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� Photochemical model source apportionment can track fire impacts on O3 & PM.
� Light attenuating properties of PM have notable impacts on fire O3 estimates.
� Modeled organic aerosol from fire varies using traditional & VBS approaches.
� Model often overestimates O3 when model predicts high fire impact.
� Emissions and chemical production contribute to modeled HCHO in excess of 25 ppb.
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a b s t r a c t

Two specific fires from 2011 are tracked for local to regional scale contribution to ozone (O3) and fine
particulate matter (PM2.5) using a freely available regulatory modeling system that includes the BlueSky
wildland fire emissions tool, Spare Matrix Operator Kernel Emissions (SMOKE) model, Weather and
Research Forecasting (WRF) meteorological model, and Community Multiscale Air Quality (CMAQ)
photochemical grid model. The modeling system was applied to track the contribution from a wildfire
(Wallow) and prescribed fire (Flint Hills) using both source sensitivity and source apportionment ap-
proaches. The model estimated fire contribution to primary and secondary pollutants are comparable
using source sensitivity (brute-force zero out) and source apportionment (Integrated Source Appor-
tionment Method) approaches. Model estimated O3 enhancement relative to CO is similar to values
reported in literature indicating the modeling system captures the range of O3 inhibition possible near
fires and O3 production both near the fire and downwind. O3 and peroxyacetyl nitrate (PAN) are formed
in the fire plume and transported downwind along with highly reactive VOC species such as formal-
dehyde and acetaldehyde that are both emitted by the fire and rapidly produced in the fire plume by VOC
oxidation reactions. PAN and aldehydes contribute to continued downwind O3 production. The transport
and thermal decomposition of PAN to nitrogen oxides (NOX) enables O3 production in areas limited by
NOX availability and the photolysis of aldehydes to produce free radicals (HOX) causes increased O3

production in NOX rich areas. The modeling system tends to overestimate hourly surface O3 at routine
rural monitors in close proximity to the fires when the model predicts elevated fire impacts on O3 and
Hazard Mapping System (HMS) data indicates possible fire impact. A sensitivity simulation in which solar
radiation and photolysis rates were more aggressively attenuated by aerosol in the plume reduced model
O3 but does not eliminate this bias. A comparison of model predicted daily average speciated PM2.5 at
surface rural routine network sites when the model predicts fire impacts from either of these fires shows
a tendency toward overestimation of PM2.5 organic aerosol in close proximity to these fires. The standard
version of the CMAQ treats primarily emitted organic aerosol as non-volatile. An alternative approach for
treating organic aerosol as semi-volatile resulted in lower PM2.5 organic aerosol from these fires but does
not eliminate the bias. Future work should focus on modeling specific fire events that are well charac-
terized in terms of size, emissions, and have extensive measurements taken near the fire and downwind
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to better constrain model representation of important physical and chemical processes (e.g. aerosol
photolysis attenuation and organic aerosol treatment) related to wild and prescribed fires.

Published by Elsevier Ltd.
1. Introduction

Over the past 30 years, an average of 5 million acres of wildlands
have burned annually, and this average has doubled in recent years
(National Interagency Fire Center, 2016). Fires produce smoke
plumes that impact air quality locally, regionally, and globally.
Resulting ambient air pollutants with known deleterious human
health impacts include particulate matter less than 2.5 mm in
diameter (PM2.5), ozone (O3), and numerous air toxics (e.g. form-
aldehyde). These pollutants can cause cardiopulmonary health
impacts (Diaz, 2015; Kim et al., 2014) leading to increased hospital
admissions for asthma and increased rate of heart failure in
exposed populations (Rappold et al., 2011). Wildland fires emit
precursors including nitrogen oxides (NOX) and volatile organic
compounds (VOCs) that can react to form O3 within the fire plume
(Wiedinmyer et al., 2011), although in some situations, especially
near the fire, O3 formation may be inhibited or muted due to O3
titration by fresh emissions of nitric oxide (NO) and reductions in
solar radiation needed to drive photochemical reactions (Jiang
et al., 2012). Fires also directly emit particles and precursors such
as NOX, sulfur dioxide (SO2), ammonia (NH3), and VOCs that can
react in the plume and with the surrounding atmosphere to form
secondary PM2.5.

Many areas in the U.S. exceed levels of the O3 and PM2.5 National
Ambient Air Quality Standards (NAAQS) and mandatory Class I
areas (e.g. most National Parks and some wilderness areas) expe-
rience impaired visibility. It is important to determine the contri-
bution from wildland fires to O3 and PM2.5 to develop effective
strategies to meet the level of the NAAQS, to achieve regional haze
goals, and for other purposes such as supporting an exceptional
events demonstration which allows states to exclude ambient data
from NAAQS design value calculation and potentially avoid a non-
attainment designation for O3 or PM. In addition, fires emit a va-
riety of climate forcers (e.g., carbon dioxide (CO2), black carbon,
brown carbon) and these emissions may be increasing as fires in-
crease in frequency and severity into the future (Keywood et al.,
2013). The magnitude and ratios of emissions of various pollut-
ants from wildland fires vary greatly depending on fire size, fuel
characteristics, combustion efficiency, and meteorological condi-
tions (Akagi et al., 2012). As a result of variable emissions, radiative
impacts, and non-linear O3 and PM2.5 production chemistry, pri-
mary and secondary pollutants from fires are difficult to predict
(Jaffe and Wigder, 2012). Several ambient measurement based
studies have found enhancements in O3 attributable to wildfire
impacts (Bytnerowicz et al., 2013; Jaffe et al., 2013; Pfister et al.,
2008). The contribution from wildland fires to PM2.5 has been
quantified to some degree by observed enhancement ratios and
statistical models with varying levels of success (Forrister et al.,
2015; May et al., 2015; Vakkari et al., 2014).

Photochemical grid models are used to make regulatory and
scientific conclusions about fire impacts on both primary and sec-
ondary pollutants at local to continental scales. These models have
been used to track the contribution from all wildland fires to O3 and
PM2.5 (Fann et al., 2013) but rarely used for the contribution of
specific fire events to both O3 and PM2.5. Chemical transport models
have been applied to estimate the contribution of specific fire
events to O3 using a trajectory box model (Real et al., 2007) and
photochemical transport model (Cai et al., 2016; McKeen et al.,
2002). Photochemical transport models have also been used to
estimate secondary PM2.5 impacts from specific fires (Garcia-
Menendez et al., 2013, 2014; Konovalov et al., 2015; Saide et al.,
2015).

Modeling specific fire events allows for a clearer connection
between emissions estimates and downwind impacts. Here, we
applied a photochemical grid model for two large well known fire
events from 2011 and differentiated the downwind impacts of
these fires from other sources of pollution. Impacts are assessed for
a wildfire (Wallow in eastern Arizona) and a prescribed fire (Flint
Hills region of central and eastern Kansas). Both fires are tracked for
contribution to O3 and PM2.5 using source sensitivity (brute-force
zero out) and source apportionment methods. Source apportion-
ment is often desirable in regulatory model applications where a
contribution estimate is needed from specific sources or source
complexes to the resulting air pollution at a given place and time
(similar to ambient based apportionment approaches such as
PositiveMatrix Factorization or Chemical Mass Balance) rather than
understanding how the atmosphere would change in the absence
of a particular source (Kwok et al., 2015). The estimated impacts
from these fires are constrained by comparing enhancement ratios
for O3 against those reported in literature and also against rural
surface monitors measuring O3 and chemically speciated PM2.5 that
are less influenced by other (e.g. urban) emissions sources.

Here, known large uncertainties in fire predicted secondary
pollutant impacts are explored with sensitivity simulations where
the model predicted organic carbon is more aggressively parame-
terized to attenuate photolysis rates and also treating organic
aerosol (OA) as semi-volatile. Other studies applying photochem-
ical transport models for fire impacts indicate that the attenuation
of photolysis by aerosol from the fire has notable impacts on model
predicted O3 (Jiang et al., 2012) and the treatment of aerosol vola-
tility can result in large changes inmodel estimated PM2.5 from fires
(Konovalov et al., 2015; May et al., 2013). Changes in surface O3
from fire impacts on mixing layer height, temperature, and
biogenic emission rates were minimal compared to photolysis
impacts (Jiang et al., 2012). Some portion of primarily emitted PM2.5
organic carbonmay be semi-volatile and thus change the near-field
and long-range form of OA impacts from fires (Jimenez et al., 2009;
May et al., 2013). Therefore, both a traditional approach (non-vol-
atile primary OA) and volatility basis set (VBS) approach that allows
for semi-volatile primary OA and multigenerational aging of sec-
ondary organic aerosol (SOA) systems (Koo et al., 2014) were used
to assess PM2.5 impacts from these fires. The CMAQ-VBS approach
has been compared with the standard version of CMAQ and with
field study measurements in an urban area (Woody et al., 2016) but
little evaluation is available for areas heavily influenced by biomass
burning (Konovalov et al., 2015).
2. Methods

An integrated modeling system used to support U. S. Environ-
mental Protection Agency rules and air quality standards devel-
opment was used for estimating primary and secondary pollutant
impacts from specific fire events. The Weather Research and
Forecasting (WRF) model was applied to generate the necessary



Table 1
PM2.5 and total organic gas (TOG) speciation profiles for wild and prescribed fires
used as part of this modeling assessment. TOG species names correspond to the
CB05 mechanism.

PM2.5 specie Fraction TOG specie Fraction

POC 0.46180 UNR 0.219
PNCOM 0.32320 PAR 0.184
PEC 0.09490 CH4 0.178
PCL 0.04150 FORM 0.084
PK 0.02940 MEOH 0.076
PMOTHR 0.01370 OLE 0.069
PSO4 0.01260 ALD2 0.054
PNH4 0.00879 ETH 0.042
PNA 0.00573 TOL 0.025
PCA 0.00386 ALDX 0.024
PSI 0.00182 ETHA 0.023
PNO3 0.00132 BENZENE 0.019
PAL 0.00061 TERP 0.008
PFE 0.00043 XYL 0.006
PMG 0.00031 IOLE 0.005
PTI 0.00005 ISOP 0.004
PMN 0.00002 ETOH 0.001
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meteorological data that is used as input to the Sparse Matrix
Operator Kernel Emissions (SMOKE) model and the Community
Multiscale Air Quality (CMAQ) three-dimensional Eulerian photo-
chemical transport model. Further, the SMOKE model used wild-
land fire emissions generated using the Satellite Mapping
Automated Reanalysis Tool for Fire Incident Reconciliation
(SmartFire) e BlueSky framework as provided by the U.S. Forest
Service (Raffuse et al., 2012). All of these models are well docu-
mented, freely available to the modeling community, and have
been extensively used to support both regulatory and scientific air
quality assessments.

Two different large and generally well characterized fires from
2011 are tracked for contribution. These fires were selected to
represent different seasons, biomass fuel types, and geographic
area of the country. The Wallow fire consumed over 2180 square
km of alpine conifer biomass between May 29 and July 8 during
2011 in eastern Arizona and western NewMexico (U.S. Department
of Agriculture, 2011). TheWallow fire is currently the largest fire on
record for Arizona. Prescribed fires are often set in the tall grass
prairie Flint Hills region of eastern Kansas for land management
purposes and can exceed 8000 to 12,000 square km. These pre-
scribed fires are typically set in April, but in periods of extreme
drought little or no fires may be set so not every year has a large
scale prescribed burn (Kansas Department of Health and
Environment, 2010).

CMAQ version 5.0.2 was applied to simulate portions of two
different fire events in 2011 (Figure S1): Wallow (June 1 to June 6)
and Flint Hills (April 1 to April 15). Initial conditions were extracted
from an annual 2011 CMAQ simulation using the same domain
specifications. Meteorological input was generated using version
3.4.1 of the WRF prognostic meteorological model (Skamarock
et al., 2008). Both modeling systems were applied using the same
grid projection and model domain covering the continental United
States with 12 square km sized grid cells (Figure S1). Additional
details about WRF configuration and evaluation are provided
elsewhere (U.S. Environmental Protection Agency, 2014b). The at-
mosphere up to 50 mbars (mb) was resolved with 25 layers in
CMAQ and 35 layers in WRF. Layers are thinnest in the boundary
layer to better capture the diurnal variation in boundary layer
height. Chemical boundary inflow was extracted from a global
model simulation for 2011 and varies in space and time (Henderson
et al., 2014).

2.1. Emissions

Anthropogenic emissions were based on version 2 of the 2011
National Emission Inventory (NEI) (U.S. Environmental Protection
Agency, 2014a). Temperature and solar radiation from WRF were
used to generate hourly biogenic emissions with the BEIS version
3.61 model (Bash et al., 2016; Carlton and Baker, 2011). Emissions
were speciated, spatially allocated to the grid, and temporalized
using version 3.6.5 of the SMOKE emissions model (Houyoux et al.,
2000). Primary emitted mass associated with carbon (NCOM) was
based on OM:OC ratios that vary by emissions source sector (Simon
and Bhave, 2012).

Wildfire and prescribed fire emissions, collectively called wild-
land fires, were included when and where these emissions occur
within the model domain. These day specific emissions were based
on the latest version of the SmartFire version 2 (Raffuse et al., 2012)
and the BlueSky emissions framework. Detailed information about
how the EPA develops wildland fire inventories can be found in the
2011 NEI Technical Support Document (U.S. Environmental
Protection Agency, 2014a). Currently, the inventory distinguishes
between prescribed, wild, and agricultural fire types based on
satellite detection information. The BlueSky fire emissions
modeling framework used here includes Fuels Characterization
Classification System (FCCS) version 2 fuel loading model,
CONSUME version 5 fuel consumption model, and Fire Emission
Production Simulator (FEPS) version 2 emission factors. Fire loca-
tion based satellite detection (SmartFire) or on-the-ground infor-
mation is provided to FCCS to determine the fuel type, which is
input to CONSUME along with an estimate of the area burned from
SmartFire. The CONSUME model estimates the amount of fuel
burned and the flaming and smoldering fraction which is used by
FEPS to estimate daily emissions of CO, NOX, VOC, and primarily
emitted PM2.5.

The FEPS estimated emissions are translated to chemical
mechanism specific emissions by the SMOKE model using specia-
tion factors. NOX emissions were speciated as 90% NO and 10% NO2.
A single speciation profile (SPECIATE database profile 5560) was
used to map all wildland fire emissions of total organic gases (TOG)
to specific compounds matching the Carbon-Bond gas phase
chemistry lumping scheme (Table 1). Approximately 40% of TOG
emissions were speciated to unreactive and very slowly reactive
(e.g., methane) compounds. Similarly, a single profile (SPECIATE
database profile 91,102) was used to map total PM2.5 emissions
from fires to specific compounds (Table 1). The PM2.5 speciation
profile is largely organic aerosol (78%) and elemental carbon (9%)
which is fairly similar to the composition measured near a
savannah fire event (Vakkari et al., 2014), sagebrush (Pratt et al.,
2011), grasses, and forest (Strand et al., 2015). The fraction of
organic mass (OM) to organic carbon is 1.7 (Simon and Bhave, 2012)
for wild and prescribed fires. Primarily emitted carbon (organic and
elemental) were assumed to be 99.9% in the accumulation mode
and 0.1% in the Aitken mode (Nolte et al., 2015). Wild and pre-
scribed fire daily emissions were largely temporally allocated to
daytime hours and this is most pronounced with prescribed fires
that have a sharp increase in the early morning and decrease in the
early evening (Figure S2) which is related to fire management
practices.

Plume rise from fires is calculated using the Pouliot-Godowitch
algorithm that converts BlueSky provided fire-specific information
(e.g. area burned, fuel loading, heat content, and duration) to daily
heat and buoyancy flux. The top and bottom of the plume is esti-
mated using the Briggs plume rise approach (Paugam et al., 2015). A
smoldering fraction of total fire emissions is estimated based on the
buoyant efficiency which is a function of area burned. The smol-
dering emissions are evenly distributed vertically from the surface



Table 2
Daily emissions (tons per day) for the Wallow and Flint Hills fires. PEC ¼ PM2.5 elemental carbon; POA ¼ PM2.5 organic aerosol; OTHPM ¼ Total primarily emitted PM2.5

excluding both PEC and POA.

Event MMDD CO VOC NOX POA PEC OTHPM SO2 NH3

Flint hills 01/04/2011 29,269 7025 827 2429 311 107 351 489
02/04/2011 50,828 12,188 1395 4192 537 184 596 848
03/04/2011 15,870 3801 421 1299 166 57 182 264
04/04/2011 4305 1033 120 357 46 16 51 72
05/04/2011 19,307 4632 539 1598 205 70 229 322
07/04/2011 12,131 2908 331 999 128 44 142 202
08/04/2011 57,315 13,734 1538 4704 603 207 662 955
09/04/2011 60,614 14,534 1664 4999 640 220 711 1011
10/04/2011 10,622 2548 296 879 113 39 126 177
11/04/2011 55,738 13,355 1494 4574 586 201 643 929
12/04/2011 1,03,900 24,927 2900 8600 1102 378 1234 1734
13/04/2011 61,662 14,789 1703 5092 652 224 727 1029
14/04/2011 10,144 2432 278 836 107 37 119 169
15/04/2011 352 85 10 29 4 1 4 6

Wallow 01/06/2011 4002 948 67 278 34 43 34 66
02/06/2011 53,554 12,621 681 3595 435 550 387 878
03/06/2011 41,547 9799 554 2804 339 429 308 682
04/06/2011 84,893 20,020 1126 5726 692 876 628 1393
05/06/2011 71,742 16,924 970 4850 586 742 536 1177
06/06/2011 92,120 21,729 1239 6224 752 952 687 1512
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to plume bottom. Non-smoldering emissions are evenly distributed
vertically between the plume bottom and top (U.S. Environmental
Protection Agency, 2015). Both smoldering and non-smoldering
components of the fire have the same emissions composition.

2.2. Photochemical model

The CMAQ model was applied using ISORROPIA II inorganic
aerosol partitioning (Fountoukis and Nenes, 2007), CB05TU gas-
phase chemistry with updated toluene reactions (Sarwar et al.,
2011), and aqueous phase chemistry that includes sulfur oxida-
tion (Sarwar et al., 2013). The CMAQ v5.0.2 standard organic aerosol
treatment (called AE6) includes nonvolatile primarily emitted
organic aerosol (POA) and secondarily formed organic aerosol
(SOA) from oxidation of traditional VOC precursors (toluene, xy-
lenes, benzene, isoprene, monoterpenes, and sesquiterpenes) and
SOA formed in clouds. CMAQ also includes an alternative approach
to treat organic aerosol with the volatility basis set (Koo et al., 2014)
that includes multigenerational oxidation of traditional SOA sys-
tems in the gas-phase, SOA from intermediate volatility compounds
(IVOCs), and semi-volatile POA. Fire event PM2.5 organic aerosol
was estimated using both approaches.

Fires emit VOCs (toluene, xylenes, benzene, isoprene, and
monoterpenes) that form SOA in both AE6 and VBS treatments.
Semi-volatile SOA from all VOCs is aged in AE6 via an oligomeri-
zation pathway to nonvolatile form (Carlton et al., 2010). In the VBS,
gas-phase semi-volatiles from anthropogenic VOCs (toluene, xy-
lenes, benzene) are aged in the gas-phase to lower-volatility
products (Koo et al., 2014; Robinson et al., 2007). The semi-
volatile products from biogenic VOC (isoprene and mono-
terpenes) oxidation are not aged in the VBS treatment. Organic
aerosol emitted from fires (typically referred to as POA) is treated as
non-volatile but heterogeneously oxidized in AE6 (Simon and
Bhave, 2012) and as semi-volatile organic compounds (SVOCs,
1 � C*�1000 mg/m3) (May et al., 2013) with gas-phase oxidation in
the VBS (Koo et al., 2014). In the CMAQ v5.0.2 VBS, primary SVOCs
from biomass burning are largely distributed into the higher
volatility bins (60%) with only 20% being allocated to the non-
volatile bin (Woody et al., 2016). Some fraction of the primary
SVOC oxidation products are moved to the secondary biogenic OA
basis set (done to maintain accurate O:C ratios) where organic
carbon continues to partition between the gas and aerosol phase
but will no longer age. Additional intermediate volatility (IVOC)
emissions thought to form SOA and to be missing from or mis-
characterized in current emission inventories are included in the
VBS treatment (but not AE6) based on scaling from the particulate
biomass sector OA emissions (IVOC ¼ 1.5 * biomass POA, where
biomass POA ¼ biomass primary SVOCs) (Robinson et al., 2007).
Due to a lack of data for biomass burning, the assumed 1.5 scaling
factor which is based on measurements from a diesel generator is a
source of uncertainty. Other research indicates biomass burning
may emit less IVOC per unit POA than diesel engines (Grieshop
et al., 2009; Pye and Seinfeld, 2010).

CMAQ calculates photolysis rates by solving for the actinic flux
from the two-stream approximation of the radiative transfer
equation (Binkowski et al., 2007; Toon et al., 1989) for a waveband
structure based on the FAST-J photolysis model (Wild et al., 2000).
Light is attenuated based on simulated meteorological conditions
and concentrations of gas and aerosol species such as O3 and black
carbon, respectively. Attenuation from aerosols uses a volume
averaged mixing model to compute their optical properties. Each
aerosol species is assigned a refractive index (Table S-1) such as
black carbon, water, sulfate, organic and other insoluble species
(Bond and Bergstrom, 2006; Chang and Charalampopoulos, 1990;
Horvath, 1995). Assignments do not differentiate organic species
between brown carbon and less absorbing organics because of
uncertainties that include what organic species correspond to
brown carbon, what refractive indices to use, and whether model
physics accurately represent production and loss processes of
brown carbon (Laskin et al., 2015). In CMAQ v5.0.2, all organic
aerosol is therefore treated simply as dust (Table S-2).

Contribution from specific fire events were tracked using source
sensitivity and source apportionment approaches. Daily emissions
from the Wallow and Flint Hills fires tracked for contribution are
shown in Table 2. The source sensitivity (brute force zero-out)
approach involves comparing a baseline simulation with all emis-
sions to a simulation with a fire removed from the emission input
file (Cohan and Napelenok, 2011). The difference in model pre-
dicted air quality is considered the contribution from that fire.
Source apportionment approaches track precursors and direct
PM2.5 emissions from specific fires (Wallow and Flint Hills) through
the model chemical and physical processes to estimate their
contribution to O3 and PM2.5. The Integrated Source Apportionment
Method (ISAM) implemented in CMAQ for O3 (Kwok et al., 2015)
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and PM2.5 (Kwok et al., 2013) was used to track the contribution
from each fire. Both source sensitivity and source apportionment
approaches have been shown to capture impacts from specific
sources (Baker and Kelly, 2014; Zhou et al., 2012) but source attri-
bution using these two approaches can differ in cases where sec-
ondary pollutants are affected by highly non-linear chemical
reactions (Kwok et al., 2013, 2015; Wang et al., 2009).

Actual fire impacts are qualitatively assessed using NOAA Haz-
ard Mapping System (HMS) data (National Oceanic and
Atmospheric Administration, 2016). HMS uses information from
multiple satellites to provide an estimate of smoke density. The
HMS product does not provide an estimate of surface layer O3 or
PM2.5 impacts from all fires or specific fires but does provide a
useful tool for assessing days where the Wallow or Flint Hills fires
may have notable local to regional impacts. HMS plots used for this
assessment are provided in the supporting information (Figures S3
and S4).

3. Results

Photochemical model predictions of domain-wide O3 and
largest components of PM2.5 (sulfate ion, nitrate ion, organic
carbon, and elemental carbon) compare well with surface level
measurements made at rural locations during the periods modeled
for the Wallow and Flint Hills fires. The domain-wide model per-
formance is illustrated using multiple metrics including mean bias,
mean error, median bias, and median error and shown for each
pollutant in Table S-3. During the Wallow fire period the model
slightly underestimates domain-wide O3 and speciated PM2.5. The
Flint Hills period also has slightly underestimated O3 and little bias
related to speciated PM2.5. These domain-wide metrics are gener-
ally consistent with other applications (Simon et al., 2012) and
provides confidence that the modeling system is broadly providing
a realistic chemical environment around the fires studied here. The
model performs less well for specific monitors affected by the fire
plumes and model results for these monitors are discussed in more
detail below.

Two approaches were used for estimating the contribution from
the Wallow and Flint Hills fires: 1) source sensitivity brute force
zero-out of the fire emissions and 2) source attribution of the fire by
difference between the baseline source apportionment simulation
where all fires are tracked for contribution and subsequent source
apportionment simulationwhere a specific (e.g., Wallow) fire event
emissions are not included. Fire contribution using brute-force zero
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Fig. 2. Modeled Wallow fire contribution for June 5, 2011 at 19:00 UTC (2 p.m. local): O3, bulk model H2O2/HNO3 production ratio, Ox production, PAN production e PAN loss, NOX,
HNO3, PAN, formaldehyde production, formaldehyde, other aldehydes, aromatic VOC, and parafins.
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out and source apportionment were compared for episode peak
primary and secondary pollutant impacts (Figures S-5 through S-8).
The spatial pattern and magnitude of peak downwind contribution
to primary pollutants such as CO and primary PM2.5 species and
secondary pollutants such as O3 and PM2.5 ammonium sulfate and
nitrate are consistent between brute-force zero out and source
apportionment approaches. Some differences do exist between
these approaches which is expected, especially for secondarily
formed pollutants since source apportionment is not intended to
estimate changes in air quality due to sensitivities (e.g., O3 titration
due to NOX emissions) (Kwok et al., 2015).

The period average modeled CO attributable to each fire is
shown in Fig. 1. CO is highest near the fire and decreases as distance
from the fire increases in the direction of prevailing winds during
the time period modeled. Fig. 1 also shows a vertical cross-section
of the period average CO attributed to each fire. Both fires have
fairly uniform distributions of CO from the surface to the top of the
surface mixing layer. The Wallow fire impacts extend from the
surface to layers 18 and 19 which corresponds to approximately
3e4 km above ground level and the Flint Hills fire plume extends
from the surface to layers 15 and 16 which are approximately
2e2.5 km above ground level. This fairly uniform fire impact
through the surface mixing layer is likely a combination of the
model typically well-mixing pollutants within the boundary layer
and the distribution of fire emissions from the surface to plume top
using the Briggs approach for plume rise estimation.

3.1. O3 impacts

The contribution to modeled ambient pollutants from the
Wallow fire are shown in Fig. 2 for June 5, 2011 at 19:00 UTC (2 p.m.
local) to illustrate local to regional scale O3 impacts. These plots
show the change in mixing ratio of key species as the difference of
the base case simulation with the Wallow fire emissions minus the
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Fig. 3. Hourly modeled O3:CO enhancement ratios are shown as a function of distance
from the Wallow and Flint Hills fires. Centerline shows the median values, boxes show
the 25th and 75th percentiles and whiskers extend to 1.5 times the interquartile range.
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sensitivity simulationwith theWallow fire emissions removed. The
Wallow fire modeled impacts on O3 shown in Fig. 2a are elevated
both near the fire and downwind along the Rocky Mountain front-
range in eastern Colorado due to long range transport of O3 and
precursors from fire emissions on the previous day. A large increase
in O3 production near the fire is caused by increased availability of
both NOX and highly reactive VOC in the fire plume. Table 1 shows
that 7.8% of the fire TOG emissions are estimated to be aldehydes
(ALD2) and higher aldehydes (ALDX) and these species react rapidly
to form peroxyacyl radicals which then react with NO2 to form PAN
and higher PAN analogues. Fig. 2g shows a large increase in the PAN
mixing ratio near the fire and smaller PAN increases downwind of
the fire in Colorado. Fig. 2f also shows reductions in nitric acid
(HNO3) near the fire compared to the simulation with no fire
emissions, i.e., the increased VOC in the fire plume was sufficiently
large to cause a shift in the conversion of NO2 from relatively
unreactive HNO3 to PAN. Because PAN has an atmospheric lifetime
of several hours to several days (Fischer et al., 2014) before
decomposing to form peroxyacyl radicals and NO2, PAN acts as a
reservoir of reactive NO2 that can be transported hundreds of km
downwind of the fire (Baylon et al., 2015). Fig. 2d shows the net
change in production of PANwith large increases in PAN production
near the fire and increased PAN decomposition downwind of the
fire and in eastern Colorado. Temperature enhancements from the
fire itself occur in close proximity to the fire and typically reduce to
levels of the surrounding ambient air within minutes, meaning it is
unlikely that this would have a strong impact on PAN formation at
the temporal and spatial resolution of this model application
(Clements, 2010).

Fig. 2b shows the ratio of production of hydrogen peroxide
(H2O2) to production of HNO3 at 19:00 UTC. Previous work has
described the importance of radical termination reactions that
produce H2O2 and HNO3 and evaluated their use as indicators of the
sensitivity of O3 to VOC and NOX (Kleinman, 1991, 1994; Sillman
et al., 1990). Sillman (1995) proposed that the ratio of H2O2/HNO3
concentrations of about 0.3e0.5 demarks the transition of the
daytime peak O3 concentration from VOC sensitive to NOX sensitive
conditions. Tonnesen and Dennis (2000) used an analysis of radical
propagation to show that the ratio of H2O2/HNO3 production rates
is a very robust indicator of the sensitivity of the production rates of
odd oxygen (OX) and O3 to changes in VOC and NOX, with ratios
greater than 0.12 being strongly NOX limited. Fig. 2b shows that the
O3 production in the fire plume and in most areas of the model
domain are strongly NOX limited for O3 production at 19:00 UTC,
with the exception of urban centers and areas such as the Four
Corners region that have large industrial sources of NOX emissions.
The increased transport and subsequent decomposition of PAN,
including eastern Colorado, results in increased NOX availability
and increased O3 production in these NOX limited areas.

Fig. 2i and j show large increases in formaldehyde (HCHO) and
higher aldehydes (ALD2 and ALDX), respectively, with increases of
25 ppb in HCHO and 20 ppb in aldehydes near the fire, and in-
creases greater than 2 ppb in northern and eastern Colorado. As
noted above, aldehydes are a large component of the fire emissions
and HCHO is 8.4% of fire TOG emissions. In addition to being
emitted directly by the fire, aldehydes are also produced in the
oxidation reactions of other VOC species including aromatics, ole-
fins and parafins which are also enhanced in the fire plume as
shown in Fig. 2k for aromatics and Fig. 2l for parafins. The CMAQ
process analysis tool was used to calculate hourly average sec-
ondary production of HCHO in VOC oxidation reactions in both the
base case and zero fire emissions simulation. Fig. 2h shows in-
creases in secondary production of HCHO and production of OX in
the simulation with the fire emissions on July 5 at 19:00 GMT.
Production rates of HCHO near the fire are greater than 20 ppb/
hour, and HCHO production is enhanced by more than 1 ppb/hour
in rural areas in northern and eastern Colorado and more than
2 ppb/hour in the Denver area. For comparison, model simulated
HCHO production rates in the southwestern U.S. are typically less
than 2 ppb/hour in rural areas and in the range of 2e6 ppb/hour in
urban areas (Figure S-9). Fig. 2c shows that the OX production rate
increased by more than 10 ppb/hour in the Denver area at
19:00 GMT. The production of OX is calculated as the net production
during a modeled one hour time step and thus reflects the com-
bined production of O3 and net oxidation of NO to NO2. The area of
greatest increase in production of HCHO and OX in the Denver ur-
ban core area coincides with the area that the H2O2/HNO3 pro-
duction ratio indicates is highly radical limited and VOC sensitive.
Thus, the increased OX production and fire attributable O3 mixing
ratio in the Denver area is primarily a result of transport of VOC in
the fire plume, while the increase in O3mixing ratios in NOX limited
areas is primarily a result of transport of PAN and its subsequent
decomposition to release NOX.

Using a photochemical transport model to isolate the impacts of
fire plumes provides an opportunity to directly quantify the
modeled O3 production relative to CO from a fire. Carbonmonoxide
is considered a generally conserved tracer from emissions sources
such as fires and observations of the excess ratio (DO3/DCO) in fire
plumes have been used to characterize chemical production of O3
in the plume (Jaffe and Wigder, 2012; Vakkari et al., 2014). The
excess ratio in theWallow and Flint Hills fire plumes was estimated



Fig. 4. Hourly modeled fire contribution paired with bulk model O3 bias at rural CASTNET monitors. The shaded areas of the time series plots indicate days with possible Wallow or
Flint Hills fire impacts based on HMS data. The HMS data does not provide ground-level O3 mixing ratios and only provides an indication of possible fire impact. The model
sensitivity is the simulation where solar radiation and photolysis rates are more aggressively attenuated by modeled organic aerosol.
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using the source sensitivity (brute-force zero-out of fire emissions)
approach. Fig. 3 shows DO3/DCO as a function of distance from the
fire. The enhancement ratios are smallest near fires where emis-
sions are freshest. The median ratio gradually increases out to
150 km from the fire and levels off as distance from the fire and
plume age increases. The range of DO3/DCOmodeled for these fires
(�0.054 to 0.184) is generally consistent with those made in
observation based assessments reported for fire impacts with
plume ages up to 5 days (Jaffe and Wigder, 2012). It is important
when interpreting this comparison to note these observations
represent a very small subset of fire impacts in the atmosphere and
observed plume age is often difficult to constrain which makes
direct comparison with these model estimates problematic. It is
likely that the enhancement ratios presented in literature represent
a small subset of all fires and even a subset of the fires samples in
the reported studies and many observed O3 enhancement ratios
could be outside these reported values. Observation based ratios
represent a change in O3 divided by the change in CO in order to
differentiate fire related enhancements from other sources. The
model applications use source attribution to differentiate fire im-
pacts from other sources so a difference between current and
subsequent (sequentially successive) values is not needed. Negative
ratios represent times where O3 production was inhibited (e.g.,
smoke reduced photolysis or nighttime conditions) or where O3
was removed (e.g. destroyed chemically or deposited to the sur-
face) faster than CO. Modeled source sensitivity rather than source
apportionment results are compared with ambient enhancement
ratios to capture the negative ratios where O3 is removed more
quickly than CO. Source apportionment is not designed to capture
negative O3 production thus only directly applicable where O3
production outpaces removal processes.

This enhancement ratio comparison provides some indication
that the photochemical model captures the range of observed O3
production and removal compared to a conserved tracer but does
not show whether the model is over or under-estimating O3 im-
pacts from these fires. Model performance of hourly O3 at rural
Clean Air Status and Trends Network (CASTNET) monitors is
examined where the model predicts a fire impact greater than a
threshold (33% fire contribution) to emphasize modeled fire im-
pacts in the model performance evaluation at locations (largely
rural) that would have less influence from other sources. A
contribution threshold is used to subset hours and locations where
the firewouldmost impact model performance. Fig. 4 showsmodel
(bulk: total O3 from all sources not just fires) bias compared to
model estimated fire contribution. A time series showing O3 ob-
servations and model predicted O3 shaded by percent contribution
from the Wallow or Flint Hills fire is also shown for 2 sites in
proximity to these fires. The time series plots are shaded for days
that may be influenced by these fires based on a visual examination
of HMS data (Figures S-3 and S-4). The HMS data shows an
approximate smoke plume location as a qualitative indicator of fire
impact but does not provide information about surface level O3
impacts. For both Wallow and Flint Hills fires, the model tends to
overestimate O3 nearest the fire. This comparison has the most
meaning at monitors close to the fire because monitors further
downwind experience greater influence from other sources that
affect model performance. Some of this over-prediction tendency
may be related to the modeling system misplacing the smoke



Fig. 5. Episode maximum hourly impacts from the Wallow fire to modeled PM2.5. The percent composition of organic aerosol, elemental carbon, and the sum of ammonium, sulfate,
and nitrate ions are also shown.
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plume at surfacemonitors that did not actually get impacts by these
fires, especially for theWallow fire where the 12 km sized grid cells
are likely not capturing some of the complex terrain effects on
plume transport and dispersion in that area. Further, surface
overestimatesmay also be related to possible over-dilution of lofted
fire plumes though the boundary layer as Fig. 1 shows persistent
well-mixed fire impacts throughout the surface mixing layer.
Without coincident surface and upper air measurements the ver-
tical extent of the plume is difficult to constrain.

The modeled O3 contributions may be over-predicted because
radiative feedbacks (where smoke reduces photolysis rates) in
CMAQ v5.0.2 are largely driven by black carbon with less impact
from organic carbon species, which dominate modeled fire PM
composition. Jiang et al. (2012) have shown that a regional scale
photochemical grid model with coupled meteorological and aero-
sol feedbacks reduced O3 production in the fire plume due to
reduced photolysis from smoke. Organic aerosol attenuates
photolysis rates in CMAQ v5.0.2 as if it were dust and relatively
non-absorbing, thus potentially overestimating photolysis rates
(Table S-2). We performed a sensitivity simulation inwhich organic
aerosol species were given refractive indices consistent with black
carbon to more aggressively attenuate photolysis (Bond and
Bergstrom, 2006; Chang and Charalampopoulos, 1990). Maximum
hourly predicted O3 decreases near the fire events and regionally as
a result of this sensitivity simulation (see Figure S-10), typically less
than 10% regionally. The sensitivity simulation showed improve-
ments in model performance but did not remove the over-
prediction and suggests other aspects of the modeling system
also contribute to over-predictions (see Fig. 4). Model performance
could be related to numerous aspects of the modeling system:
emissions estimates, NOY and VOC speciation of emissions, tem-
poral profiles, photolysis characterization, plume rise, and grid
resolution. The reactivity of the VOC mixture in the fire emissions
should also be further evaluated. Our results above and in Fig. 2h
showed large secondary production of HCHO in the fire plume, and
if observations of HCHO and higher aldehydes in fire plumes are
assumed to be caused only by emissions, the fire emissions could be
substantially overestimated for these highly reactive VOC species.

3.2. Particulate matter impacts

Figs. 5 and 6 show the modeled maximum hourly PM2.5 impacts
from these fire events along with fractional contribution of primary
organic carbon, elemental carbon, and the sum of ammonium,



Fig. 6. Episode maximum hourly impacts from the Flint Hills fire to PM2.5. The percent composition of organic aerosol, elemental carbon, and the sum of ammonium, sulfate, and
nitrate ions are also shown.
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sulfate, and nitrate ions using the baseline AE6 aerosol approach.
The largest downwind component of fire PM2.5 is organic aero-
solmass, which is the largest component of the primary PM2.5
emissions based on the source profile used here (Table 1). The
differences between these fires in percent chemical contribution of
ammonium, sulfate, and nitrate ions is likely due to the Flint Hills
fire being in closer proximity to large ammonia emissions sources
as compared with the Wallow fire. The total organic aerosol
amount and relative contribution from different forms of PM2.5

changes when PM2.5 organic aerosol emissions get treated as semi-
volatile (Konovalov et al., 2015). CMAQ was applied using the
standard option (AE6) of estimating SOA with traditional biogenic
and aromatic precursors and treating POA as non-volatile and also
using the standard VBS approach that includes traditional SOA
formation but treats POA as volatile, ages some of the SOA species,
and includes SOA from IVOC emissions.

Hourly maximum PM2.5 organic aerosol contribution is shown
for each fire event in Fig. 7 using the standard AE6 aerosol treat-
ment in CMAQ. The difference in maximum hourly PM2.5 organic
aerosol contribution is shown between the standard AE6 simula-
tion, CMAQ volatility basis set approach and the VBS sensitivity
where biogenic SOA is aged. The CMAQ-VBS approach results in
lower OA near these fires and regionally downwind since a portion
of the semi-volatile POA in the VBS treatment is present in the gas
phase. However, the VBS sometimes estimates higher OA than AE6
in close proximity to the Flint Hills fire event. The higher OA esti-
mates using the VBS approach are sporadic and tend to be in close
proximity to fresh emissions where OA concentrations are high,
conditions which favor semi-volatile partitioning to the particle
phase. As the plume is transported downwind the VBS often shows
lower impacts for the Flint Hills fire as OA concentrations diminish
and particle phase semi-volatile POA partitions to the gas phase.
Since both approaches estimate secondary organic aerosol from
traditional aromatic and biogenic VOC, the higher OA estimated
near the Flint Hills fire is likely due to additional emissions intro-
duced into the model in the form of IVOCs, which in CMAQ-VBS
produce biogenic SOA when oxidized and this effect is amplified
when biogenic SOA is aged (Fig. 7). There also appears to be an
influence of ambient temperatures on partitioning of semi-volatile
POA, as cooler ambient temperatures during the Flint Hills fire
allowed for more semi-volatile POA to remain in the particle phase
whereas the warmer ambient temperatures during the Wallow fire



Fig. 7. Maximum hourly impacts fromWallow (top row) and Flint Hills (bottom row) fires to modeled PM2.5 organic aerosol. The difference between the AE6, standard VBS, and VBS
with secondary biogenic SVOC aging simulations are also shown. Cool colors indicate less PM2.5 organic aerosol contribution with the sensitivity simulation.
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evaporated a higher proportion of POA to the gas phase.
Fig. 8 shows hourly maximum primary OA estimated by the AE6

and VBS approaches for both fires, the maximum hourly SOA from
aromatic VOC, and maximum hourly SOA from biogenic VOC. The
VBS estimate of biogenic SOA also includes additional SOA from
IVOC emissions and aged POA. The VBS approach results in a larger
percentage of OA as SOA compared to AE6 but generally results in
much lower OA regionally due to the semi-volatile POA. The
increased fraction of secondary OA to total OA is consistent with
other studies treating primarily emitted OA from fires as semi-
volatile (Konovalov et al., 2015). Many implementations of the
VBS including the approach used here do not include aging of
biogenic SVOCs because this led to model overestimates of OA in
rural areas or was considered too unconstrained (Pye and Seinfeld,
2010). Whether this type of treatment is appropriate for fires
should be the focus of future research. A sensitivity simulation was
applied for each fire event where the CMAQ VBS was modified to
age secondary biogenic SVOCs similarly to secondary anthropo-
genic SVOCs (Ahmadov et al., 2012). This biogenic aging sensitivity
resulted in higher estimates of OA from the Wallow fire event
although regional OA totals are still lower for this fire than those
with the AE6 approach where OA is largely primary and non-
volatile (Fig. 7). The VBS sensitivity where the secondary biogenic
basis set is aged due to OH reaction results in total OA estimates
notably larger than that estimated by AE6 nearest the Flint Hills fire
but often lower further downwind due to reasons described earlier.

Published enhancement ratios of organic aerosol to CO provide
little insight as some studies show PM2.5 enhancement ratios
increasing with plume age (Ortega et al., 2013; Vakkari et al., 2014)
while another shows both decreasing and no change with plume
age (Forrister et al., 2015; May et al., 2015; Ortega et al., 2013).
Modeled hourly PM2.5 organic aerosol to CO ratios (Figure S-11)
differ from published values in that often removal processes out-
pace production resulting in negative values. Positive modeled
enhancement ratios are typically below 0.5 g/g but range up to ~1 g/
g which is larger than reported values (between 0 and ~0.3 g/g) but
reported values are not robust and likely do not capture the range
of ambient OA production with respect to CO (Forrister et al., 2015;
May et al., 2015; Vakkari et al., 2014). Model performance for bulk
estimates of chemically speciated PM2.5 at rural monitors part of
the Interagency Monitoring of Protected Visual Environments
(IMPROVE) network is examined where the model predicts an



Fig. 8. Episode maximum hourly modeled PM2.5 primary (left column) and secondary organic aerosol from each fire using AE6 and standard VBS methods. Aromatic SOA is shown
in the middle column and biogenic SOA in the right column.

K.R. Baker et al. / Atmospheric Environment 140 (2016) 539e554550



Fig. 9. Daily averaged modeled Wallow fire contribution paired with bulk model speciated PM2.5 bias at rural IMPROVE monitors (top row). The average model bias is shown by
monitor (bottom row). Warm colors indicate a model tendency toward over-prediction and cool colors indicate under-prediction. The “X” symbols show modeled fire centroid
location. The model sensitivity represents the standard VBS simulation.
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impact (30% Flint Hills fire or 50% Wallow fire contribution to OC)
from one of the fire events tracked for contribution (Figs. 9 and 10).
Bulk model performance is only partially a function of these fire
events since other sources contribute to some degree to the model
estimates, especially as distance from the fire increases. However,
this comparison can provide some indication about whether the
model tends to over or under-estimate on days where the model
predicts a large fire contribution to a monitor. Both fires show over-
estimates of organic and elemental carbon at sites in close prox-
imity to the fires (Figs. 9 and 10). However, the closest IMPROVE site
(TALL1) to the Flint Hills fires on the days with highest HMS smoke
plume density in eastern Kansas did not report PM2.5 elemental or
organic carbon which further complicates this comparison. It is
possible the surface measurement stations missed the highest
impacts from these fires.

Ammonium sulfate (not shown) and ammonium nitrate are
better predicted although small ammonium nitrate under-
predictions occur for the Flint Hills fire. Model performance for
speciated PM2.5 is generally similar when using the CMAQ VBS
approach although organic carbon tends to be underestimated
where strongly influenced by the Wallow fire and still over-
estimated where influenced by the Flint Hills fire (Fig. 8). The VBS
method in CMAQ tends to result in slightly lower estimates of non-
organic aerosol species which is the result of POA evaporation in
the VBS changing the bulk PM size distributionwhich increases dry
deposition velocities for all PM2.5 species (Koo et al., 2014). The
overestimation of organic aerosol at sites downwind in proximity
to the Flint Hills fire suggests the PM2.5 emission factor used here
for grasses may be too high. Similar to O3, in addition to errors
related to fire emissions and chemistry treatment, over-predictions
may come from errors in plume rise, plume transport, simulated
meteorological conditions, or some combination of these issues.

4. Conclusions & future direction

Hourly O3 and daily average PM2.5 organic carbon at rural
monitors with high modeled impacts from these fires suggest
model overprediction. A sensitivity analysis where photolysis rates
are more aggressively attenuated by particulate carbon species
reduces downwind surface level hourly O3 and improves model
performance at rural monitors compared to the baseline simula-
tion. This shows the importance of light attenuation on O3 pro-
duction in fire plumes and highlights the need for more specific
information about the optical properties of brown carbon since that
is a large component of modeled aerosol from these fires. An
alternative simulation where organic aerosol is treated as semi-



Fig. 10. Daily averaged modeled Flint Hills fire contribution paired with bulk model speciated PM2.5 bias at rural IMPROVE monitors (top row). The average model bias is shown by
monitor (bottom row). Warm colors indicate a model tendency toward over-prediction and cool colors indicate under-prediction. The “X” symbols show modeled fire centroid
location. The model sensitivity represents the standard VBS simulation.
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volatile with the volatility basis set results in much lower organic
aerosol contributions from these fires although some increases are
seen relative to the baseline which may be related to aging or IVOC
emissions assumptions. Further research is needed to better un-
derstand the application of the volatility basis set for biomass
burning with respect to 1) the degree of POA volatility, 2) IVOC
estimates, and 3) aging SVOCs. The optical properties of smoke and
subsequent attenuation effects on chemistry and treatment of
organic aerosol as semi-volatile highlight a few of many aspects of
fire emissions and modeling that need better understanding and
improvement so that models better capture primary and secondary
pollutant impacts from fires.

More work needs to be done to better constrain model pre-
dictions of wildland fires to improve confidence in those pre-
dictions. Measurement studies are needed to ascertain the relative
importance of direct fire emissions of HCHO and aldehydes
compared to their secondary production from VOC oxidation in the
fire plume. The source apportionment and sensitivity techniques
used here to isolate fire impacts on downwind primary and sec-
ondary pollutants should be used to match modeled fire impacts
with field study data. Measurements in well characterized fire
plumes are currently fairly sparse, however additional critical data
may be available from planned future local to regional scalewildfire
plume measurement field studies including the Fire Influence on
Regional and Global Environments Experiment (FIREX) and Fire
and Smoke Model Evaluation Experiment (FASMEE) field cam-
paigns. These field experiments along with other ongoing and co-
ordinated efforts provide a unique opportunity to obtain surface
and upper air measurements of specific fires to better constrain fire
emissions and the physical and chemical evolution of smoke
plumes.
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