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ABSTRACT: Wildfires are important contributors to atmos-
pheric aerosols and a large source of emissions that impact
regional air quality and global climate. In this study, the
regional and nearfield influences of wildfire emissions on
ambient aerosol concentration and chemical properties in the
Pacific Northwest region of the United States were studied
using real-time measurements from a fixed ground site located
in Central Oregon at the Mt. Bachelor Observatory (∼2700 m
a.s.l.) as well as near their sources using an aircraft. The
regional characteristics of biomass burning aerosols were found
to depend strongly on the modified combustion efficiency
(MCE), an index of the combustion processes of a fire.
Organic aerosol emissions had negative correlations with
MCE, whereas the oxidation state of organic aerosol increased with MCE and plume aging. The relationships between the
aerosol properties and MCE were consistent between fresh emissions (∼1 h old) and emissions sampled after atmospheric
transport (6−45 h), suggesting that biomass burning organic aerosol concentration and chemical properties were strongly
influenced by combustion processes at the source and conserved to a significant extent during regional transport. These results
suggest that MCE can be a useful metric for describing aerosol properties of wildfire emissions and their impacts on regional air
quality and global climate.

■ INTRODUCTION

Biomass burning (BB) is one of the largest sources of trace
gases and carbonaceous aerosols on a global scale and has
intense adverse effects on air quality and human health.1−4

Emissions from wildfires and other BB sources, such as
agricultural and residential wood burning, also influence Earth’s
climate via a combination of direct,2,5 indirect6,7 and semidirect
effects.8,9 Wildfires, in particular, are a large and highly variable
component of BB emissions10 and typically an “uncontrollable”
source of aerosols that can cause haze in pristine areas and poor

air quality at downwind sites.11,12 Many factors, such as fuel
type, burn conditions, and atmospheric aging, can influence the
chemical and microphysical properties of BB aerosols. The
organic component, namely biomass burning organic aerosol
(BBOA), is a dominant component in BB fine aerosols13,14 and
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thus influences their hygroscopicity and optical properties,
which are important parameters for assessing the impacts of BB
emissions on regional air quality and global climate. However,
BBOA are compositionally complex and their characteristics
and impacts are poorly represented in models.
An important property of a BB event which strongly affects

emission characteristics is the modified combustion efficiency
(MCE) − an index of the relative amount of smoldering and
flaming. The MCE is defined as the unitless molar ratio of the
enhanced concentration of CO2 over the background to the
sum of the enhanced concentrations of CO and CO2: MCE =
ΔCO2/(ΔCO + ΔCO2).

15,16 Higher MCE (>0.9) is associated
with most of the emissions being processed by flaming
combustion, whereas lower MCE (<0.9) is associated with
mostly smoldering combustion, where pyrolysis and gasification
emissions escape flame processing.16,17 Various studies have
demonstrated that emission factors for particulate matter (PM)
and trace gases in BB are strongly influenced by MCE18−21 and
that lower MCE is usually associated with increased PM
emissions per unit of fuel burned.22−24

So far, much of the information on BB emissions comes from
prescribed and agricultural fires and very little is known about
the characteristics of BBOA and their correlation with MCE for
wildfires, especially in the midlatitude region. In order to fill this
knowledge gap, we examine plumes from wildfires in the Pacific
Northwest region of the United States using data acquired in
summer 2013 during the Department of Energy (DOE)
sponsored Biomass Burning Observation Project (BBOP). The
BBOP campaign combined aircraft and ground measurement
platforms to study both gas and particle phase emissions using
real-time instruments and collected one of the most extensive
data sets on wildfires performed in the contiguous U.S. Here,
we report the chemical characteristics of nonrefractory
submicrometer aerosols (NR-PM1) measured by two high-
resolution time-of-flight aerosol mass spectrometers (HR-
AMS) in regional and near-field wildfire plumes with a range
of transport times (1 h to 2 days) and their relationships to
MCE and atmospheric aging that potentially refine representa-
tion of BB emissions in models for more accurate assessments
of wildfire impacts.

■ EXPERIMENTAL METHODS
2.1. Campaign Description and Instrument Deploy-

ment. As shown in Figure 1, various instances of strong and
persistent wildfire activity in the Pacific Northwest region were
reported by satellite data during the campaign period (July 25th
to August 25th, 2013) and many wildfire plumes were sampled
at a fixed site located at Mt. Bachelor Observatory (MBO;
43.979 °N, 121.687 °W, ∼ 2700 m a.s.l.). In addition, fresher
(∼1 h aging) plumes from the Whiskey Fire Complex and
more aged plumes (4−10 h) transported from the Salmon
River Fire Complex were sampled extensively by the Gulf-
stream G-1 aircraft on Aug. sixth and 16th, respectively (Figure
1).
A comprehensive suite of real-time instruments, including

HR-AMS25,26 and measurements of aerosol optical properties
and gas-phase tracer concentrations, were deployed on board
the G-1 aircraft and at MBO during BBOP. The HR-AMS
provides detailed chemical information on the nonrefractory
(NR) portion of PM1 at fast time-resolution and its high-
resolution mass spectra help identify various sources for
observed ambient aerosol and determine the average elemental
ratios of organic components.26−28 At MBO, the HR-AMS was

operated in the ion optical “V-mode” and sampled alternatively,
every 5 min, downstream of a thermodenuder instrument and
through an ambient bypass line (see Figure S1 and section 1.1.1
in the Supporting Information (SI)). For the purposes of this
analysis, only bypass information is discussed.
The G-1 platform measured aerosol composition using an

HR-AMS equipped with an intracavity laser, which is called the
Soot-Particle Aerosol Mass Spectrometer (SP-AMS29). Aerosol
particles were sampled from outside of the G-1 using a forward
facing two-stage diffuser aerosol inlet system.30 Inside the G-1,
PM1 were sampled into the SP-AMS through a 130 μm
diameter critical orifice from a constant pressure inlet operating
at a pressure of ∼620 Torr.31 The SP-AMS alternated between
“laser-on” mode, for the measurement of refractory black
carbon and associated coatings, and “laser-off” mode, which
functions identically to a standard HR-AMS. In this study we
focus on data acquired in “laser-off” mode, that is, as a standard
HR-AMS, in “V-mode”. However, unlike the HR-AMS at
MBO, the SP-AMS on the G-1 was operated in “Fast-MS”
mode with 1 s sampling time.32,33

Additional descriptions of measurements and instrumenta-
tion during BBOP are given in the SI. Table S1 contains quality
control and assurance information such as limit of detections,
ionization efficiencies, and relative ionization efficiencies for
both MBO and G-1. Influences from gas-phase CO2 on the
particulate organic CO2

+ signal were subtracted in a time-
dependent manner using gas-phase CO2 data34 for both
platforms. All the data reported here has been converted to
standard temperature and pressure (STP, 273 K, 1 atm)
conditions.

2.2. Back Trajectory Analysis and Estimation of Plume
Transport Times. The locations and times of active fires in

Figure 1.Map of the Pacific Northwest U.S. with the location of MBO
and two G-1 aircraft flight trajectories shown. Open diamonds
represent fires detected by the MODIS satellite during the period
spanning the measurement campaign and are colored by date and
sized by fire radiative power (FRP). Persistent and large-scale wildfires
are highlighted by circles. The inset polar graph represents the
statistical distribution of wind direction and speed at MBO during July
25 to August 25, 2013.
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the region, detectable by the MODIS instrument aboard the
Aqua and Terra satellites, were downloaded from the NASA
operated Fire Information Resource Management System
(https://firms.modaps.eosdis.nasa.gov, near real-time collection
5 type data was used). In order to identify possible plume
sources, 3-day back trajectory analysis was performed using the
HYSPLIT model (Hybrid Single Particle Lagrangian Integrated
Trajectory archive data, available at http://ready.arl.noaa.gov/
HYSPLIT.php).35 HYSPLIT results were compared with
MODIS fire hotspot information (SI Figure S3−S17), where
overlap of trajectories with hotspots both verified wildfire
emission source locations and provided estimated plume
transport times. In cases where multiple sources were possible
candidates or where source or transport time was ambiguous,
forward trajectory analysis was performed using 40 km
resolution meteorological data (EDAS). Average and ranges
for transport time for each plume were estimated based on a
combination of both forward and back trajectory results. When
plumes were sampled by G-1 the flight path coordinates were
used as starting points for back trajectory analysis. When the G-
1 location coincided very closely to a MODIS fire hotspot, it
was assumed that plumes were approximately 1 h old, in order
to allow for plume rise. Air mass relative humidity (RH) values
along calculated trajectories were also derived via HYSPLIT
back trajectory analysis.

■ RESULTS AND DISCUSSION

3.1. Identification of Wildfire Plumes and Calculation
of MCE and Enhancement Ratios. Near combustion
sources, emission factors and emission ratios are commonly
calculated for use in emissions inventories.4 However, MCE
and enhancement ratios (ERs) can be calculated for emissions
sampled downwind of a fire source by taking the ratio of the
enhancement of a species of interest above background to the
enhancement of a stable representative plume tracer. ERs may
also be calculated by finding the linear regression slope between

a parameter of interest and the plume tracer when multiple,
well-correlated measurements are available at a specific distance
downwind.36,37 Changing backgrounds, particularly when
plumes enter a different air mass such as the free troposphere,
can impact calculation of MCE and ERs for trace gases and
particulate species in BB plumes.38 However, uncertainty for
ER calculations is much reduced when emissions of parameters
of interest are significantly higher than their background
values.37,38

In this study, we identify wildfire plumes and determine
MCEs and ERs for selected periods when concentrations of
CO, CO2, organic PM, and major organic ions in the HR-AMS
spectra are all well above their corresponding background levels
and the correlations among these parameters are high for
selected plumes.39 The high correlation criterion is chosen to
minimize background and mixing effects on MCE and ER
calculations. In this study, a total of 32 plumes, 18 from MBO
and 14 from G-1, are identified and the correlations between
CO and CO2 and between organic PM and ΣC (= CO+CO2)
are high for each plume (r2 > 0.85; Figure 2 and SI Table S2).
Due to the stringent criteria, plumes in this analysis make up a
small percentage of all campaign data (e.g., 1.3% of MBO data).
The correlations between HR-AMS organic ions and ΣC are
high for all the plumes as well (e.g., SI Figure S19−S20). Note
that measurements taken from the G-1 are elevated relative to
MBO due to their proximity to fire sources (Figure 2).
For each identified plume, MCE is calculated by determining

the slope between CO and CO2 using an unconstrained linear
orthogonal distance regression and subsequently solving for
MCE = 1/(1+ΔCO/ΔCO2). The ERs of various aerosol and
gas-phase parameters with respect to ΣC for each plume are
also calculated and expressed as ΔX/ΔΣC, where X is a plume
parameter of interest. The calculated MCE values range from
0.80 to 0.99 for the 18 plumes sampled at MBO and range from
0.86 to 0.96 for the 14 plumes sampled by the G-1. The ERs for
most aerosol parameters with respect to ΣC were found to have

Figure 2. Scatter plots of (a) gas-phase CO vs CO2 in ppbv/ppmv, and (b) particulate organics vs CO+CO2 in μgm−3/ppmv. Plumes measured at
MBO and by the G-1 aircraft, and selected for enhancement ratio calculation, are shown as individually colored markers. Pearson’s r2, slope, and
intercepts are summarized in SI Table S2.
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a strong negative correlation with MCE and will be discussed
further in sections 3.2 and 3.3. Most of the plumes appeared to
come from fires occurring in southwest Oregon and northern
California with a few arriving from northern Oregon (SI Figure
S3−S17). Based on HYSPLIT air mass trajectories and MODIS
fire locations, we estimate that the 32 BB plumes varied in their
transport times between 1−48 h.
3.2. A Case Study of Three Consecutive Plumes

Observed at MBO. Figure 3 shows an example of the
identification of three BB plumes that impacted MBO on
August 14th and 15th consecutively. These plumes all came
from the Salmon River Fire Complex with a total transport
time of approximately 12 h, suggesting that they had undergone
a similar degree of atmospheric aging. Meteorological
conditions were relatively stable during the designated plume
time spans and wind was relatively constant (12 ± 2.9 m/s,
southwesterly, Figure 3a). CO and CO2 mixing ratios, aerosol
scattering coefficient, and organic PM1 mass concentrations
were elevated during each plume period and had high
intercorrelation (Figure 3). The MCE values of the three
plumes decreased over time at 0.91, 0.88, and 0.86 (Figure 3b),
indicating gradually decreased combustion efficiency.
BBOA is a dominant aerosol component in these plumes,

accounting for >94% of the NR-PM1 mass. The enhancement
of BBOA relative to ΣC (i.e., ΔOrg/ΔΣC) increases as MCE
decreases (Figure 3c), so do the enhancements of scattering

(550 nm, Figure 3d) and the AMS marker ions for anhydrous
sugars (e.g., levoglucosan), C2H4O2

+ (Figure 3e) and
C3H5O2

+.40,41 Inorganic nitrate (NO3
−, Figure 3f), although

contributing a small percentage to the PM1 mass, displays an
enhancement that also correlates inversely with MCE. On the
other hand, sulfate correlates less well with ΣC and does not
appear significantly enhanced within the plume relative to
nonplume periods (Figure 3g), indicating influences from
sources other than wildfires. Since transport time and source
are similar for all three plumes, the differences observed in ERs
for BBOA, tracers, scattering and inorganic nitrate are likely
due to changes in combustion processes.

3.3. Influence of MCE on Aerosol Emission Character-
istics. The trends observed for the three consecutive plumes
discussed above were also observed when examining all 32
plumes (Figure 4). A strong negative correlation between the
ER of BBOA and MCE is observed and the values measured
from both MBO and G-1 fall tightly along the same trend
(Figure 4a). Since the estimated ages of the 32 BB plumes vary
between ∼1−48 h (6−48 h for MBO plumes and 1−6 h for G-
1 plumes), this strong agreement suggests that net changes in
BBOA concentrations were either slow or very similar plume to
plume (i.e., independent to transport time).
One explanation is that BBOA is composed of primary

organic aerosol (POA) directly emitted from the burning
biomass and secondary organic aerosol (SOA) formed via

Figure 3. Detailed description of 3 consecutive plumes occurring during 21:00 PM 08/14/2013 to 5:00 AM 08/15/2013. (a) The time series of
temperature, RH, wind direction and speed, CO and CO2 mixing ratios, concentrations of individual NR-PM1 species under standard conditions
(shown as stacked), and total PM1 scattering. The three plumes are highlighted with colored bars and corresponding MCE is displayed at the top of
the graph. Scatter plots, with the same three plumes highlighted by the same colored markers and fit lines, as well as showing all data measured
throughout campaign in gray markers are shown for (b) CO vs CO2 and (c - g) organic PM1, aerosol scattering, C2H4O2

+, nitrate and sulfate vs CO
+CO2. The table beneath the figures shows a summary of the slopes of the linear regressions depicted in Figure 2b−g and are defined here as the
enhancement ratios.
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oxidative processing of organic gases. These two components
are expected to exhibit opposite behaviors during transport,
with POA evaporating with dilution due to the semivolatile
nature of BBOA42 and SOA increasing with more atmospheric
processing.43 Indeed, thermal denuder data from MBO
demonstrates the semivolatile nature of fresh BBOA.43

Substantial net formation of SOA in BB emissions has been
observed both in the laboratory44−46 and in the field,47 though
other field studies have not found significant enhancement of
BBOA mass as BB emissions photochemically aged.36,48,49 This
observed variability highlights the importance of fully character-
izing BBOA properties and the complex processing that
modifies these properties during atmospheric transport.
Our observations of negligible change in the apparent ERs of

BBOA with transport time for a range of MCE values might be
a combined, offsetting outcome of primary BBOA losses driven
by dilution and subsequent evaporation of the semivolatile
components,42 and SOA formation. On the other hand, the
consistency among plumes measured in this work from the G-1
and MBO may reflect some similar processing among plumes
or fast processing (e.g., < 1 h), which occurred near the source
prior to sampling, then was followed by little net change in
BBOA mass during subsequent atmospheric transport.
Additionally, Figure 4b shows the enhancement of organics

with respect to ΔCO, which is often used to determine net
formation of secondary components due to photochemical
activity, particularly for transported plumes since CO is a stable

tracer and has low background concentrations. However, it is
important to note that the relative amount of CO emitted is
influenced by MCE as well. CO increases with decreasing
MCE, thus ΔOrg/ΔCO is relatively flat for various MCEs and
there is high consistency between MBO and G-1 plumes
(Figure 4b) with the exception of plume 14 at MCE = 0.8
which has a significantly larger enhancement. Based on back-
trajectory analysis, this plume appears to be of similar age to
other plumes but originated from the Douglas Complex Fire,
which was less frequently sampled at MBO during this study.
Thus, the larger ΔOrg/ΔCO for this plume could be
characteristic of smoldering fires, which are associated with
higher VOC emissions and lower NOx,17,18 conditions which
may lead to higher SOA forming potential over a wide range of
aging time. Or larger ΔOrg/ΔCO could be due to differences
in fuel type. Caution should be taken in this interpretation since
a limited number of plumes were sampled in the lower MCE
range (0.8−0.85).
A strong negative correlation of the ERs of the HR-AMS

levoglucosan tracer ion (C2H4O2
+41,50) and MCE is observed

(Figure 4c), indicating that anhydrous sugars are emitted in
larger quantities under less efficient combustion. This is
consistent with the increased emissions of incomplete
combustion products under more smoldering conditions.
Furthermore, the overlap in ERs of this tracer ion in fresher
and more aged plumes (Figure 4c) suggests few or similar
losses of anhydrous sugars during atmospheric transport.
Previous studies indicate that levoglucosan can undergo
oxidation in the atmosphere,45 particularly under cloudy
conditions.51 We therefore examine relative humidity (RH)
along each MBO plume trajectory derived via HYSPLIT back
trajectory analysis and summarize the results of this analysis in
SI Figure S18. According to RH values of air masses, all plumes
experienced dry conditions (mean RH = 39% ± 9.6%) along
their trajectories before sampling at MBO, suggesting that
aqueous oxidation was less likely to have affected levoglucosan
enhancement ratios during this study.
The ER of aerosol light scattering determined from MBO

clearly decreases as a function of MCE (Figure 4d), similar to
the trend observed for the ER of organic aerosols (Figure 4a).
However, those from G-1 measurements appear to deviate
from the trend (Figure 4d), likely due to different size cutoff for
particle sampling: MBO used a PM1 inlet, whereas G-1 used an
isokinetic inlet (samples particles up to 5 μm in size), thus may
have measured the scattering of coarse mode soil and dust
particles.
The ERs of nitrate measured at MBO correlate inversely with

MCE whereas those measured from G-1 have a more flat
behavior (Figure 4e). Typically ERs of nitrogen-containing
compounds measured near the source are indicative of fuel
nitrogen content.15 Oxidized compounds such as NOx
dominate in flaming conditions whereas reduced compounds
such as NH3 dominate in smoldering conditions.16 In this case,
however, the transport of these plumes complicates the
interpretation. Due to photochemical processes, NOx can be
converted to more oxidized components such as peroxyacetyl
nitrate (PAN) and nitrate.52 On the other hand, sulfate often
displays poor correlations with ΣC and its ER values show little
dependence on MCE (Figure 4f). These observations are
consistent with previous findings that sulfur (S) content in
biomass is highly variable and that the EF of S-containing
species displays weak correlation with MCE in laboratory
fires.19,53 The contributions of wildfires to sulfate appeared

Figure 4. Enhancement ratios of (a−b) organic, (c) C2H4O2
+, (d)

aerosol light scattering, (e) nitrate and (f) sulfate relative to CO+CO2
vs MCE except for (b) which is relative to CO vs MCE. ERs with
respect to ΣC are in μg m−3/ppmv for Org, NO3, and SO4, in org-
equivalent μg m−3/ppmv for C2H4O2

+, and Mm−1/ppmv for scattering.
ER of Org with respect to CO is in μg m−3/ppbv. Markers are either
filled circles for MBO plumes or filled squares with a blue stroke for G-
1 plumes and all are colored based on correlation coefficients between
the given variable and CO+CO2 or CO. Error bars for ER and MCE
values represent the linear regressions errors of the calculated slopes.
Note that axes are split for clarity for panels a, b, c, and e.
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negligible compared to background concentrations during this
study and hence, sulfate appeared to be contributed by sources
other than wildfires.
3.4. Influence of MCE on Chemical Properties of

Organic Aerosol in Biomass Burning Plumes. The
chemical properties of BBOA observed for individual plumes
are examined to determine whether a relationship between the
organic aerosol chemistry and MCE existed or whether
atmospheric aging had a larger influence. In this study, and
ambient air in general, BB plumes often occurred as short-
duration events over an elevated background of more aged
aerosols. In order to isolate signals unique to the targeted
plume from background contributions, we determined the ERs
of the organic-equivalent mass concentrations of ions measured
by the AMS by calculating their unconstrained linear regression
slope with respect to ΣC. We defined an enhancement ratio
mass spectrum (ERMS) by using the calculated slope of each
ion as the signal contribution in the new ERMS and then
normalized the total signal in the ERMS to 1. All 32 BB plumes
were treated in the same way and a unique ERMS was derived
for each plume to examine detailed chemical information on
BBOA, such as elemental ratios (e.g., O/C and H/C), carbon
oxidation state (OSC), and fractional contributions of tracer
ions (e.g., fC2H4O2+). Note that for each plume, a vast majority
of the ions show tight correlations with ΣC (r2 > 0.9; e.g., see SI
Figure S19−S20), which indicates the validity of using this
approach to extract plume spectra. Ions with lower r2 were
retained, but they contribute <5% of the overall signal in the
ERMS and consequently, their influence on calculated
elemental ratios is considered negligible.
Figure 5 shows the chemical properties of BBOA derived

from the ERMS of the 32 plumes as a function of MCE. The
fC2H4O2+ is used to assess the influence of BB on ambient
aerosol.40 Findings from lab studies regarding fC2H4O2+ and
combustion conditions have been variable with a residential
wood burning experiment showing a positive correlation of
fC2H4O2+ with MCE54 and a simulated open burning experiment

finding similar fC2H4O2+ for both smoldering and flaming.41 In
this study a decreasing trend with respect to MCE is observed
for both the fresh (∼1−6 h of transport) and more aged (6−48
h of transport) plumes with very good agreement between the
observations from MBO and G-1 (Figure 5a). These results
reinforce the conclusion that the ERs of levoglucosan measured
downwind appear to reflect those measured near the source,
and that subsequent processing was either minimal or similar in
all plumes. While a decrease of fC2H4O2+ has been shown to
correlate with aging of BBOA,40,55 our analysis suggests that
MCE is an additional factor affecting fC2H4O2+ for BBOA with
less than 48 h of atmospheric aging. Hence caution should be
exercised while using this tracer to probe the evolution of
biomass burning aerosols in the atmosphere.
The H/C has a decreasing trend with respect to MCE

(Figure 5b) whereas O/C increases with MCE (Figure 5c). In
addition, OSC (= 2 × O/C − H/C), which is a more reliable
metric for describing the average carbon oxidation state of
organic aerosol,56 also shows an increasing trend with MCE
(Figure 5d). Other studies have measured the fractional
contribution of CO2

+, a dominant ion fragment in highly
oxidized organic aerosol,57 to total BBOA signal (f44) for
various fuels under controlled conditions.54,58−60 One lab study
showed that the relationship between f44 and MCE depended
on fuel type, suggesting some fuel types led to more oxidized
organic aerosol in flaming conditions.60 Our results indicate
relatively greater emissions of reduced organic compounds at
lower MCE values, which is consistent with smoldering
combustion (low MCE) emitting higher concentrations of
both particulate and gaseous organic compounds and with
BBOA often appearing semivolatile in nature. As MCE
increases, the overall composition of BBOA becomes more
oxidized and possibly less volatile. Furthermore, since the ER of
BBOA is lower at high MCE, differential evaporation may cause
preferential partitioning to the gas-phase of the semivolatile
species, leaving a higher fraction of more oxidized compo-
nents.61 However, the trends for O/C and OSC as a function of

Figure 5. Parameters depicted here are derived from the ERMS calculated for each of the 32 plumes where solid circles are for MBO and open
squares are for G-1. They include (a) the fractional contribution of C2H4O2

+ to the total signal, (b) H/C, (c) O/C, and (d) OSC vs MCE. All data
points in a−d are colored by approximate transport time calculated based on HYSPLIT trajectory information. Panels e and f are the parameters O/
C and OSC, respectively, plotted vs transport time and points are colored by MCE. The Pearson’s r correlation is reported in the top right panels for
all parameters using least distance orthogonal fitting. The outlier in panel (a) at MCE = 0.94 and fC2H4O2+ = 0.028 was not included in Pearson’s r
correlation calculation. Note that almost no correlation was observed when fitting MCE vs Transport Time (see SI Figure S24).
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MCE are not as clear for the fresher plumes sampled by G-1
closer to the fire sources and the G-1 plumes tend to be less
oxidized overall compared to the more aged plumes sampled at
MBO.
In order to investigate the effect that aging may have on the

observed trends, all parameters in Figure 5a−d are colored by
transport times estimated based on HYSPLIT trajectories and
approximate overlap with MODIS fire hotspots and the
relationship between O/C and OSC and transport is shown
explicitly in Figure 5e−f. Although relatively high uncertainty
likely exists in the estimated transport time, the results suggest
that transport time plays a larger role than MCE in determining
the oxidation state of transported BBOA. In general, older
plumes appear more oxidized for a given MCE value and the
correlation between oxidation state and plume age appears
somewhat higher (Figure 5e−f) than that between BBOA
oxidation and MCE (Figure 5c−d). Nevertheless, MCE appears
to be another factor affecting the average oxidation state of
BBOA since a positive correlation is still visible. For instance,
plumes at the highest MCE, despite having a large range in
transport times, have significantly higher OSC compared to
lower MCE plumes (Figure 5d).
Smoldering combustion is dominated by the gasification of

unburned fuel whereas flaming combustion is dominated by
pyrolysis products which undergo in-flame processing.16 The
results shown here demonstrate that the two burning regimes,
along with atmospheric aging, may have affected the aerosol
compositions measured downwind of the source, which tend to
control particle properties and hence strongly influence their
impact on regional air quality and climate change. This finding
has important implications on our understanding of BBOA
properties and how we model it to further understand the
effects of BB emissions on a regional scale.
3.5. Implications for Models and Emissions Invento-

ries. Our study has measured ERs and MCE values for a large
number of wildfire plumes and highlights the dependence of
aerosol emissions on MCE. Table 1 summarizes the average
ERs for all 32 plumes as well as for smoldering- and flaming-
dominated conditions separately where the division between
smoldering and flaming is set to 0.9.16,64 Since the fuel
complexes discussed in this study are representative of the

Pacific Northwest of the United States, our results are highly
relevant for understanding typical temperate wildfires of
evergreen vegetation. Emission ratios for similar biomes are
shown for comparison in Figure 6, where a variety of sampling

methods were used (see SI Table S3 for calculation method).
The ERs of total organic carbon (OC) for our flaming plumes
identified in this study (average ±1σ = 0.017 ± 0.010 gC/gC;
Table 1) compare well with literature “fire-average” re-
sults;4,19,62 however, the ERs of OC for the smoldering plumes
(0.049 ± 0.028) are significantly higher than those reported by
Alves et al.62 and Akagi et al.4 although our results fall within
some lab-derived OC ER reported in McMeeking et al.19 save
two plumes with MCE < 0.85. This illustrates that the
emissions from a fire temporarily dominated by smoldering
may not be well represented by fire-average emissions reported
in literature.

Table 1. Summary of Measured Aerosol Enhancement Parameter Statistics Divided into Smoldering (MCE < 0.9), Flaming
(MCE > 0.9) and All Conditions for the 32 Plumes Measured at MBO and from G-1a

smoldering flaming all

mean st dev mean st dev mean st dev

MCE 0.87 ± 0.024 0.94 ± 0.029 0.91 ± 0.046
fC2H4O2 0.018 ± 0.0039 0.012 ± 0.0061 0.015 ± 0.0058
fC4H9 0.012 ± 0.0029 0.010 ± 0.0036 0.011 ± 0.0033
H/C 1.7 ± 0.056 1.6 ± 0.098 1.6 ± 0.084
O/C 0.47 ± 0.078 0.57 ± 0.16 0.52 ± 0.13
OSc −0.71 ± 0.20 −0.46 ± 0.41 −0.59 ± 0.34
OM/OC 1.8 ± 0.10 1.9 ± 0.20 1.8 ± 0.17
ΔNH4/ΔΣC μgm−3/ppmv 0.47 ± 0.38 0.17 ± 0.092 0.32 ± 0.32
ΔNO3/ΔΣC μgm−3/ppmv 1.2 ± 1.2 0.40 ± 0.32 0.81 ± 0.94
ΔOrg/ΔΣC μgm−3/ppmv 46 ± 25 17 ± 10 31 ± 24
ΔOrg/ΔCO μgm−3/ppbv 0.33 ± 0.098 0.26 ± 0.046 0.30 ± 0.084
ΔOC/ΔΣC gC/gC 0.049 ± 0.028 0.017 ± 0.010 0.033 ± 0.026
ΔSct/ΔΣC * Mm−1/ppmv 155 ± 48 57 ± 38 109 ± 66

aThe division between smoldering and flaming regimes is defined as MCE = 0.9, at which point an equal amount of smoldering and flaming
combustion is present.16,64 Errors represent SD and number of independent data points, N = 16 and 16 for smoldering and flaming respectively.
* Scattering enhancement averages are for MBO data only.

Figure 6. Emission ratios (ERs) of organic carbon determined in this
study compared to ERs reported in literature using similar biomes.
Error bars for ER and MCE values represent the linear regressions
errors of the calculated slopes. Literature values are represented by
boxes where top and bottom cover reported ER ranges and left and
right sides cover reported MCE ranges. For ERs with no MCE
reported the range is set to 0.8−1.0.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b01617
Environ. Sci. Technol. 2016, 50, 8613−8622

8619

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b01617/suppl_file/es6b01617_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b01617


Previous studies have demonstrated that MCE is a relevant
parameter controlling emission factors for BB emissions near
their source.18−21,63 Here we have found evidence that
downwind ERs describing regional BBOA concentrations as
well as chemical composition are influenced by MCE at the
time of emission, implying that some of the relationships
controlled by combustion processes at the source survived
regional transport (<48 h). We have also demonstrated that the
oxidation state of transported BBOA appears to be affected by
both atmospheric aging and MCE. These results may serve in
the future for modeling PM and trace gas emissions for this
region. Furthermore, the method used in this study to identify
plumes and extract enhancement ratio mass spectra as a
function of MCE could be applied to data from other regions to
explore broader applications and further understand the
relationship between fuel types, combustion processes, and
atmospheric aging on observed BBOA chemistry.
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