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ABSTRACT
In this study we investigate the use of ΔPM2.5/ΔCO and ΔNOy/ΔCO normalized enhancement ratios (NERs) in
identifying wildfire (WF) smoke events in urban areas. Nine urban ambient monitoring sites with adequate CO, PM2.5,
and/or NOy measurements were selected for this study. We investigated if WF events could be distinguished from general
urban emissions by comparing NERs for wildfires with NERs calculated using yearly ambient data, which we call the
ambient enhancement ratios (AERs). The PM2.5/CO and NOy/CO AERs represent typical urban concentrations and can
provide insight into the dominant emission sources of the city. All 25 WF events were distinguished because they had
ΔPM2.5/ΔCO NERs that were significantly greater than the PM2.5/CO AER for each site. The ΔPM2.5/ΔCO NERs for the
WF events ranged from 0.057–0.228 µg m–3 ppbv–1. In contrast, we were only able to calculate useful ΔNOy/ΔCO NERs
(correlations with R2 > 0.65) for 4 of 17 events (only 17 of 25 events had NOy data). For these 4 events, ΔNOy/ΔCO NERs
ranged from 0.044–0.075 ppbv ppbv–1, not all of which were significantly different from the NOy/CO AERs at the site.
We conclude that ΔPM2.5/ΔCO NERs are a very useful tool for identifying WF events, but that the high and variable NOy
concentrations in urban areas present problems when trying to use ΔNOy/ΔCO NERs.
Keywords: Wildfire; Normalized Enhancement Ratio; Urban AQS; PM2.5; CO; NOy.

ABBREVIATIONS
WF = Wildfire
NER = Normalized Enhancement Ratio
ER = Emission Ratio
AER = Ambient Enhancement Ratio
INTRODUCTION
Wildfire (WF) smoke can significantly influence regional
air quality (Popovicheva et al., 2016). When this smoke is
transported to urban areas, it can have severe negative
public health implications (Roberts et al., 2011). Chronic
respiratory diseases, cardiovascular diseases, and increased
risk of mortality have been attributed to exposure to fine
particulate matter (PM2.5) from WF smoke (Pope III et al.,
2002; Johnston et al., 2012; Monsalve et al., 2013; DíazRobles et al., 2015; Adetona et al., 2016; Kochi et al.,
2016). Due to climate change WFs are expected to increase in
the US (Westerling et al., 2006; Liu et al., 2014; Val Martin
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et al., 2015; Abatzoglou and Williams, 2016; Westerling,
2016). Air Quality System (AQS) monitoring stations
provide real-time PM2.5 measurements at a high temporal
resolution, but it is hard to directly discriminate between
forest fire smoke and other emission sources with only
PM2.5 measurements. While there are many tracers of WF
smoke, such as acetonitrile (Andreae and Merlet, 2001; de
Gouw et al., 2003), water soluble potassium (K+) (Ramadan
et al., 2000; Kim et al., 2003; Popovicheva et al., 2016),
levoglucosan, and other organic molecular markers (Simoneit
et al., 1999; Simoneit, 2002; Khamkaew et al., 2016), but
these measurements either require intensive measurement
techniques or have a low time resolution. In this paper we
will assess the use of enhancement ratios of commonly
measured pollutants (CO, PM2.5, and NOy) from AQS sites
to identify WF smoke in urban areas.
Normalized enhancement ratios (NERs), also known as
normalized excess mixing ratios, are a good way to help
identify the source of a pollution plume observed at
ambient monitoring sites (Andreae and Merlet, 2001; Briggs
et al., 2016). During a pollution or smoke event in which
concentrations of two species (X and Y) increase substantially
above background levels, NERs relate the excess
concentrations of a target species X with that of a reference
species Y (NER = ΔX/ΔY, where Δ is the enhancement
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over background concentrations). The reference species Y
has most commonly been carbon monoxide (CO) or
carbon dioxide (CO2), which are thought of as conserved,
inert products of combustion (Andreae and Merlet, 2001;
Hobbs et al., 2003). McClure et al. (2016) showed that this
is not always the case for CO2. Vegetation uptake can deplete
CO2 in WF plumes within the boundary layer, distorting
the NER. For this reason, it is typically best to use CO as
the Y species. There are two common ways of calculating
NERs: (1) by determining the absolute enhancement above
the local background concentrations (Xplume – Xbkg)/(Yplume
– Ybkg), and (2) by determining the regression slope of X
and Y during the smoke (or pollution) event.
Emission ratios (ERs) are the ratio of two species (X and
Y) at the emission source. There is a difference between
ERs and NERs, which should be kept in mind throughout
this paper. NERs are calculated in plumes far from the
emission source and therefore represent the sources plus
any atmospheric processing that has occurred, whereas
ERs reflect the ratio of the species at the emission source.
One purpose of calculating the NER of a plume is to try
to identify the source of the plume by relating it to known
ERs. For the NER of a plume to be equal to the ER it must
be assumed that (1) there is a fixed emission X/Y ratio from
the source; (2) there is no chemical or physical loss of the
species with transport, only dilution; and (3) background
dilution is constant. For aerosols or reactive gas species
such as reactive nitrogen (NOy), the NER measured
downwind of a fire may be different than the ER of the
same fire due to the production or loss of the target
species. In addition, Yokelson et al. (2013) has argued that
the two primary methods for calculating NERs mentioned
previously can be inaccurate due to changes in background
concentrations during plume transport. Briggs et al. (2016)
used the two primary NER methods (absolute enhancement
over background, and regression analysis), as well as a
third method developed to address Yokelson et al. (2013)’s
concerns, while studying WF plumes at the Mt. Bachelor
Observatory. Briggs et al. (2016) found little difference
between Δσscat/ΔCO and ΔNOy/ΔCO NERs calculated using
the three methods if the enhancement of the species in the
plumes was large relative to the background concentrations
(σscat is the aerosol scattering coefficient, which is well
correlated to PM2.5). Large differences were found for
ΔO3/ΔCO and ΔCO/ΔCO2, where the enhancement is
small relative to the background. This result verified that if
the plume concentration is significantly larger than the
background the regression method for calculating NERs is
acceptable. The study also showed that despite possible
production or loss of the target species during transportation,
NERs are useful in determining plume sources.
Review articles of WF emissions show PM2.5/CO ERs
ranging from ~0.10 to 0.20 µg m–3 ppbv–1 (Andreae and
Merlet, 2001; Janhäll et al., 2010; Akagi et al., 2011).
Although these studies primarily characterized fresh smoke
emissions, there was no clear consensus whether PM mass
increases (Hobbs et al., 2003; Reid et al., 2005; Yokelson
et al., 2009; Vakkari et al., 2014; Briggs et al., 2016) or
stays the same (Akagi et al., 2012; Jolleys et al., 2015; May

et al., 2015) with plume age. Even with the complexities of
plume aging on PM mass, NERs of aged WF events
measured in the field mostly fit within the range of WF
ERs measured at the fire source. Studies of boreal forest fire
plumes observed ΔPM2.5/ΔCO of 0.13–0.15 µg m–3 ppbv–1
(DeBell et al., 2004; Dutkiewicz et al., 2011). A wide
range in ΔPM2.5/ΔCO NERs have been found in long-range
transported WF events observed at the Mt. Bachelor
Observatory in Oregon (0.18–0.43 µg m–3 ppbv–1) (Wigder
et al., 2013; Laing et al., 2016). Similar wide ranges have
been observed in aged WF plume ΔOA/ΔCO (OA = organic
aerosol, which makes up ~95% of PM2.5 mass) (Jolleys et
al., 2012; Sakamoto et al., 2015).
Mobile emission and urban background PM2.5/CO ratios
are significantly lower than WF ratios. PM2.5/CO ratios from
measurements near major highways and urban background
range from 0.021 to 0.045 µg m–3 ppbv–1 (Dimitriou and
Kassomenos, 2014; Patton et al., 2014). The differences
between the urban background ratios and ratios from WF
emissions suggests that the ΔPM2.5/ΔCO may be useful in
distinguishing WF contribution in urban areas.
In urban settings vehicles are the dominant source of
nitrogen oxides (NOx), which are converted to NOy through
oxidation (Seinfeld and Pandis, 2006). The atmospheric
lifetime of NOy is longer than NOx, making NOy a more
conserved measure. Both NOx and NOy have substantially
shorter lifetimes than CO. NOx and NOy have lifetimes of
~1 day under normal background concentrations (Seinfeld
and Pandis, 2006), and hours in urban areas (Spicer, 1982;
Beirle et al., 2011). Despite this difference in lifetimes
between CO and NOx(y), it has previously been assumed
that NOx/CO ERs are relatively conserved within the urban
environment since the predominant emission sources of
NOx and CO are local vehicular traffic (Hassler et al., 2016).
Measurements of NOx/CO and NOy/CO in cities have similar
ranges, which verifies that NOx and NOy are comparable
within urban environments. Studies of urban and near-road
ambient measurements observed NOy/CO ranging from 0.058
to 0.112 ppbv ppbv–1 (Wang et al., 2003; Patton et al., 2014),
and NOx/CO ranging from 0.063 to 0.150 ppbv ppbv–1
(Kirchstetter et al., 1999; Magliano et al., 1999; Long et al.,
2002). NOx(y)/CO ratios are dictated by vehicle emissions,
so the ratio varies from city to city depending on the
composition of their mobile fleet (e.g., gasoline vs diesel)
(Hassler et al., 2016). In the past three decades CO emissions
from gasoline-powered vehicles decreased faster than those of
NOx, which has led to an increasing trend in urban ambient
NOx/COs from the 1970s to the early 2000s (Parrish et al.,
2002; Parrish, 2006; Parrish et al., 2011). The mean observed
NOx/CO ratio for 28 US cities was 0.118 ppbv ppbv–1 in
2000, and 0.139 ppbv ppbv–1 in 2003 (Parrish, 2006; Parrish
et al., 2009). Hassler et al. (2016) similarly found that the
NOx/CO ratio measured in the LA Basin steadily increased
from the 1970s until 2007, and from 2007–2016 it has
been steady.
NOx/CO and NOy/CO ratios for WF events are
significantly smaller than NOx/CO urban ratios. Akagi et al.
(2011) reports ERs for different forest types; boreal forests
have a NOx/CO ER of 7.0 × 10–3 ppbv ppbv–1, temperate
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forests an ER of 0.026 ppbv ppbv–1, and extratropical forest
an ER of 9.0 × 10–3 ppbv ppbv–1. DeBell et al. (2004) found
ΔNOy/ΔCO NERs of aged smoke events at three rural
locations to range from 2.4 × 10–3 to 7.4 × 10–3 ppbv ppbv–1,
much higher than the ambient background ΔNOy/ΔCO ratios
(0.12 ppbv ppbv–1). WF events observed at Mt. Bachelor
during the summer of 2012–2013 had ΔNOy/ΔCO NERs in
a similar range (3.0 × 10–3 to 1.3 × 10–2 ppbv ppbv–1) (Briggs
et al., 2016). All of these studies were conducted in locations
with low NOy background concentrations, which makes
distinguishing ΔNOy/ΔCO NERs easier. We will evaluate
if ΔNOy/ΔCO NERs can be used in urban areas with high
NOy concentrations.
The use of NERs to identify WF smoke has been
predominantly used previously at background locations
with low ambient concentrations. In this study we plan to
examine whether ΔPM2.5/ΔCO and ΔNOy/ΔCO NERs can
be used to distinguish WF events in typical urban areas
using US EPA AQS data, and will address the following
scientific questions:
- What are the characteristics of ambient urban
measurements that make it useful for NER analysis?
- Can WF smoke events be identified in urban areas using
ΔPM2.5/ΔCO and ΔNOy/ΔCOs NERs?
- How do PM2.5/CO and NOy/CO AERs fluctuate for
different monitoring sites and different cities?
- How do PM2.5/CO and NOy/CO AERs compare to ERs
derived from emission inventory data?
METHODS
Data Collection
For our study we chose urban AQS monitoring sites in
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the US with collocated hourly ambient CO and PM2.5 data
available on the US Environmental Protection Agency (EPA)
AQS API/Query AirData website [https://aqs.epa.gov/api]
(Fig. 1; Table S1). Only sites with adequate CO
measurements were used. CO data was deemed adequate if
it was measured with an instrument whose EPA method
code was greater than 500 (e.g., 554, 588, and 593; See EPA
codes: https://aqs.epa.gov/aqsweb/documents/codetables/m
ethods_all.html). These instruments report CO concentrations
at a 1 ppb resolution and have a method detection limit
(MDL) of 20 ppb. Instruments with an EPA method code
of less than 500 did not have enough resolution to identify
WF events. These instruments measure CO concentrations
at only a 100 ppb resolution and have MDLs of 500 ppb.
At the Reno and Stockton sites, the CO instrumentation
was changed from instruments with method codes 88 and
54 to instruments with method code 593 on 12/29/2010
and 5/31/2012, respectively. Due to this upgrade, we were
able to use data collected after the upgrade from these sites.
We highly recommend that EPA monitoring sites currently
using CO instruments associated with an EPA method
code less than 500 upgrade their CO instrumentation. This
will result in more useful and useable CO data nationwide.
Wildfire Identification
We limited our study to the summer and fall, when large
forest fires occur in the Western US and are most likely to
affect urban air quality. We selected WF events by selecting
time periods in the summer and fall in which there was a
noticeable increase in PM2.5 and CO, and a strong correlation
(R2 > 0.65) between them. We have used this method of
identifying WF events successfully in previous studies
(Wigder et al., 2013; Baylon et al., 2015; Briggs et al., 2016;

Fig. 1. Location of US Cities with sample sites used in this study.
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Laing et al., 2016). We verified the fire events by one of
two ways. The first was confirming transport to the
monitoring stations from known fire locations using the
National Oceanic and Atmospheric Administration Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
back-trajectories (Stein et al., 2015). Fire locations were
identified
using
Moderate
Resolution
Imaging
Spectroradiometer (MODIS) satellite-derived active fire
counts (Justice et al., 2002). Some of the smoke events
were further verified by search for local or national news
articles pertaining to forest fire smoke in the selected cities.
Wildfire Plume Normalized Enhancement Ratios (NERs)
An NER depicts the relative enhancement of two species
above background concentrations (e.g., ΔX/ΔY; Δ is the
enhancement over the background concentration) (Andreae
and Merlet, 2001; Wigder et al., 2013; Laing et al., 2016).
We calculated ΔPM2.5/ΔCO NERs and ΔNOy/ΔCO NERs
from the slope of the Reduced Major Axis (RMA)
regression. ΔPM2.5/ΔCO NERs were calculated for all WF
events; ΔNOy/ΔCO NERs were calculated when NOy data
was available (17 of the 25 events).
Ambient Enhancement Ratios (AERs)
We calculated PM2.5/CO and NOy/CO AERs at each site
using an RMA regression using all hourly data in the year.
AERs reflect typical urban emissions at a given monitoring
site. For the PM2.5/CO ratios, we used PM2.5 data up to the
99th percentile to mitigate the influence of WF events on
the AERs or other exceptional events. The NOy/CO AERs
were calculated using all available data.
Emission Inventory–Derived Emission Ratios (ERs)
For comparison with AERs, we calculated PM2.5/CO
and NOx/CO ERs from county emission inventories. For
each site, we obtained county emission inventories for CO,
PM2.5, and NOx from the US EPA 2011 National Emissions
Inventory (NEI11) (https://www.epa.gov/air-emissions-in
ventories/2011-national-emissions-inventory-nei-data). ERs
were calculated for each source sector (fuel combustion,
mobile sources, industrial processes, etc.), as well as in
sum across all sources.
RESULTS AND DISCUSSION
We identified 25 WF events at nine different monitoring
sites in US cities that met our criteria. All 25 had CO and
PM2.5 data, and 17 of the events also had NOy data. As
described in the Methods section we could not use data for
many other sites due to low CO data resolution. We conclude
that only measurements with EPA method code > 500 can
be used for NER analysis. First we will discuss AERs in
order to determine an urban baseline ratio from which the
WF events can be compared. Then we will discuss the NERs
of specific events and evaluate their use in identifying WF
smoke.
Urban PM2.5/CO and NOy/CO AERs
Our goal is to determine whether enhancement ratios

from WF events can be distinguished from urban background
conditions. The background is represented by Ambient
Enhancement Ratios (AERs), which reflect typical urban
emissions and can vary city to city depending on the
predominant emission source. To mitigate influence of
large WF events, we calculated PM2.5/CO AERs using up
to the 99th percentile of PM2.5 data. Large WF events with
high PM2.5 concentrations can positively bias PM2.5/CO
AERs calculated from yearly data. The most significant
differences in PM2.5/CO slope between using all data and
using only the 99th percentile were seen in the Boise and
Reno datasets, each of which experienced extended periods
of WF smoke with very high PM2.5 concentrations. Due to
the exceptional WF events at these two sites, the PM2.5/CO
ratios were ~30% higher using the full dataset compared to
the using up to the 99th percentile. Given that these fire
events were anomalous in that they occurred during only one
summer, the PM2.5/CO AERs using up to the 99th percentile
of PM2.5 data provide a more accurate representation of
typical non-WF concentrations.
For the sites we studied, PM2.5/CO AERs ranged from
0.021–0.066 µg m–3 ppbv–1 with the majority falling between
0.030–0.046 µg m–3 ppbv–1 (Table 1). These values match
other studies characterizing PM2.5/CO ratios of ambient urban
background concentrations (Dimitriou and Kassomenos,
2014; Patton et al., 2014). The lowest PM2.5/CO AERs were
at the Seattle 10th St site and Denver (0.021 µg m–3 ppbv–1).
Both of these sites are in close proximity to and highly
influenced by heavily trafficked highways. The Seattle
10th St site has a significantly lower PM2.5/CO AER
(0.021 µg m–3 ppbv–1) compared to Seattle Beacon Hill
(0.035 µg m–3 ppbv–1). The reasons for the difference will
be discussed further in the Seattle Case Study section but
underscore the fact that the location of the monitoring site
can have a major influence on the AERs and therefore may
not be representative of the entire city. The highest PM2.5/CO
AER was observed in Boise (0.066 µg m–3 ppbv–1). PM2.5
and CO data for Boise was only available for 2015, during
which extended periods of WF events were observed. This
likely skewed the ratio higher despite using only data up to
the 99th percentile of PM2.5.
We compared the measured AERs to PM2.5/CO ERs
calculated for each county using the NEI11 from the EPA.
PM2.5/CO ERs were calculated for fuel combustion sources,
mobile sources, the sum of all emission sources, the sum
of all sources except fires, and the sum of all sources
except fires and dust (Table S2). Comparing the measured
PM2.5/CO AERs to PM2.5/CO ERs calculated for the sum
of all sources except fires and dust, all sites except
Portland were within 30%; but compared to PM2.5/CO ERs
calculated for the sum of emissions except fires, only 5 of
the 9 sites are within 30% of the measured PM2.5/CO
AERs. Additional information on the NEI derived PM2.5/CO
ERs is available in the Supplemental Material.
The NOy/CO AERs using all data ranged from 0.070–
0.185 ppbv ppbv–1 (Table 1). All sites had slight diurnal
differences with an increase in NOy/CO during the day and
minimal seasonal differences. To try to isolate traffic
emissions, we calculated NOy/CO AERs using only weekday
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Table 1. PM2.5/CO and NOy/CO AERs for each site. The PM2.5/CO AERs were calculated using an RMA regression of all
data up to the 99th percentile of PM2.5 mass. The NOy/CO AERs are calculated using an RMA regression of all data at each
site. NA means NOy data was not available.
NOy/CO AERs (ppbv ppbv–1)
PM2.5/CO AERs
–3
–1
(µg m ppbv )*
Site location
Site county
All data
Weekday rush hour data
slope
R2
slope
R2
slope
R2
Seattle - Beacon Hill
King
0.035
0.379
0.185
0.711
0.218
0.753
Seattle - 10th St
King
0.021
0.407
NA
NA
NA
NA
Portland, OR
Multnomah
0.030
0.537
0.088
0.947
0.095
0.876
Boise, ID
Ada
0.066
0.348
0.136
0.718
0.158
0.780
Denver, CO
Denver
0.021
0.188
0.145
0.801
0.160
0.831
Stockton, CA
San Joaquin
0.046
0.351
NA
NA
NA
NA
Fresno, CA
Fresno
0.041
0.454
0.070
0.918
0.079
0.812
Reno, NV
Washoe
0.029
0.315
0.130
0.858
0.141
0.910
Chico, CA
Butte
0.046
0.565
NA
NA
NA
NA
*All data up to the 99th percentile of PM2.5 concentration used for RMA analysis.
(Monday–Friday) data during peak morning traffic (5:00–
9:00 AM). This method has been used previously as it
captures fresh vehicle emissions and minimized the effects
of reactive nitrogen species produced through photochemical
oxidation (Parrish et al., 2002; Parrish, 2006; Hassler et
al., 2016). NOy/CO AERs calculated using the morning
rush hour data were slightly higher (7–14%) for all sites
compared to AERs calculated using all data. The difference
may be attributed to NOy deposition and loss during the
day. The high R2 values for the NOy/CO AERs at all sites
and lack of significant temporal changes in NOy/CO ratio
indicates a homogenously mixed source dominated by onroad vehicle emissions. The range of observed NOy/CO
AERs in this study is similar to previous studies of urban
NOy/CO AERs (Wang et al., 2003; Patton et al., 2014) and
urban NOx/CO AERs (Kirchstetter et al., 1999; Magliano
et al., 1999; Long et al., 2002).
We compared the NOy/CO AERs to the corresponding
NOx/CO ERs derived from the NEI11 (Table S3). NOx/CO
ERs calculated from the EPA NEI11 for the sum of all
emission sources, the sum of all sources except fires, mobile
sources, and fuel combustion sources. As the principal source
of NOx and CO are vehicles, the NOx/CO ERs are dominated
by the mobile NOx/CO ER. The NOx/CO ERs sum of all
sources were within 30% of the NOy/CO AERs for 4 of the
6 sites. For Portland and Fresno, the NOx/CO ERs were
higher by a factor of 2 and 5, respectively. These differences
are discussed in greater detail in the Supplemental Material.
ΔPM2.5/ΔCO and ΔNOy/ΔCO NERs during WF Events
Table 2 shows ΔPM2.5/ΔCO NERs for the 25 WF events
range from 0.057–0.228 µg m–3 ppbv–1, with the majority
being between 0.085 and 0.170 µg m–3 ppbv–1. These
values are consistent with previous measurements of WF
events (DeBell et al., 2004; Dutkiewicz et al., 2011; Chen
and Xie, 2014), and estimates of emission factors for forest
fires (Andreae and Merlet, 2001; Janhäll et al., 2010;
Akagi et al., 2011).
The PM2.5 vs CO scatter plots for individual sites are
shown in Figs. 2 and 3. The WF events (orange dots and
lines) are generally consistent with the ER for temperate

forests (solid red line; (Akagi et al., 2011)). All WF events
had ΔPM2.5/ΔCO NERs that were significantly greater than
the PM2.5/CO AER at the site, which confirms that
ΔPM2.5/ΔCO NERs can be used to distinguish and identify
WF events in urban locations. The mobile PM2.5/CO ER
derived from the NEI11 is significantly lower than the
AER at all sites and bounds the lower edge of the scatter
plot (green dotted line).
Although most of the ΔNOy/ΔCO NERs were lower
than the NOy/CO AER for all sites (Fig. 4), only 4 of the
17 events had a good correlation between NOy and CO
(R2 > 0.65). The low occurrence of a good correlation
between NOy and CO is most likely due to the high and
variable NOy background in the urban areas. For the 4 WF
events we were able to characterize (with R2 > 0.65), the
ΔNOy/ΔCO ranged from 0.044–0.075 ppbv ppbv–1. These
values are higher than NOx/CO ERs for forest fires
(Andreae and Merlet, 2001; Akagi et al., 2011), and higher
than ΔNOy/ΔCO NERs observed in WF plumes measured
in rural areas (DeBell et al., 2004). This is likely be caused
by the high NOy background in the urban areas in this
study due to mobile emission compared to rural background
concentrations. In addition, only 3 of the 4 had ΔNOy/ΔCO
NERs lower than the NOy/CO AER at the site. Therefore
even if a ΔNOy/ΔCO NER can be calculated for a WF, it is
not necessarily distinguishable from the background NOx/CO
ratio. Due to the high and variable urban NOy background
concentrations, we found ΔNOy/ΔCO NERs not suitable
for use in identifying WF events in urban locations.
Seattle Case Study
The Seattle sites provide an interesting comparison of
WF events captured by two sites in close proximity to
each other. As previously mentioned, the PM2.5/CO
AER for the 10th St site was the lowest of all of the sites
(0.021 µg m–3 ppbv–1), and substantially lower than Beacon
Hill (0.035 µg m–3 ppbv–1), due to the heavy mobile emission
influence at 10th St. We investigated how the different
backgrounds at these two sites affected their WF NERs.
Fig. 5 shows the time-series of PM2.5 and CO during the
WF events. We observed simultaneous increases in PM2.5
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Table 2. Wildfire event NERs from the monitoring sites and ERs from Akagi et al. (2011) and EPA NEI11 emission
inventories. Events with R2 > 0.65 are bolded. NA means NOy data was not available.
ΔPM2.5/ΔCO (µg m–3 ppbv–1) ΔNOy/ΔCO (ppbv ppbv–1)
slope
R2
slope
R2
Seattle - Beacon Hill
8/22/15 15:00–8/23/15 1:00
0.088
0.161
0.108
0.920
Seattle - Beacon Hill
8/23/15 10:00–8/23/15 19:00
0.123
0.082
0.158
0.876
Seattle - 10th St
8/23/15 6:00–8/23/15 20:00
NA
NA
0.057
0.677
Portland
8/22/15 00:00–8/24/15 00:00
NA
NA
0.228
0.978
Boise
8/14/15 12:00–8/16/15 12:00
0.059
0.156
0.104
0.675
Boise
8/21/15 8:00–8/22/15 00:00
0.017
0.043
0.116
0.955
Boise
10/11/15 16:00- 10/12/15 18:00
0.051
0.423
0.133
0.928
Boise
10/12/15 20:00–10/13/15 20:00
0.076
0.322
0.129
0.731
Boise
10/13/15 20:00–10/14/15 14:00
0.069
0.511
0.092
0.820
Boise
10/15/15 15:00–10/16/15 15:00
0.078
0.372
0.107
0.776
Stockton
8/15/15 4:00–8/16/15 19:00
NA
NA
0.158
0.844
Denver
8/22/15 9:00–8/23/15 10:00
NA
NA
0.166
0.762
Fresno
8/15/15 10:00–8/16/15 15:00
0.087
0.815
0.047
0.707
Fresno
8/17/15 18:00–8/18/15 15:00
0.091
0.778
0.075
0.820
Fresno
9/11/15 15:00–9/11/15 20:00
0.012
0.227
0.141
0.986
Fresno
9/13/15 14:00–9/14/15 18:00
0.086
0.749
0.044
0.758
Reno
8/18/13 14:00–8/19/13 14:00
0.057
0.366
0.126
0.743
Reno
8/22/13 8:00–8/26/13 00:00
0.034
0.306
0.145
0.918
Reno
8/27/13 12:00–8/28/13 18:00
0.042
0.097
0.161
0.868
Reno
9/18/14 00:00–9/19/14 00:00
0.006
0.579
0.128
0.886
Reno
8/20/15 19:00–8/21/15 19:00
0.119
0.767
0.075
0.716
Chico
7/28/13 20:00–7/31/13 12:00
NA
NA
0.153
0.892
Chico
7/29/14 19:00–7/30/14 10:00
NA
NA
0.093
0.979
Chico
9/22/14 5:00–9/22/14 15:00
NA
NA
0.161
0.895
Chico
9/13/15 14:00–9/14/15 10:00
NA
NA
0.142
0.925
All sites mean ± SD
0.128 ± 0.036
0.060 ± 0.015#
Akagi ER for boreal forests*
0.138
0.0066
Akagi ER for temperate forests*
0.163
0.0263
EPA WF ER ranget
0.096–0.164
0.010–0.048
EPA fuel combustion ER ranget
0.155–0.245
0.096–0.669
EPA mobile ER ranget
0.008–0.014
0.178–0.365
#
Only events with an R2 > 0.65 were used to calculate the mean (4 of 17 events).
*
Calculated using emission factors from Akagi et al. (2011).
t
Calculated using EPA NEI11 from all 8 Counties (https://www.epa.gov/air-emissions-inventories/2011-nationalemissions-inventory-nei-data).
Site

Date Time (local)

at both sites. The red boxes show the identified WF events
for each site detailed in Table 2. Despite capturing the
same WF events, the ΔPM2.5/ΔCO NERs are different for
the two sites. The ΔPM2.5/ΔCO NER for Seattle 10th St
was the lowest of all the WF events (0.057 µg m–3 ppbv–1),
and significantly lower than the ΔPM2.5/ΔCO NERs for the
same event at the Beacon Hill site (0.158 µg m–3 ppbv–1).
The difference is due to the location of the monitoring
sites. The 10th St site is located in very close proximity to
a major highway (I-5) in downtown Seattle and is heavily
influenced by traffic emissions. The Beacon Hill site is
located in a park ~350 feet above the city and much less
influenced by traffic. The background CO concentration is
significantly higher at the 10th St site than the Beacon Hill
as can be seen in Fig. 5. During the WF event on 8/23/2015,
the maximum CO concentration at 10th St (1312 ppbv)
was more than double that at Beacon Hill (568 ppbv). Due
to this high and variable CO background, the correlation

between PM2.5 and CO is not as strong at the 10th St site
during the WF events. During the event observed at both
sites on 8/23/2015, the Beacon Hill site had a much better
correlation (R2 = 0.876) than the 10th St site (R2 = 0.677).
The difference in NERs of the same fire event seen at
two sites with different backgrounds substantiates Yokelson
et al. (2013)’s argument that changes in background
concentrations can significantly affect calculated NERs.
Despite the NERs being different, at both sites the WF event
NER was significantly larger than the PM2.5/CO AERs and
thus the WF event on 8/23/2015 could be discerned.
On 8/22/2015 there was a clear increase in PM2.5 observed
at both sites. For this time period the PM2.5 and CO were
much better correlated at Beacon Hill (ΔPM2.5/ΔCO R2 =
0.92) compared to the 10th St site (ΔPM2.5/ΔCO R2 = 0.33).
Since the event at 10th St site did not meet our criteria, it
was not counted as a WF event. This is an example of high
background concentrations impeding the use of enhancement
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Fig. 2. PM2.5 vs. CO scatter plots for Seattle - Beacon Hill, Seattle - 10th St, Boise, and Reno. All points are hourly averages.
The grey dots are all of the data points at the site, and the orange dots represent the identified WF events. The lines are
defined as follows. Solid dark grey line: PM2.5/CO AERs calculated (RMA slope) at each site using data up to the PM2.5
99th percentile. Dotted orange line(s): ΔPM2.5/ΔCO NERs for WF events. Dotted green line: Mobile EPA County
Emission Inventory PM2.5/CO ER. Solid red line: PM2.5/CO ER for Temperate Forests (0.164 µg m–3 ppbv–1; Akagi et al.
(2011)).

Fig. 3. PM2.5 vs. CO scatter plots for Portland, Fresno, Denver, Stockton, and Chico. Color and line designations are the
same as in Fig. 2.
ratios in identifying WF events. The lower and less
variable the background concentrations are, the easier WF
events will be able to be identified. For site with high
background, such as Seattle 10th St, only larger WF plumes
will be identifiable, whereas smaller plumes can be identified
at the Beacon Hill site.
CONCLUSIONS
In this paper we evaluated the use of normalized

enhancement ratios in identifying WF events at nine
monitoring sites in US cities using commonly measured
AQS criteria pollutants (PM2.5, CO, and NOy). Our main
conclusions are as follows:
- Some monitoring sites had CO measurements that had a
lower resolution than was necessary for the analysis in
this paper. There is a need to improve CO measurements
at EPA AQS monitoring sites by upgrading older CO
instruments to ones with an EPA method code > 500.
- For AQS sites with adequate CO data, ΔPM2.5/ΔCO
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Fig. 4. NOy vs. CO scatter plots for Seattle - Beacon Hill, Boise, Reno, and Fresno. All points are hourly averages. The
grey dots are all of the data points at the site, and the orange dots represent the identified WF events. The lines are defined
as follows. Solid dark grey line: NOy/CO AERs calculated (RMA slope) at each site. Dotted orange line(s): ΔNOy/ΔCO
NERs for WF events. Dotted green line: Mobile EPA County Emission Inventory NOx/CO ER. Solid red line: NOx/CO
ER for Temperate Forests (0.026 ppbv ppbv–1; Akagi et al. (2011)).

Fig. 5. Time series of PM2.5 and CO at the two Seattle locations during WF events in August 2015. The red boxes represent
the WF events for each site characterized in Table 2.
NERs provide an excellent tool for identifying or
confirming WF events in urban areas, while ΔNOy/ΔCO
NERs were less reliable in confirming WF events due
to high and variable NOy concentrations in urban areas.
- ΔPM2.5/ΔCO NERs for the identified WF events ranged
from 0.057–0.228 µg m–3 ppbv–1. The ΔPM2.5/ΔCO NERs
for WF events were significantly greater than the PM2.5/CO
AERs for each site and can be used successfully to
identify WF events in urban areas.
- A case study in Seattle of a WF event observed at two
monitoring sites showed that the ability to identify WF

events by ΔPM2.5/ΔCO NERs is contingent on the
background levels of CO and the total enhancement of
CO during the WF event. The higher the background
levels of CO, the larger the enhancement in CO must be
in order to identify the event with ΔPM2.5/ΔCO NERs.
- Only 4 WF events had ΔNOy/ΔCO NERs with an R2 >
0.65, making it an unreliable tool for identifying or
confirming WF smoke in most urban areas. The lack of
good correlations between NOy and CO are likely due to
high and variable urban NOy background concentrations
due primarily to mobile emissions. Ostensibly this method
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could still be used in areas with lower and less variable
NOy concentrations.
- Urban PM2.5/CO AERs ranged from 0.021–0.066 µg m–3
ppbv–1, and 8 of the 9 sites were within 30% when
compared with the PM2.5/CO ERs calculated from the
county emission inventories (NEI11).
- Urban NOy/CO AERs ranged from 0.071–0.185 ppbv
ppbv–1, and 4 of the 6 sites were within 30% when
compared to NOx/CO ERs derived from the NEI11
county emission inventories.
ACKNOWLEDGEMENTS
Funding for this work was provided by the National
Science Foundation (grant #AGS-1447832). We also
acknowledge the critical data used in this analysis provided
by the US Environmental Protection Agency. The authors
gratefully acknowledge the NOAA Air Resources
Laboratory (ARL) for the provision of the HYSPLIT
transport model used in this publication.
SUPPLEMENTARY MATERIAL
Supplementary data associated with this article can be
found in the online version at http://www.aaqr.org.
REFERENCES
Abatzoglou, J.T. and Williams, A.P. (2016). Impact of
anthropogenic climate change on wildfire across western
US forests. Proc. Natl. Acad. Sci. U.S.A. 113: 11770–
11775.
Adetona, O., Reinhardt, T.E., Domitrovich, J., Broyles, G.,
Adetona, A.M., Kleinman, M.T., Ottmar, R.D. and
Naeher, L.P. (2016). Review of the health effects of
wildland fire smoke on wildland firefighters and the
public. Inhalation Toxicol. 28: 95–139.
Akagi, S.K., Yokelson, R.J., Wiedinmyer, C., Alvarado,
M.J., Reid, J.S., Karl, T., Crounse, J.D. and Wennberg,
P.O. (2011). Emission factors for open and domestic
biomass burning for use in atmospheric models. Atmos.
Chem. Phys. 11: 4039–4072.
Akagi, S.K., Craven, J.S., Taylor, J.W., McMeeking, G.R.,
Yokelson, R.J., Burling, I.R., Urbanski, S.P., Wold,
C.E., Seinfeld, J.H., Coe, H., Alvarado, M.J. and Weise,
D.R. (2012). Evolution of trace gases and particles
emitted by a chaparral fire in California. Atmos. Chem.
Phys. 12: 1397–1421.
Andreae, M.O. and Merlet, P. (2001). Emission of trace
gases and aerosols from biomass burning. Global
Biogeochem. Cycles 15: 955–966.
Baylon, P., Jaffe, D.A., Wigder, N.L., Gao, H. and Hee, J.
(2015). Ozone enhancement in western US wildfire
plumes at the Mt. Bachelor Observatory: The role of
NOx. Atmos. Environ. 109: 297–304.
Beirle, S., Boersma, K.F., Platt, U., Lawrence, M.G. and
Wagner, T. (2011). Megacity emissions and lifetimes of
nitrogen oxides probed from space. Science 333: 1737–
1739.

2421

Briggs, N.L., Jaffe, D.A., Gao, H., Hee, J.R., Baylon,
P.M., Zhang, Q., Zhou, S., Collier, S.C., Sampson, P.D.
and Cary, R.A. (2016). Particulate matter, ozone, and
nitrogen species in aged wildfire plumes observed at the
Mount Bachelor Observatory. Aerosol Air Qual. Res.
16: 3075–3087.
Chen, Y. and Xie, S.D. (2014). Characteristics and
formation mechanism of a heavy air pollution episode
caused by biomass burning in Chengdu, Southwest
China. Sci. Total Environ. 473: 507–517.
de Gouw, J.A., Warneke, C., Parrish, D.D., Holloway, J.S.,
Trainer, M. and Fehsenfeld, F.C. (2003). Emission sources
and ocean uptake of acetonitrile (CH3CN) in the
atmosphere. J. Geophys. Res. 108: 4329.
DeBell, L.J., Talbot, R.W., Dibb, J.E., Munger, J.W.,
Fischer, E.V. and Frolking, S.E. (2004). A major regional
air pollution event in the northeastern United States
caused by extensive forest fires in Quebec, Canada. J.
Geophys. Res. 109: D19305.
Díaz-Robles, L., Cortés, S., Vergara-Fernández, A. and
Ortega, J.C. (2015). Short term health effects of
particulate matter: A comparison between wood smoke
and multi-source polluted urban areas in Chile. Aerosol
Air Qual. Res. 15: 306–318.
Dimitriou, K. and Kassomenos, P. (2014). Local and
regional sources of fine and coarse particulate matter
based on traffic and background monitoring. Theor.
Appl. Climatol. 116: 413–433.
Dutkiewicz, V.A., Husain, L., Roychowdhury, U.K. and
Demerjian, K.L. (2011). Impact of Canadian wildfire
smoke on air quality at two rural sites in NY State.
Atmos. Environ. 45: 2028–2033.
Hassler, B., McDonald, B.C., Frost, G.J., Borbon, A.,
Carslaw, D.C., Civerolo, K., Granier, C., Monks, P.S.,
Monks, S., Parrish, D.D., Pollack, I.B., Rosenlof, K.H.,
Ryerson, T.B., von Schneidemesser, E. and Trainer, M.
(2016). Analysis of long-term observations of NOx and CO
in megacities and application to constraining emissions
inventories. Geophys. Res. Lett. 43: 9920–9930.
Hobbs, P.V., Sinha, P., Yokelson, R.J., Christian, T.J.,
Blake, D.R., Gao, S., Kirchstetter, T.W., Novakov, T.
and Pilewskie, P. (2003). Evolution of gases and particles
from a savanna fire in South Africa. J. Geophys. Res.
108: 8485–8485.
Janhäll, S., Andreae, M.O. and Pöschl, U. (2010). Biomass
burning aerosol emissions from vegetation fires: particle
number and mass emission factors and size distributions.
Atmos. Chem. Phys. 10: 1427–1439.
Johnston, F.H., Henderson, S.B., Chen, Y., Randerson,
J.T., Marlier, M., DeFries, R.S., Kinney, P., Bowman,
D.M. and Brauer, M. (2012). Estimated global mortality
attributable to smoke from landscape fires, University of
British Columbia.
Jolleys, M.D., Coe, H., McFiggans, G., Capes, G., Allan,
J.D., Crosier, J., Williams, P.I., Allen, G., Bower, K.N.,
Jimenez, J.L., Russell, L.M., Grutter, M. and Baumgardner,
D. (2012). Characterizing the aging of biomass burning
organic aerosol by use of mixing ratios: a meta-analysis
of four regions. Environ. Sci. Technol. 46: 13093–13102.

2422

Laing et al., Aerosol and Air Quality Research, 17: 2413–2423, 2017

Jolleys, M.D., Coe, H., McFiggans, G., Taylor, J.W.,
O'Shea, S.J., Le Breton, M., Bauguitte, S.J.B., Moller,
S., Di Carlo, P., Aruffo, E., Palmer, P.I., Lee, J.D.,
Percival, C.J. and Gallagher, M.W. (2015). Properties
and evolution of biomass burning organic aerosol from
Canadian boreal forest fires. Atmos. Chem. Phys. 15:
3077–3095.
Justice, C.O., Giglio, L., Korontzi, S., Owens, J., Morisette,
J.T., Roy, D., Descloitres, J., Alleaume, S., Petitcolin, F.
and Kaufman, Y. (2002). The MODIS fire products.
Remote Sens. Environ. 83: 244–262.
Khamkaew, C., Chantara, S., Janta, R., Pani, S.K.,
Prapamontol, T., Kawichai, S., Wiriya, W. and Lin,
N.H. (2016). Investigation of biomass burning chemical
components over Northern Southeast Asia during 7SEAS/BASELInE 2014 campaign. Aerosol Air Qual.
Res. 16: 2655–2670.
Kim, E., Larson, T.V., Hopke, P.K., Slaughter, C., Sheppard,
L.E. and Claiborn, C. (2003). Source identification of
PM2.5 in an arid northwest US city by positive matrix
factorization. Atmos. Res. 66: 291–305.
Kirchstetter, T.W., Harley, R.A., Kreisberg, N.M.,
Stolzenburg, M.R. and Hering, S.V. (1999). On-road
measurement of fine particle and nitrogen oxide emissions
from light-and heavy-duty motor vehicles. Atmos. Environ.
33: 2955–2968.
Kochi, I., Champ, P.A., Loomis, J.B. and Donovan, G.H.
(2016). Valuing morbidity effects of wildfire smoke
exposure from the 2007 Southern California wildfires. J.
Forest Econ. 25: 29–54.
Laing, J.R., Jaffe, D.A. and Hee, J.R. (2016). Physical and
optical properties of aged biomass burning aerosol from
wildfires in Siberia and the Western USA at the Mt.
Bachelor Observatory. Atmos. Chem. Phys. 16: 15185–
15197.
Liu, Y., Goodrick, S. and Heilman, W. (2014). Wildland
fire emissions, carbon, and climate: Wildfire-climate
interactions. Forest Ecol. Manag. 317: 80–96.
Long, R.W., Smith, R., Smith, S., Eatough, N.L., Mangelson,
N.F., Eatough, D.J., Pope, C.A. and Wilson, W.E.
(2002). Sources of fine particulate material along the
Wasatch Front. Energy Fuel 16: 282–293.
Magliano, K.L., Hughes, V.M., Chinkin, L.R., Coe, D.L.,
Haste, T.L., Kumar, N. and Lurmann, F.W. (1999).
Spatial and temporal variations in PM10 and PM2.5 source
contributions and comparison to emissions during the
1995 integrated monitoring study. Atmos. Environ. 33:
4757–4773.
May, A.A., Lee, T., McMeeking, G.R., Akagi, S., Sullivan,
A.P., Urbanski, S., Yokelson, R.J. and Kreidenweis,
S.M. (2015). Observations and analysis of organic aerosol
evolution in some prescribed fire smoke plumes. Atmos.
Chem. Phys. 15: 6323–6335.
McClure, C.D., Jaffe, D.A. and Gao, H. (2016). Carbon
dioxide in the free troposphere and boundary layer at the
Mt. bachelor observatory. Aerosol Air Qual. Res. 16:
717–728.
Monsalve, F., Tomás, C. and Fraile, R. (2013). Influence
of meteorological parameters and air pollutants onto the

morbidity due to respiratory diseases in Castilla-La
Mancha, Spain. Aerosol Air Qual. Res. 13: 1297–1312.
Parrish, D.D., Trainer, M., Hereid, D., Williams, E.,
Olszyna, K., Harley, R., Meagher, J. and Fehsenfeld, F.
(2002). Decadal change in carbon monoxide to nitrogen
oxide ratio in US vehicular emissions. J. Geophys. Res.
107: 4140.
Parrish, D.D. (2006). Critical evaluation of US on-road
vehicle emission inventories. Atmos. Environ. 40: 2288–
2300.
Parrish, D.D., Kuster, W.C., Shao, M., Yokouchi, Y.,
Kondo, Y., Goldan, P.D., de Gouw, J.A., Koike, M. and
Shirai, T. (2009). Comparison of air pollutant emissions
among mega-cities. Atmos. Environ. 43: 6435–6441.
Parrish, D.D., Singh, H.B., Molina, L. and Madronich, S.
(2011). Air quality progress in North American megacities:
A review. Atmos. Environ. 45: 7015–7025.
Patton, A.P., Perkins, J., Zamore, W., Levy, J.I., Brugge, D.
and Durant, J.L. (2014). Spatial and temporal differences
in traffic-related air pollution in three urban neighborhoods
near an interstate highway. Atmos. Environ. 99: 309–
321.
Pope III, C.A., Burnett, R.T., Thun, M.J., Calle, E.E.,
Krewski, D., Ito, K. and Thurston, G.D. (2002). Lung
cancer, cardiopulmonary mortality, and long-term exposure
to fine particulate air pollution. JAMA 287: 1132–1141.
Popovicheva, O.B., Engling, G., Diapouli, E., Saraga, D.,
Persiantseva, N.M., Timofeev, M., Kireeva, E.D., Shonija,
N.K., Chen, S.H. and Nguyen, D.L. (2016). Impact of
smoke intensity on size-resolved aerosol composition
and microstructure during the biomass burning season in
Northwest Vietnam. Aerosol Air Qual. Res. 16: 2635–
2654.
Ramadan, Z., Song, X.-H. and Hopke, P.K. (2000).
Identification of sources of Phoenix aerosol by positive
matrix factorization. J. Air Waste Manage. Assoc. 50:
1308–1320.
Reid, J.S., Koppmann, R., Eck, T.F. and Eleuterio, D.P.
(2005). A review of biomass burning emissions part II:
intensive physical properties of biomass burning particles.
Atmos. Chem. Phys. 5: 799–825.
Roberts, J.M., Veres, P.R., Cochran, A.K., Warneke, C.,
Burling, I.R., Yokelson, R.J., Lerner, B., Gilman, J.B.,
Kuster, W.C., Fall, R. and de Gouw, J. (2011). Isocyanic
acid in the atmosphere and its possible link to smokerelated health effects. Proc. Natl. Acad. Sci. U.S.A. 108:
8966–8971.
Sakamoto, K., Allan, J., Coe, H., Taylor, J., Duck, T. and
Pierce, J. (2015). Aged boreal biomass-burning aerosol
size distributions from BORTAS 2011. Atmos. Chem.
Phys. 15: 1633–1646.
Seinfeld, J.H. and Pandis, S.N. (2006). Atmospheric
chemistry and physics: From air pollution to climate
change, 2nd Edition. John Wiley & Sons, Inc., Hoboken,
New Jersey.
Simoneit, B.R., Schauer, J.J., Nolte, C., Oros, D.R., Elias,
V.O., Fraser, M., Rogge, W. and Cass, G.R. (1999).
Levoglucosan, a tracer for cellulose in biomass burning
and atmospheric particles. Atmos. Environ. 33: 173–182.

Laing et al., Aerosol and Air Quality Research, 17: 2413–2423, 2017

Simoneit, B.R. (2002). Biomass burning—A review of
organic tracers for smoke from incomplete combustion.
Appl. Geochem. 17: 129–162.
Spicer, C.W. (1982). Nitrogen oxide reactions in the urban
plume of Boston. Science 215: 1095–1097.
Stein, A.F., Draxler, R.R., Rolph, G.D., Stunder, B.J.B.,
Cohen, M.D. and Ngan, F. (2015). NOAA's HYSPLIT
atmospheric transport and dispersion modeling system.
Bull. Am. Meteorol. Soc. 96: 2059–2077.
Vakkari, V., Kerminen, V.-M., Beukes, J.P., Tiitta, P., van
Zyl, P.G., Josipovic, M., Venter, A.D., Jaars, K., Worsnop,
D.R., Kulmala, M. and Laakso, L. (2014). Rapid changes
in biomass burning aerosols by atmospheric oxidation.
Geophys. Res. Lett. 41: 2644–2651.
Val Martin, M., Heald, C.L., Lamarque, J.F., Tilmes, S.,
Emmons, L.K. and Schichtel, B.A. (2015). How emissions,
climate, and land use change will impact mid-century air
quality over the United States: A focus on effects at
national parks. Atmos. Chem. Phys. 15: 2805–2823.
Wang, T., Poon, C., Kwok, Y. and Li, Y. (2003).
Characterizing the temporal variability and emission
patterns of pollution plumes in the Pearl River Delta of
China. Atmos. Environ. 37: 3539–3550.
Westerling, A.L., Hidalgo, H.G., Cayan, D.R. and Swetnam,
T.W. (2006). Warming and earlier Spring increase
western U.S. forest wildfire activity. Science 313: 940–
943.

2423

Westerling, A.L. (2016). Increasing western US forest
wildfire activity: Sensitivity to changes in the timing of
spring. Philos. Trans. R. Soc. London B 371: 20150178.
Wigder, N.L., Jaffe, D.A. and Saketa, F.A. (2013). Ozone
and particulate matter enhancements from regional
wildfires observed at Mount Bachelor during 2004-2011.
Atmos. Environ. 75: 24–31.
Yokelson, R.J., Crounse, J.D., DeCarlo, P.F., Karl, T.,
Urbanski, S., Atlas, E., Campos, T., Shinozuka, Y.,
Kapustin, V., Clarke, A.D., Weinheimer, A., Knapp,
D.J., Montzka, D.D., Holloway, J., Weibring, P., Flocke,
F., Zheng, W., Toohey, D., Wennberg, P.O., Wiedinmyer,
C., Mauldin, L., Fried, A., Richter, D., Walega, J., Jimenez,
J.L., Adachi, K., Buseck, P.R., Hall, S.R. and Shetter, R.
(2009). Emissions from biomass burning in the Yucatan.
Atmos. Chem. Phys. 9: 5785–5812.
Yokelson, R.J., Andreae, M.O. and Akagi, S.K. (2013).
Pitfalls with the use of enhancement ratios or normalized
excess mixing ratios measured in plumes to characterize
pollution sources and aging. Atmos. Meas. Tech. 6:
2155–2158.
Received for review, February 13, 2017
Revised, July 24, 2017
Accepted, August 25, 2017

