O3 levels. Additionally, the Pacific
Northwest wildfires that produced this smoke were among
the most extreme in that region’s history. We know that wild-
fires are increasing in both frequency and intensity through-
out the western US due to climate change, and thus wildfire
smoke events such as this one will likely play an increasingly
problematic role in US air quality.

Data availability. Unless otherwise specified, data used in this
paper are available at https://esrl.noaa.gov/csd/groups/csd7/
measurements/2015songnex/. NOAA BAO ozone data can be ac-
cessed at ftp.cmdl.noaa.gov/data/ozwv/SurfaceOzone/BAO/.
National Park Service ozone data can be accessed at
https://ard-request.air-resource.com/data.aspx. aspx. Additionally
readers may contact Emily Fischer at evf@rams.colostate.edu for
data access.

The Supplement related to this article is available
online at https://doi.org/10.5194/acp-17-10691-2017-
supplement.
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