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Abstract.

Field and laboratory emission factors (EFs) of wildland fire emissions for 276 known air pollutants sampled

across Canada and the US were compiled. An online database, the Smoke Emissions Repository Application (SERA), was
created to enable analysis and summaries of existing EFs to be used in smoke management and emissions inventories. We
evaluated how EFs of select pollutants (CO, CO,, CHy, NO,, total particulate matter (PM), PM, 5 and SO,) are influenced
by combustion phase, burn type and fuel type. Of the 12 533 records in the database, over a third (n = 5637) are represented
by 23 air pollutants, most designated as US Environmental Protection Agency criteria air pollutants, greenhouse gases,
hazardous air pollutants or known air toxins. Among all pollutants in the database, including the most common pollutants
PM, CO, CO, and CHy, records are unevenly distributed with a bias towards flaming combustion, prescribed burning and
laboratory measurements. Across all EFs, records are most common for south-eastern and western conifer forests and
western shrubland types. Based on identified data gaps, we offer recommendations for future studies, including targeting
underrepresented air pollutants, smouldering combustion phases and improved source characterisation of wildland fire
emissions.
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Introduction

Over the past decade, field and laboratory studies have made
substantial progress in characterising the chemical composition
of'wildland fire smoke and quantifying emission factors (EFs) in
North America. EFs are defined as the mass of a gas or aerosol
pollutant per dry weight unit mass of consumed fuel (Urbanski
2014). Since the seminal review of Andreae and Merlet (2001),
several reviews have summarised existing EFs by vegetation
type orregion (Akagiet al. 2011; Yokelson et al. 2013; Urbanski
2014), and studies were compiled into a summary dataset using
unpublished and published data from the 1960s to 2011 (Lincoln
et al. 2014). These developments, including several more recent
studies, represent a large advancement in emissions character-
isation and justify the creation of a master repository of EFs that
can be used to produce consistent values applicable for wildland
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fire management, smoke modelling and emission inventories in
North America.

The Smoke Emissions Repository Application (SERA) pre-
sented here is a searchable online database of existing EFs of 276
known air pollutants in standardised units (g kg ") (https:/depts.
washington.edu/nwfire/sera, accessed 26 November 2019).
EF records include modified combustion efficiency (MCE,
Yokelson et al. 1996), fuel type, study type (laboratory or field),
measurement platform (ground, tower or air-based), geographic
location and source reference. The database was created to enable
analysis and summaries of existing EFs, and creation of average
EFs to be used in decision support tools for smoke management,
including Consume (Prichard 2007), FOFEM (Reinhardt et al.
1997) and the BlueSky Smoke Modelling Framework (Larkin
et al. 2009), as well as future updates to national emissions
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inventories (e.g. US EPA 2017). Prior to updates provided by
Urbanski (2014), models that predict wildland fire emissions such
as Consume, FOFEM and BlueSky used EFs published within the
2001 Smoke Management Guide (Hardy et al. 2001) and sup-
ported a relatively small list of pollutants, including particulate
matter (PM), carbon monoxide (CO), carbon dioxide (CO,),
methane (CH,4), non-methane organic compounds (NMOCs)
and sulfur dioxide (SO,). SERA was designed to provide a
synthesis of existing EFs and summary values for emissions
modelling that can facilitate more rapid incorporation of EFs than
was previously available through a relational database main-
tained by the US Forest Service Pacific Wildland Fire Sciences
Laboratory (Seattle, WA).

For many air pollutants, selecting the most appropriate EFs
to represent emissions from biomass burning needs to consider
the combustion of fuels that burn in smouldering combustion
and low-heat pyrolysis phases (e.g. coarse wood and organic
soils). Modified combustion efficiency (MCE = ACO,/
(ACO, + ACO)) is a measure of the relative fraction of flaming
and smouldering combustion, and has been demonstrated to
be highly correlated with EFs for pollutant emissions (such as
CO, CH4 and NMOCs) that are more concentrated in smoul-
dering combustion phases (Urbanski 2014). Emissions studies
often include a measure of MCE to characterise source com-
bustion phase (Yokelson et al. 1996; Urbanski 2014). For
example, Urbanski (2013) found that Rocky Mountain wildfire
emissions from prescribed fires in moderate to heavy coarse
wood had a much lower MCE than that observed in studies of
prescribed fires in the south-east, from where the majority of
the EFs reported in the literature for NMOCs and PM; s
have been derived. More recently, Sekimoto et al. (2018)
examined relationships between high- and low-temperature
pyrolysis and found that these two variables explained most of
the variability in non-methane organic gas emissions and
outperformed MCE. The relationship between wildland fire
emissions and combustion highlights the need to develop
algorithms for extrapolating EFs to broadly representative
fuel types and burning conditions (e.g. flaming v. smouldering
and prescribed underburn v. crown fire). Because many
smoke management issues associated with wildland fire
emissions are from residual long-term smouldering sources,
characterising the fuels and EFs associated with these burning
conditions is critical for fire management applications
(Urbanski 2013; Yokelson ef al. 2013; Hu et al. 2018; Peterson
et al. 2018). Some studies also suggest that factors driving
burning conditions including wind, fuel moisture and fire
behaviour may more strongly influence pollutant emissions
than differences in fuel type or region (Yokelson et al. 2013;
Koss et al. 2018).

EFs are generally presented as best estimates, based on
compiled datasets of either fire-average values (i.e. representing
pollutant emissions from a combination of concurrent flaming and
smouldering fuel consumption) or combustion phase (e.g. flam-
ing, short-term smouldering and residual long-term smouldering).
Flaming combustion is defined as high-temperature combustion
in the presence of flames. Short-term smouldering combustion,
hereafter referred to as smouldering combustion, occurs at lower
temperatures without flames and is often associated with incom-
plete fuel combustion. Long-term residual smouldering is
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generally associated with marginally combustible fuels such as
coarse wood (i.e. stumps and downed logs >7.6 cm in diameter)
and duff'that generally have incomplete combustion and smoulder
for extended periods (Ottmar 2014).

Smoke management guides have traditionally summarised
EFs by major vegetation or fuel type. For example, the 2001
Smoke Management Guide (Hardy et al. 2001) compiled
pollutant EFs from existing studies of prescribed burns, includ-
ing EFs summarised from broadcast burned slash of Douglas fir,
juniper and ponderosa pine forests (Ward et al. 1989), broadcast
burned brush (Hardy et al. 1996) and wildfires (Hardy et al.
1992). Hardy et al. (2001) also provided EFs by flaming, short-
term smouldering and long-term residual smouldering phases of
combustion. Summarising EFs by combustion phase is gener-
ally useful for fire managers to inform smoke reduction techni-
ques, such as finding optimal burn windows that maximise
flaming combustion and minimise long-term smouldering
(MACTEC Federal Programs 2004), which can contribute to
greater overall pollutant emissions of PM and CO and nighttime
intrusions into communities (Miller et al. 2019).

Since the original smoke management guide was published in
2001, a large number of prescribed burn studies and a relatively
small number of wildfire emissions studies have been conducted.
Urbanski (2014) synthesised fire-average EFs for major pollutant
species by burn type (i.e. prescribed burns and wildfires) and
region and/or vegetation type. Fire-average flaming and smoul-
dering EFs and their estimated uncertainty were summarised
based on six prescribed fire groupings in the US, including
south-eastern (SE) conifer, south-western (SW) conifer and
north-western (NW) conifer forests, western shrublands and
western grasslands, and two wildfire categories including W
conifer wildfires and boreal wildfires. Additional residual
smouldering EFs were included for coarse wood, temperate forest
organic soils and boreal forest organic soils (referred to hereafter
as duff). More recently, sampled plumes from western US
wildfires suggest that the quantity and composition of fuels
burned in summer (May—October) wildfires may substantially
increase estimates of pollutant emissions, including greenhouse
gases (e.g. CO, and CHy) and particulate matter (Liu ez al. 2017).

The objectives of this study were to develop a centralised
repository for evaluating and synthesising emissions factor
datasets for major fuel types in North America and to provide
updates to best-estimate EFs for major pollutant species.
Because wildland fire emissions research is a rapidly developing
field, many additional studies have been conducted since the
Wildland Fire Emissions Factor Database was released in 2014
(Lincoln ef al. 2014) and the publication of best-estimate EFs by
Urbanski (2014). In the present study, we introduce SERA, an
online repository of wildland fire EFs and source references, and
provide revised and summarised EFs that can be used for smoke
management planning for wildland fire events. The web appli-
cation provides the most complete compilation of wildland EFs
to date and a searchable, online database. Using the large sample
size for some pollutants, we evaluated how EFs are influenced
by combustion phase, burn type and fuel type. We offer
recommendations for future studies including targeting under-
represented air pollutants and the relative influence of fuel type,
measurement platform and combustion phase on estimated
pollutant emissions.
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Fields and definitions of the wildland fire emissions database (Smoke Emissions Repository Application; SERA)

Variable name

Definition

Input options or units

EPA_CAP
EPA_HAP
EPA_GHG
EPA_TOX
Pollutant ID
Formula or acronym
Pollutant name
Pollutant name 2
Other synonyms
Fuel category

Regional vegetation type
Regional vegetation subtype

Burn type

EF
MCE
Combustion phase

RefID
WFEFD database ID

Lead author
Publication year
Coauthors
Location

Country
State/province
Burn name
Measurement date
Fuel type desc

Critical air pollutant

Hazardous air pollutant

Greenhouse gas

Toxic air pollutant

Unique identification for each record
Pollutant chemical formula or acronym
Common name of pollutant

Secondary common name of pollutant
Synonyms (other common names)

Major fuel category (e.g. shrub, herb, coarse wood, duff)
Major vegetation by region

Subtype of major vegetation/fuel by region

Type of burn including measurement platform.
WEF = wildfire, Rx = prescribed burn

Emissions factor

Modified combustion efficiency

Assigned phase based on MCE or CE or field observation.
F = flaming, S = smouldering, RS = residual smouldering

Unique identification for each source reference

Cross reference ID for each reference within the Wildland
Fire Emissions Factor Database (Lincoln ez al. 2014)

Lead author of source reference

Publication year of source reference

List of co-authors for source reference

Place name (city, town or management area)

Country (if non-US)

State or province

Burn unit name (if applicable)

Date of burn

Description of fuel type

True or False

True or False

True or False

True or False

e.g. 275 =pyrene

e.g. CO, CO,, PM, PM; 5

Defined in Table 3

e.g. SE pine, W conifer

e.g. SE pine — longleaf sandhill, W conifer — Douglas fir
crown

Laboratory, WF-Ground WF-Tower, WF-Airborne,
Rx-Ground, Rx-Tower, Rx-Airborne

gkg™!

Ratio (0-1)

F: MCE >0.89, S: MCE 0.8 — 0.89, RS: MCE <0.8

e.g. 238 = Aurell ez al. (2015)

e.g. Rim Fire, Lolo 1

e.g. Douglas fir crown fuels — fine branches and needles

Methods

As part of a broader study on fire behaviour and emissions funded
by the Strategic Environmental Research and Development
Program (SERDP), Lincoln et al. (2014) compiled existing
emissions factor data from the 1960s through ~2010 into anno-
tated tables, with companion references available to download
(https://www.fs.usda.gov/rds/archive/Product/RDS-2014-0012,
accessed 26 November 2019). We converted the tabular dataset
into a relational database and reviewed all source references to
add greater attribution and correct input errors, including loca-
tion, major vegetation type, MCE and/or combustion phase and
burn type (e.g. laboratory, prescribed fire or wildfire and mea-
surement platform). Each source reference was reviewed to
ensure that the EF observation was fully attributed with fields
defined in Table 1. Supported pollutants were assigned a
molecular weight, common name, an International Union of
Pure and Applied Chemistry database identification number and
US Environmental Protection Agency (EPA) Substance Reg-
istry Services ID and pollutant category (SRS, https://ofmpub.
epa.gov/sor_internet/registry/substreg/LandingPage.do, acces-
sed 26 November 2019) to allow cross-referencing to other air
quality and pollutant databases. Reported EF units were stan-
dardised to grams of pollutant per kilogram of dry weight

biomass consumed (g kg™ '). In many cases, EFs were converted
from Ibton ' to gkg ™ 'or from gkg ™ '-Cto gkg ' if the study also
reported the fuel carbon content. We did not attempt to convert
emission ratio data into EFs. For each study, we added individual
burn data as opposed to summary data. We also confirmed that all
source records were original EF data and not duplicated in other
studies. For records having a measured MCE, combustion phases
were assigned as flaming (MCE = 0.9), smouldering (MCE = 0.8
to <0.9) and residual smouldering (MCE <0.8) (after Akagi
etal 2011). In older records in which CE was reported instead of
MCE, we either used the reported phase or same thresholds to
assign combustion phase. Once the existing dataset was quality
assured and standardised, we added records from recent pub-
lished studies (2010-18). See Supplementary Appendix 1 for the
list of references augmenting the Lincoln ef al. (2014) work.
Currently, there are 12 533 records in the database from 49 source
references.

The goal of SERA was to compile available EF data into a
single repository with ease of access to the data. In this sense, all
records are treated equally. We did not attempt to identify
whether one study might be better than another study. The
online, searchable database makes it straightforward to lookup
the original references, allowing users to customise data for their
particular application.
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Statistical analysis

To evaluate the influence of combustion phase, MCE, burn type
and vegetation or fuel type on estimated EFs, we concentrated
on major pollutants with sufficient record counts and of high
relevancy to wildland fire planners and regulators: carbon
dioxide (CO,); carbon monoxide (CO); methane (CH,); nitro-
gen oxides (NOy); particulate matter (PM, s and total PM); and
sulfur dioxide (SO5).

Explanatory variables of EFs were evaluated using Analysis
of Variance tests (R statistical programming, ANOVA)
(R Studio, Supplementary Appendix 2). Tukey’s Honest Signif-
icant Difference testing was used to evaluate for significant
differences among predictor categories (e.g. combustion phase,
burn type or fuel type). Due to unequal distribution of records
across predictor variables, one-way ANOVA tests were con-
ducted for each variable and on subsets of pollutant emissions
data with sufficient and comparable record counts. For example,
combustion phase was evaluated as a potential predictor vari-
able of CO, EFs, but because few records were available for the
residual smouldering (n < 10), only those records recorded as
either flaming or smouldering were evaluated.

We evaluated how EFs vary by burn type, which is a
combination of fire type (i.e. laboratory, prescribed fire and
wildfire) and measurement platform (i.e. ground-based, tower
and airborne) (Fig. 1). Due to imbalances in record counts within
each burn type category, pollutant datasets were subset to
exclude any burn types with insufficient record counts (r < 10).

Because vegetation and/or fuel type are generally used to
summarise and apply EFs in wildland fire management and
emissions inventories, we evaluated regional vegetation type as
an explanatory variable of EFs by major pollutant (Table 2).
Regional vegetation types were first analysed, subsetting the
dataset to exclude sparsely populated types; we also evaluated
fuel category, which assigns a dominant fuel (e.g. grass, shrub,
pine needles, organic soil) regardless of region for each EF
record (also listed in Table 2). Fuel consumption is influenced
by a range of factors, including mass of available fuel, fuel
moisture, surface area-to-volume ratios, packing ratio and
presence of volatile compounds (Ottmar 2014). In the absence
of fuel moisture content data for each EF record, regional
vegetation type may provide a surrogate for climatic differences
in site moisture. In contrast, comparing EFs among fuel catego-
ries evaluates potential differences in inherent combustion
properties, including differences in packing and surface area-
to-volume ratios.

Sample application

To demonstrate how EFs can be used for prescribed burn
planning, we used a dataset of prescribed understorey burns in
SE and W conifer forests of the US that reported mean fuel
consumption by major surface fuel category (Prichard et al.
2017). For PM, 5, we had sufficient records in SERA to calculate
EFs specific to flaming and smouldering consumption in addi-
tion to a fire-average short-term flaming and smouldering EF.
For fuel categories that contribute to long-term smouldering, we
used the residual coarse wood EF of 33 g kg ™' and residual duff
EF of 50 g kg’l, after Urbanski (2014). Currently, there are no
empirical models to estimate consumption by combustion
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Fig. 1. Emissions factor record counts by (a) region and vegetation type,
(b) burn type, including prescribed burn emissions sampled by aerostat
(Rx-Aerostat), airborne (Rx-Airborne), ground (Rx-Ground) and tower
(Rx-Tower) measurement platforms, laboratory burns (Laboratory) and
wildfire emissions sampled using airborne platforms (Wild-Airborne) and
(c) combustion phase. See Table 1 for variable definitions.

phase, and consumption was not reported by phase in Prichard
et al. (2017). The two main operational consumption models in
the US have different ways of allocating consumption into
flaming v. smouldering consumption and making emissions
factor assignments. Consume v 5.0 assumes a generic proportion
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Table 2. Regional vegetation type and fuel category definitions

Regional vegetation type  Definition Fuel category Definition
Northern Duff Organic soils
N conifer forests Boreal and sub-boreal conifer forests Grass Grassland
(e.g. black spruce, white spruce forests)
N duff Boreal and sub-boreal organic soil Hardwood Broadleaf deciduous forest (understorey
fuels)
N grass Boreal and sub-boreal grassland Mixed conifer Mixed conifer forest (understorey and
canopy fuels)
N hardwood Boreal and sub-boreal broadleaf deciduous forest Other
N mixed wood Boreal and sub-boreal mixed broadleaf and conifer forest ~ Pine needles Pine forest with needle layer understorey
South-eastern Pine shrub Pine forest with shrub understorey
SE duff South-eastern organic soil Pine forest understorey ~ Pine forest understorey (general)
SE grass South-eastern grassland Shrub Shrubland
SE hardwood South-eastern broadleaf deciduous and evergreen forest ~ Slash Logging slash

SE mixedwood South-eastern mixedwood forests

SE pine forests

forests)
SE shrub South-eastern shrublands
Western
W conifer forest Western mixed conifer and ponderosa pine forests
W duff Western organic soil
W grass Western grassland
W mixedwood Western mixed broadleaf and mixed conifer forest
W shrub Western shrubland
W hardwood Western broadleaf deciduous forest
Other
Other Other fuel types that are not regionally specific
(e.g. lumber, excelsior)
Other duff Other organic soil types

South-eastern pine forests (e.g. loblolly and longleaf pine

for each fuel category (e.g. herbs, shrubs, 1-h wood, 1000-h
wood, litter or duff) to partition consumption values in flaming,
smouldering and residual consumption (Prichard 2007).
In contrast, FOFEM uses the BURNUP model (Albini and
Reinhardt 1997) to calculate intensity of the burn with a
threshold of >15 kW m ™ representing flaming combustion and
<15 kW m"? representing smouldering combustion. For these
sample calculations, we used Consume’s assumed proportional
consumption by combustion phase to allocate the average fuel
consumption reported for south-eastern forest and western
ponderosa pine sites in Prichard ef al. (2017) into flaming,
smouldering and residual smouldering phases. Emissions by
fuel category were then estimated by two methods — first by
calculating flaming, smouldering and residual emissions by fuel
category, and second by estimating total emissions using a fire-
average EF. Variability in total emission estimates were also
calculated using a single standard deviation of EF (41 s.d.).

Results

Of the 12533 records in the database, 45% (n = 5637) are
represented by 23 air pollutants, most of which are designated as
EPA criteria air pollutants (CAP), greenhouse gases (GHG),
hazardous air pollutants (HAP) or known air toxins (TOX)
(Table 3). A list of the 274 pollutants currently supported in
the database, including record counts and summary statistics
for EF and MCE, is available as an online appendix table
(Supplementary Appendix 3). Among all pollutants in the

database, including the most common pollutants (e.g. PM, CO,
CO, and CHy,), records are unevenly distributed with a bias
towards flaming combustion, prescribed burning and laboratory
measurements. Overall, EF records are most common for SE and
W conifer forests and W shrubland types of the US (Fig. 1).
Considering EF records by fuel category, EF records are most
numerous for western mixed conifer, south-eastern and western
pine understorey fuels and western shrublands.

Carbon dioxide and carbon monoxide

CO; and CO are well represented in the database, with a total of
578 and 640 records respectively, excluding outliers. Early
emission studies did not generally record combustion phase
(MCE or combustion efficiency, CE), and more than a quarter of
records lack an assigned phase. Of the records with an assigned
phase, around 50% of CO, and CO EFs were sampled during
flaming combustion. Although there is a positive relationship
between CO, and MCE, the relationship is weak (R* = 0.4113,
P <0.0001, Fig. 2). There are significant differences in CO, EFs
among flaming, smouldering and residual smouldering com-
bustion phases, with the highest EFs in flaming and lowest EFs
in residual smouldering (Fig. 3).

Regional vegetation type is not a strong predictor of CO,
EFs, with only a significant difference between SE shrub and SE
pine CO, EFs. Comparing fuel categories, duff EFs are signifi-
cantly lower than most other categories (e.g. grass, mixed
conifer, mixed wood, pine forest understorey, shrub and slash).
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Table 3. Pollutants with a minimum of 100 record counts in the Smoke Emissions Repository Application (SERA), including record counts (7)) and
summary statistics of reported emission factors (EFs) including mean and standard deviation (s.d.)
Pollutant categories include US Environmental Protection Agency Criteria Air Pollutant (CAP), greenhouse gas (GHG), hazardous air pollutant (HAP) and
toxic air pollutant (TOX). Summary values exclude outlier and residual smouldering EFs but otherwise include all records in the database, including ‘other’
vegetation types and records without a regional fuel group assignment. MCE, modified combustion efficiency

Pollutant name Category Acronym or formula Molecular weight n Mean EF s.d. Mean MCE s.d.

Acetic acid C,H,0, 60.052 153 2.13 2.03 0.92 0.04
Acetylene C,H, 26.038 291 0.83 1.27 0.93 0.04
Ammonia CAP, TOX NH; 17.031 216 1.55 1.87 0.91 0.07
Black carbon BC 115 0.96 1.00 0.93 0.03
Carbon dioxide GHG CO, 44.009 597 1549.98 312.47 0.91 0.06
Carbon monoxide CAP CO 28.010 640 103.51 58.25 0.90 0.06
Ethene TOX CyHy 28.054 261 1.10 2.12 0.93 0.04
Formaldehyde HAP, TOX H,CO 30.026 204 1.59 1.13 0.92 0.04
Formic acid TOX HCOOH 46.025 192 0.33 0.41 0.93 0.03
Furan TOX C,H,0 68.075 179 0.34 0.36 0.92 0.04
Hydrogen cyanide HAP, TOX HCN 27.026 188 0.46 0.59 0.92 0.04
Methane GHG CH,4 16.043 451 5.53 14.76 0.90 0.06
Methanol HAP, TOX CH;0H 32.042 219 1.44 1.44 0.92 0.04
Nitric oxide CAP NO 30.006 193 2.29 2.08 0.93 0.04
Nitrogen dioxide CAP NO, 46.005 160 1.26 1.16 0.94 0.03
Nitrogen oxides CAP NO 117 3.36 3.73 0.90 0.09
Nitrous acid HNO, 47.013 164 0.49 0.24 0.93 0.03
Non-methane hydrocarbons NMHC 112 5.87 4.60 0.86 0.08
Particulate matter 2.5 pm CAP PM, 5 337 27.87 43.09 0.90 0.07
Phenol HAP, TOX CeHgO 94.113 137 0.71 0.80 0.93 0.03
Propene TOX C;3Hg 42.081 295 0.68 1.11 0.92 0.04
Sulfur dioxide CAP SO, 64.058 127 1.11 0.72 0.93 0.03
Total particulate matter PM 289 23.57 25.69 0.87 0.08

Pine forest understorey EFs have a narrow range of observed
values and are significantly higher than some other fuel catego-
ries (e.g. duff, slash, pine needles). When only flaming CO, EFs
are considered, no significant differences are found among fuel
categories. However, when considering only smouldering CO,
EFs, duff EFs are significantly lower than mixed conifer and
pine forest understorey fuels, and mixed conifer EFs are signifi-
cantly higher than grass.

Among burn types (Laboratory, Rx-Air, Rx-Ground and
WE-Air), laboratory CO, EF values have the widest representa-
tion and range of observed values, with no significant difference
among other burn types. Rx-Tower observations range widely but
are significantly lower than Rx-Ground and WF-Air. When CO,
EFs are partitioned into flaming and smouldering combustion
classes, no significant differences are found among burn types.

The CO EFs are significantly different among combustion
phases, with highest and most variable CO EFs in the residual
smouldering phase, moderate EFs in smouldering and lowest
EFs in flaming combustion (Fig. 3). CO is negatively related to
MCE (R* = 0.6444, P < 0.0001, Fig. 2). Regional vegetation
types and fuel categories are unevenly distributed among
CO EFs. CO EFs are generally not statistically different among
regional vegetation, with only significant differences between
SE grass and W conifer. However, there are notable differences
in CO EFs by fuel category with significantly higher duff EFs
than some other fuel categories (grass, pine understorey and
shrub), and also differences between slash and shrubs, grass and
pine understorey fuels, and between grass and shrub. Due to

significant differences by combustion phase, CO EF datasets are
subset into combustion phases to evaluate the influence of burn
type and fuel type. Flaming CO EFs significantly differ among
tested fuel categories, with significantly lower values in grass
and slash than the other types. Smouldering CO have low record
counts, and comparisons can only be made among duff, mixed
conifer, shrub and slash. Smouldering CO values are widely
distributed but are significantly higher in mixed conifer than
in shrub fuels. Overall, CO EFs are significantly higher in
Rx-Tower than Laboratory, Rx-Airborne and Rx-Ground.

Methane

There are 389 records of CH, in the database, with 59% of
observations representing flaming combustion. CH, is negatively
correlated with MCE (R? = 0.7144, P < 0.0001, Fig. 2), but the
linear model has a wide scatter in residuals, particularly with
lower MCE values. CHy4 EFs are significantly different between
flaming, smouldering and residual smouldering combustion
phases, with the highest EFs in residual smouldering and lowest
in flaming (Fig. 3). Only nine observations are available for
the residual smouldering phase of combustion and are widely
distributed. Regional vegetation is a significant predictor of
CH4 EFs. EFs for W conifer are significantly higher than SE
grass, and W duff EFs are significantly higher than N conifer,
SE grass, SE pine and W shrub. EFs also significantly differ
by fuel category, with significantly higher EFs in coarse wood
and duff than all other fuel categories except coarse wood
v. duff. Mixed conifer EFs are significantly lower than coarse
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Fig.2. Correlation plots between modified combustion efficiency and emission factor of major pollutants including

PM, s, CO, CHy4, CO,, NO, and SO,.

wood and duff, but are significantly higher than grass, pine—shrub
understorey, pine—understorey and shrubs. Slash is significantly
higher than grass and pine—shrub understorey.

Considering only flaming combustion, mixed conifer has
greater EFs than grass, pine forest understorey, shrub and slash
fuel categories. However, there are no significant differences in
smouldering EFs by fuel category. CH4 EFs also significantly
differ by burn type, with significantly higher EFs in Rx-Tower and
WE-Air burns than in Laboratory and Rx-Ground burns. Consid-
ering only flaming combustion, WF-Air CH4 EFs are significantly
higher than other burn types. However, there are no significant
differences among burn types in smouldering CH,4 EFs.

Particulate matter

Particulate matter records are recorded across a range of size
fractions in the database (i.e. <1 pm, <2 pm, <2.5 pm, <3 um,
<4 um and total PM). The most common records are for total PM
and PM, 5. Because the majority of PM is represented by the
<2.5 um size classes, we evaluated PM; s EFs and also grouped
all records in a generic PM category to evaluate the larger dataset.

PM, 5 EFs are negatively related to MCE, with a wide scatter in
model residuals at lower MCE values (R2 =0.4735, P < 0.0001,
Fig. 2). Of the records with MCE values, observations are
most represented by flaming combustion (» = 177 records

v. n = 45 smouldering and » = 11 residual smouldering)
(Fig. 3). Even with a wide spread in observed values, PM, 5 EFs
significantly differ by flaming and smouldering combustion
phase. Considering all PM, s EFs, there are no significant differ-
ences among burn types. However, smouldering PM, s EFs are
significantly higher in laboratory burns than in Rx-Ground and
Rx-Tower observations.

PM, 5 EF observations are generally too unevenly distributed
to evaluate statistical differences among regional vegetation
types with the majority of observations in SE pine and W conifer
(Fig. 1). PM, 5 EFs are significantly higher in SE pine than W
conifer. Comparisons among fuel categories are also challenged
by imbalanced data with the majority of observations being in
pine understorey fuels. Considering only flaming PM, 5 emis-
sions, pine forest understorey EFs are significantly greater than
shrub EFs. Comparing smouldering PM, 5 emissions, shrub and
pine forest understorey emissions are significantly higher than
slash fuels.

Total PM EFs have higher record counts (n = 580) but follow
similar trends with PM, s emissions (n = 266). PM EFs are
weakly and negatively correlated with MCE (R* = 0.1478).
Flaming PM EFs are significantly lower than smouldering and
residual smouldering PM EFs. There are few significant differ-
ences among burn type; laboratory PM EFs are significantly
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Fig. 3. Box and whisker plots of emission factor by combustion phase (U, undesignated; F, flaming; S, smouldering;
RS, residual smouldering combustion phases) and major pollutant (PM, s, CO, CHy4, CO,, NOy and SO,).

higher than Rx-Airborne and Rx-Tower observations, and Rx-
Ground PM EFs are significantly higher than Rx-Airborne
values. PM EFs are significantly higher in western shrub than
in SE pine and SE shrub. Also, PM EFs are higher in shrub than
in grass and pine needle fuel categories, and higher in pine
understorey fuels than in grass and slash. Smouldering PM
values are rare, and the only possible comparison was between
pine understorey fuels, which were significantly higher than
slash EFs.

Nitrogen oxides

Nitrogen oxides are represented as NO, NO, and NO, in
database records, and records are combined in this analysis to
maximise the number of observations (n = 462). NO, is
weakly correlated with MCE (R? = 0.0694, Fig. 2). There are
also no significant differences between combustion phases and
particularly wide distributions of values in the residual
smouldering phase (Fig. 3). Most NO observations were
sampled in laboratory burns (n = 427), and although sample
sizes are too unevenly distributed for statistical comparisons,
Laboratory EFs are substantially higher than Rx and WF EFs.
Although there are sufficient record counts to compare NO,
EFs among regional vegetation and fuel categories, only W
shrub is significantly different (higher) than the SE Pine

vegetation types, and shrub fuel EFs are greater than Pine
forest understorey and slash fuel categories. Among flaming
NO,, only shrub EFs are significantly different (higher) than
pine understorey fuels. Record counts are low for smouldering
NO, observations, and there is no statistical difference among
fuel categories.

Sulfur dioxide

Of the 127 SO, EFs, 82 were sampled during the flaming phase
of combustion. SO, EFs are negatively but weakly correlated
with MCE (R* = 0.1436, Fig. 2), with significant differences
between flaming and smouldering combustion phases (Fig. 3).
Almost all SO, values were collected in the laboratory, with an
emphasis on W shrubs and W conifer vegetation types (Figs 2
and 3). Due to the uneven distribution of EFs within regional
vegetation types and fuel categories, only a few statistical
comparisons are possible. Of these, W conifer SO, EFs are
statistically higher than western shrubs. Of the fuel categories,
shrub EFs are significantly lower than duff and mixed conifer
EFs.

Updated EFs by combustion phase

To meet land manager needs for EFs by combustion phase and
vegetation type, we used SERA to produce a standardised
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Table 4. Summarised emission factors (g kg™ ") for the south-eastern US by combustion phase for particulate matter <2.5 pm (PM,s), carbon
dioxide (CO5), carbon monoxide (CO), methane (CH,) ammonia (NH3), sulfur dioxide (SO,), nitrogen oxide (NO), nitrogen dioxide (NO,) and oxides
of nitrogen (NOy)

Mean, mean emission factor (g kg™ "); s.d., standard deviation (g kg™ '); #, count of data points; fire-average F/S, combined flaming, smouldering and
unspecified combustion phases. F, flaming-phase EF, S, smouldering-phase EF. Cells are missing when there were insufficient records

Pollutant Fire-average F/S F S

Mean s.d. n Mean s.d. n Mean s.d. n

Conifer forest (SE pine)

PM, 5 25.29 16.00 102 20.91 10.95 60 29.35 18.23 18

CO, 1576.04 248.04 86 1691.78 51.78 39 1462.00 170.14 11

CcO 97.09 43.11 109 73.88 21.54 39 165.87 38.09 11

CH,4 4.12 5.02 47 2.41 1.26 38 11.36 8.06 9

NH; 0.82 1.25 31 0.52 0.76 22 1.56 1.87 9

NO 1.86 1.80 28 1.20 0.81 18 0.78 0.94 3

NO, 1.23 0.83 23 1.62 0.74 15 0.93 1

NO, 3.34 2.80 27 2.43 1.10 15 1.56 0.80 3

SO, 0.99 0.40 10 1.06 0.31 7 1.55 1
Shrublands

PM, 5 12.03 4.25 5 12.03 4.25 5

CO, 1707.96 192.21 15 1746.03 95.84 13 1460.5 515.48 2

CcO 73.50 17.00 16 70.40 14.01 13 93.75 32.17 2

CH,4 2.38 0.87 12 2.20 0.45 10 3.30 2.12 2

NH; 2.06 2.27 6 1.15 0.50 5 6.60 1

NO 4.71 245 7 3.77 2.24 5 7.05 0.78 2

NO, 0.95 0.43 3 0.95 0.43 3

NO, 2.86 0.78 4 2.86 0.78 4

SO, 0.74 0.60 6 0.67 0.64 5 1.1 1
Mixed forest

PM, 5 14.78 0.94 4 14.78 0.94 4

CO, 1650.50 61.10 10 1658.33 59.24 9 1580.0 1

CcO 84.19 20.30 12 76.87 12.10 9 129.50 1

CH,4 2.67 1.28 9 2.27 0.45 8 5.90 1

NH; 2.13 1.29 5 1.74 1.09 4 3.70 1

NO 3.69 3.09 3 2.39 2.98 2 6.30 1

NO, 1.14 0.62 2 1.14 0.62 2

NO, 2.18 1.31 2 2.18 1.31 2

SO, 0.70 0.16 4 0.77 0.12 3 0.50 1
Grasslands

PM, 5 12.080 5.24 10 12.08 5.24 10

CO, 1685.82 81.19 15 1696.38 72.78 14 1538.0 1

cO 68.17 27.16 16 64.6 25.27 14 119.0 1

CH,4 2.53 1.51 10 2.21 1.20 9 54 1

NH; 1.30 0.70 4 1.37 0.84 3 1.1 1

NO 533 2.14 4 5.83 2.30 3 3.8 1

N02

NO, 3.53 0.40 3 3.53 0.40 3

SO, 0.83 0.34 4 0.93 0.32 3 0.5 1

dataset of summarised EFs for PM, 5, CO, CO,, CH4, NH;, SO,
and NOj by regional fuel type (conifer forest, broadleaf decid-
uous forest, mixed conifer and broadleaf deciduous forest,
shrubland, grassland and organic soil) for the south-eastern US
(Table 4, Box 1), western US and Canada (Table 5), and
northern US and Canada (Table 6). Summary EFs are listed by
combustion phase, including a fire-average EF value, repre-
senting short-term flaming and smouldering emissions, in
addition to separate flaming EF and smouldering EFs where
available. Due to uneven record counts, EFs by combustion
phase are only available for some pollutant-region

combinations, and highlight data gaps for some pollutants. Slash
EFs are excluded in these summary tables, using the ‘exclude
slash’ option in SERA.

Table 7 presents sample calculations of estimated PM, s
emissions for SE pine and W pine forests. For SE pine forests,
using specific EFs to estimate flaming, smouldering and residual
emissions resulted in a lower estimated total PM, 5 emissions
than the fire-average EFs. In contrast, estimates using the two
approaches were markedly similar in the W pine example,
reflecting the importance of coarse wood and duff on total
emissions.
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Box 1. Using summarised emission factors to estimate wildland fire emissions

There are two approaches to estimating PM, s emissions using summaries in Tables 4 and 5 to explore differences in estimated
values using comparative approaches. We use EF values available for south-eastern conifer (Table 4) and western mixed conifer
forests (Table 5) to represent flaming and smouldering emissions as well as fire average (flaming and/or smouldering; F/S)
emissions. Following Urbanski (2014), we use the recommended residual coarse wood EF of 33 g kg~ ' and residual duff EF of
50 g kg~ ' to estimate residual emissions from coarse wood and duff. Using estimates of flaming, smouldering and residual
smouldering consumption, based on assumed proportions in Consume v5.0 (see Eqn 1), we can multiply consumption in Mg ha ™"
by the recommended EF by phase (g kg ') to calculate PM, 5 emissions (kg ha™ ).

Site Flaming EF Smouldering EF Residual Smouldering Coarse wood  Residual smouldering duff Fire average EF (F/S)
(gkg ™) (gkg™) (gkg™) (kg™ (gkg™)

SE conifer 20.91 29.35 33 50 25.29

W conifer 13.5 20.05 33 50 14.32

Sample calculations

To estimate emissions from sound coarse wood (7.6 to 22.9 cm diameter) in a south-eastern US forest with hurricane damage, we
can apply three separate EFs to represent flaming, smouldering and residual consumption (where EFs are expressed in kg Mg~

because 1 gkg ' =1kg Mg '):
PM, 5 emissions of coarse wood =
(22.4 Mg ha ' x 0.6 Flaming x 20.91 kg Mg~ ") +
(22.4 Mg ha™' x 0.3 Smouldering x 29.35 kg Mg~ ') +

slightly higher estimation of emissions.
PM, 5 emissions of 1000-h wood =
22.4Mgha ' x 2529 kg Mg ' = 566.5 kgha ' (2)

Fire-average EF estimate of PM, 5 emissions =

Flaming EF estimate of PM, 5 emissions =

Fire-average EF estimate of PM, 5 emissions =

Residual coarse wood estimate of PM, 5 emissions =
20 Mg ha™' consumed x kg Mg~ = 660.00 kg ha™"' (6)

(224 Mg ha™" x 0.1 Residual x 33 kg Mg™") = 552.18 kg ha™' (1)
For a more general estimate, fire-average EFs are available and can be used instead. For SE conifer forests, this results in a

Where fuel consumption is not available by fuel category, the fire average EF can be used to estimate consumption based on
total site fuel loading. This calculation can be appropriate for some fuels such as the SE conifer forest in this example, or
potentially significantly underestimate PM, s emissions in sites dominated by heavier fuels and organic soils.

For example, for an SE conifer site dominated by pine litter and shrubs that are mostly consumed in the flaming phase of
combustion, the fire average EF may overestimate emissions compared with using the flaming EF:

13 Mg ha™' consumed x 25.29 kg Mg~! = 328.77 kg ha™' (3)

13 Mg ha™' consumed x 20.91 kg Mg ™' =271.83 kgha™' (4)
For a W conifer site dominated by coarse wood, using the fire-average EF may substantially underestimate emissions:

20 Mg ha™' consumed x 14.32 kg Mg~ = 286.40 kg ha~"' (5)

Discussion

The online EF database, SERA, was designed as a clearinghouse
for field and laboratory-based EFs for Canada and the US. By
recording existing EFs by fuel type, MCE and burn type, the tool
supports summaries of EFs for use in emissions inventories and
wildland fire management. Our sample calculations for SE pine
and W pine sites, presented in Table 7, demonstrate that EFs
summarised by combustion phase can lead to substantially dif-
ferent emissions estimates than fire-average EFs in certain fuel
types. For example, consumption in SE pine sites is dominated
by fuels that burn in the flaming phase of combustion. Applying
specific EFs for flaming, smouldering and residual smouldering

combustion produced a much lower estimate of total PM, s
emissions than the fire-average EF value. In contrast, the W pine
site was dominated by coarse wood and duff, and both approa-
ches produced a comparable estimate of total PM, s emissions.

As more EFs are compiled by combustion phase and fire type
(e.g. flaming v. smouldering, prescribed v. wildfire), some
pollutants that are highly dependent on combustion phase or
fire type (e.g. CO, CH4 and PM, 5) may be better characterised to
assist with smoke management techniques that identify fuels
likely to burn in short- and long-term smouldering combustion
and mitigate smoke impacts. Flaming-phase EFs are more
represented in SERA than are smouldering and residual smoul-
dering EFs, but in certain vegetation and fuel types, long-term
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Table 5. Summarised emission factors (g kg ') for the western US by combustion phase for particulate matter <2.5 pm (PM,_s), carbon dioxide
(CO,), carbon monoxide (CO), methane (CH,), ammonia (NH3), sulfur dioxide (SO,), nitrogen oxide (NO), nitrogen dioxide (NO,) and oxides of
nitrogen (NO,)

Mean, mean emission factor (g kg™ '); s.d., standard deviation (g kg~'); n = count of data points. Fire-average F/S, combined flaming, smouldering and
unspecified combustion phases; F, flaming-phase EF; S, smouldering-phase EF

Pollutant Fire-average F/S F S
Mean s.d. n Mean s.d. n Mean s.d. n
Conifer forest (western pine and mixed conifer)
PM, 5 14.32 5.51 24 13.50 5.18 21 20.05 4.97 3
CO, 1629.54 63.43 147 1662.92 52.08 87 1579.40 44.20 58
(€(0) 104.01 3493 147 79.97 20.85 87 140.30 15.57 58
CHy4 5.05 2.41 144 3.41 1.33 85 7.59 1.16 57
NH; 0.90 0.57 54 0.83 0.53 49 1.74 0.09 3
NO 1.79 1.09 58 1.71 0.70 53 2.60 3.12 5
NO, 1.38 0.75 56 1.40 0.71 52 1.05 1.23 4
NO, 1.41 0.95 6 1.49 0.77 2 1.08 1.43 2
SO, 1.38 0.61 50 1.35 0.54 47 1.73 1.44 3
Shrublands
PM, 5 7.88 221 14 7.12 1.22 10 9.79 3.15 4
CO, 1587.88 141.8 98 1684.48 82.4 43 1538.81 72.42 7
(6[0) 97.03 54.82 116 63.87 17.6 51 76.32 40.34 17
CHy 2.16 1.37 46 1.87 1.16 38 4.14 1.15 6
NH; 1.60 1.52 53 1.16 0.98 39 3.13 2.05 12
NO 2.42 1.29 35 222 091 32 4.53 2.84 3
NO, 0.79 0.66 34 0.80 0.67 33 0.50 1
NO, 3.33 1.97 35 3.11 1.21 22 2.89 2.40 10
SO, 0.73 0.28 27 0.75 0.28 25 0.55 0.21 2
Mixed forest
PM, 5 6.83 1 6.83 1
CO, 1669.50 134.67 4 1669.50 134.67 4
Cco 55.26 22.07 4 55.26 22.07 4
CHy 2.35 1.78 4 2.35 1.78 4
NH; 0.60 0.34 3 0.60 0.34 3
NO 1.65 1.39 4 1.65 1.39 4
NO, 1.53 1.97 4 1.53 1.97 4
NO, 2.55 1.40 4 2.55 1.40 4
SO, 0.49 0.33 3 0.49 0.33 3
Grasslands
PM, 5
CO, 1421 208.48 8 1547.3 52.17 5 1210.5 200.83 3
Cco 56.26 38.89 8 29.62 11.91 5 100.67 16.68 3
CHy 2.90 1.86 5 1.63 0.75 3 4.80 0.84 2
NH; 0.56 0.53 4 0.30 0.08 3 1.35 1
NO 2.86 1.58 7 2.77 1.50 5 3.09 242 2
NO, 3.13 2.36 2 4.80 1 1.46 1
NO,
SO, 2.98 1 2.98 1

smouldering can be the largest contributor to pollutant emis-
sions and pose the greatest smoke management challenge. The
SERA database also offers a standard clearinghouse for new
pollutants that are just being documented in wildland smoke,
including a wide range of non-methane organic gases, including
volatile organic compounds and other air toxins (Urbanski 2014;
Koss et al. 2018). It also could be expanded to support EFs in
other parts of the world and adapted to incorporate other
variables, such as trace indicators of low-heat and high-heat
pyrolysis (Gilman et al. 2015; Sekimoto et al. 2018).

Summarising pollutants in our database by fuel type, burn type
and combustion phase revealed several data gaps and a bias in the
type of measurements collected to date. Across all pollutants in
the database, most EFs were measured during the flaming phase
of combustion. Given that some pollutants, such as PM, s, CO,
CH, and a wide range of NMOCs, are more concentrated in
smoke produced in short- and long-term smouldering combustion,
a greater emphasis on EF characterisation during these phases is
needed. For local smoke management applications including
prescribed burning support, there is a particular need to
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Table 6. Summarised emission factors (EFs; g kg ') for northern boreal forests and grasslands by combustion phase for particulate matter
<2.5 microns (PM, s), carbon dioxide (CO,), carbon monoxide (CO), methane (CH,), ammonia (NHj3), sulfur dioxide (SO,), nitrogen oxide (NO),
nitrogen dioxide (NO,) and oxides of nitrogen (NO,)

Mean, mean emission factor (g kg™ '); s.d., standard deviation (g kg™ "); n, count of data points; fire-average F/S, combined flaming, smouldering and
unspecified combustion phases; F, flaming-phase EF; S, smouldering-phase EF

Pollutant Fire-average F/S F S
Mean s.d. n Mean s.d. n Mean s.d. n
Northern forest
PM, 5 10.53 0.81 3 10.53 0.81 3
CO, 1614.26 116.24 11 1624.11 132.23 8 1616.00 1
CcO 86.49 35.27 11 72.79 18.41 8 113.00 1
CHy 2.60 1.39 12 2.03 0.78 9 4.70 1
NH; 1.03 0.48 7 1.10 0.49 6
NO 2.28 1.64 4 2.94 1.19 3 0.29 1
NO, 1.94 1.13 3 2.40 1.13 2 1.03 1
NO, 1.28 0.32 2
SO, 0.13 0.06 3 0.13 0.06 3
Northern grassland
PM, 5 9.89 6.90 4 9.89 6.90 4
CO, 1697.38 39.83 5 1697.38 39.83 5
cO 64.44 16.18 5 64.44 16.18 5
CHy 2.04 0.99 5 2.04 0.99 5
NH; 0.77 1 0.77 1
NO 227 1 227 1
NOZ
NO,
SO,

Table 7. Comparison of PM, 5 emissions (g kg ') from representative prescribed burn consumption data for south-eastern US and western US pine
ecosystems using two methods
In the first method, consumption is allocated into flaming (F), smouldering (S) and residual (R) smouldering phases using Consume v5.0 defaults
(Prichard 2007). In the second method, emissions by fuel category are estimated by summing the individually calculated flaming, smouldering and residual
emissions. Taken from Tables 4 and 5, south-eastern conifer EF values are F = 20.91, S = 29.35, fire-average = 25.29, and western conifer EF values
are F = 13.5, S = 20.05, fire average = 14.32. Smouldering and residual smouldering EFs for coarse wood and duff are assumed to be 33 and 50 g kg™,
after Urbanski (2014)

Fuel category Proportion by combustion South-eastern US Western US
phase
F S R Consumption Individual Fire average Consumption Individual Fire average
emissions emissions emissions emissions

Mg ha ! kgha ! kgha ! Mg ha ! kgha ! kgha !
Herb 1.00 0.00 0.00 1.00 2091 25.29 0.00 38.22 38.66
Shrub 1.00 0.00 0.00 3.60 75.28 91.04 0.00 42.59 42.96
1h 0.95 0.05 0.00 0.80 17.07 20.23 0.00 110.76 171.60
10h 0.90 0.10 0.00 0.60 13.05 15.17 2.70 136.08 178.20
100 h 0.85 0.10 0.05 1.10 24.17 27.82 3.00 43.88 44.39
Sound 1000 h 0.60 0.30 0.10 0.10 2.47 3.30 5.20 561.83 605.00
Rotten 1000 h 0.60 0.30 0.10 0.00 0.00 0.00 5.40 38.22 38.66
Litter 0.90 0.10 0.00 6.90 150.10 174.50 3.10 42.59 42.96
Duff 0.10 0.70 0.20 1.30 61.79 65.00 12.10 110.76 171.60
TOTAL (+1 s.d.) 15.40 364.83 422.36 +246.40 31.50 933.35 1080.82 £ 160.65

characterise smoke from residual smouldering combustion of  (Ottmar 2014; Urbanski 2014). Greater understanding of the
coarse wood and duff (Strand er al 2012; Urbanski 2013). relative contribution of flaming and short-term smouldering for
However, smoke from residual smouldering is generally not lofted emissions is also needed; this is difficult to determine
entrained in smoke plumes and does not affect regional air quality without source characterisation of what is actually consumed.
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In many past summaries of best available EFs, pollutant EFs
were summarised by major vegetation and/or region. However,
the lack of relationship between some pollutant EFs and fuel
type is notable, and suggests that major vegetation or fuel type is
not always an important factor in emissions production. Other
studies have also demonstrated a similarity in pollutant EFs
across distinctly different ecosystems and fuel complexes, and
have suggested that fire environment (fuel moisture, wind, fire
behaviour) may be much more relevant to emissions production
than fuel type. For example, Yokelson ez al. (2013) noted that
pollutant EFs from markedly different ecosystems (semiarid
shrublands and western coniferous canopy fuels) had similar
pollutant emissions. In a recent study of western wildfire
plumes, Liu et al. (2017) reported much higher PM, 5 EFs than
those summarised for prescribed burning, and suggested that
differences might be attributed to greater availability of coarse
wood and organic soils for consumption during summer wildfire
seasons (also see Urbanski 2013). May et al. (2014) found that
dilution and fuel moisture influenced higher organic aerosol EF
values in laboratory burns v. field measurements during the third
Fire Laboratory At Missoula Experiment (FLAME-IIT) experi-
ments. Finally, Chen ez al. (2010) investigated the effects of fuel
moisture on various fuel components (e.g. duff, litter, soil,
leaves, stems) in laboratory burns and reported increased emis-
sions factors of incompletely oxidised C and N species, such as
carbon monoxide (CO) and ammonia (NH3) with higher fuel
moisture content.

Although substantial advances have been made with instru-
mentation and characterisation of pollutant emissions in wild-
land smoke, the science of predicting smoke production,
dispersion and chemistry is still rapidly developing. To date,
providing best-estimate EFs for smoke management and emis-
sions inventories is challenged by data gaps, inconsistencies in
measurement platforms and uncertainty in how EFs should be
summarised by vegetation, fuel type and other explanatory
variables. In compiling and reviewing the EF literature for
SERA, we were challenged by the inconsistencies and redundant
reporting of many emissions studies. Many potential records
either could not be used to generate best-estimate EFs or required
careful parsing to resolve inconsistencies. These included:
(1) inconsistency in EF units including g kg ', b ton™',
mol kg™!, ppm, g kg™ '-C and emission ratios with a trace gas
such as CO, or CO; (2) considerable variability in source
characterisation from cursory descriptions of broad vegetation
types (e.g. from airborne plume sampling of active wildfires) and
detailed descriptions of vegetation and fuels, including moisture
content and composition (e.g. some laboratory burns);
(3) redundancy in reported datasets across papers (e.g. Hegg
et al. (1990); Radke et al. (1990, 1991); Laursen et al. (1992));
(4) applicability of reported EFs from experimental studies
that varied fuel moistures or immersed fuels in water to
improve extractions of target pollutants (e.g. Chen et al.
(2010); Grandesso et al. (2011)); and (5) differences in reported
EFs due to instrumentation (e.g. Aurell and Gullett 2013).

To facilitate adding future studies to SERA, we recommend
reporting EFs in g kg~ ' of dry weight biomass consumed, in
addition to location, major vegetation type, fuel category,
MCE, measurement platform, fuel moisture content and burn
type. Additional fields that would be optimal to report are listed

S. J. Prichard et al.

in Tables 1 and 2. We also recommend reporting EF data for
each burn experiment, rather than averages of multiple
experiments.

Tables 4—6 present a synthesis of available EF data split by
vegetation types and combustion phase, with the goal of updat-
ing the information employed in land manager tools such as
Consume, FOFEM and the BlueSky smoke modelling frame-
work. To compare our values with those previously used for
emissions predictions and reported in other EF reviews, Table 8
presents comparisons of SERA summary EF values with those
reported in Andreae and Merlet (2001), the 2001 Smoke
Management Guide (Hardy er al. 2001), Yokelson et al.
(2013) and Urbanski (2014). Across forested systems, the
SERA-based analysis yielded a somewhat higher PM, 5 EF of
25.29 g kg™' for SE conifer than did the other studies, which
ranged from 6 to 17 g kg™ ". This is due to higher reported EF
values from Aurell and Gullett (2013), Strand et al. (2012) and
Robertson ef al. (2014). Otherwise, in general, the EFs range
from a factor of 3 to an order of magnitude in variability across
these references, with the SERA-based data falling within the
bounds of previous summaries.

Although much emphasis is placed on selecting appropriate
EFs for estimating pollutant emissions, it is important to place
EFs in the context of their importance in estimating wildland
fire emissions and dispersion. Application of best available EFs
and their associated uncertainty is one of many steps in smoke
prediction, including fuel characterisation, the amount and
type of fuels consumed (e.g. fine wood v. coarse wood), the
proportion of lofted smoke and factors influencing dispersion.
In ensemble modelling of smoke production and dispersion,
uncertainty around EF estimation is eclipsed by even larger
uncertainty in fire area (factor of 4; Larkin ez al. (2012, 2014)),
fuel loading (factor of 2; Drury et al. (2014)), consumption
estimation (23%; Drury et al. (2014)) and atmospheric transport
(100% uncertainty; Garcia-Menendez et al. (2013)). The side
panel calculation of emissions by fuel component and combus-
tion phase shows a 20 to 50% difference in emissions estimation
based on a single standard deviation of the EF estimate variabil-
ity. This variability is easily on par with that of fuel consump-
tion, but is still eclipsed by other factors such as the fire size
estimate, fuel loading and atmospheric transport. EFs can
vary from a factor of 5 to more than an order of magnitude
(Figs 2 and 3). The side panel calculations illustrate that EF
variability remains significant, but that having more detailed
information regarding fuels and combustion constrains
variability to levels less than other components in the emission
calculation stream.

Conclusion

The present study revealed several important data gaps in EF
records. Across all pollutants, more studies are needed for
wildfires, residual smouldering and organic soils, and for spe-
cific vegetation types including grasslands, northern forests and
broadleaf deciduous forests. Wildfires are a large wildland fire
emission source regionally, and across the US account for
~16% of the total PM, 5 in the US EPA National Emissions
Inventory (US Environmental Protection Agency 2018). The
work of Liu et al. (2017) suggests that PM; EFs from wildfires
are more than twice those of prescribed fires because wildfires
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Table 8. Comparison of summary emission factors values (g kg ') in the Smoke Emissions Repository Application (SERA) and other published
studies

SE, south-eastern US; SW, south-western US; W, western US; NW, north-western US. Cells with missing data have no data available

Vegetation type PM, 5 CO, CO CHy4 NH; NO NO, NO, SO,

SE conifer forests

SERA SE conifer forest 25.29 1576 97.09 4.12 0.820 1.860 1.23 3.34 0.99

SERA SE mixed forest 14.78 1651 84.19 2.67 2.130 3.690 1.14 2.18 0.7

Urbanski (2014) SE conifer forest 12.58 1703 76.00 2.32 0.140 1.700 1.06

Yokelson et al. (2013) Pine forest understorey 13.60 1668 72.20 3.01 0.499 0.880 2.68 2.55 1.06

Yokelson et al. (2013) Conifer canopy 7.44 1670 85.30 3.27 0.936 1.740 1.01 2.4 1.06
W conifer forests

SERA W conifer forest 14.32 1630 104.01 5.05 0.900 1.790 1.38 1.41 1.38

Urbanski (2014) SW conifer forest 14.40 1653 87.00 3.15 0.500 1.880 1.06

Urbanski (2014) NW conifer forest 17.57 1598 105.00 4.86 1.530 2.060 1.06

Hardy et al. (2001) Douglas fir/hemlock 10.90 1541 156.00 5.50

Hardy et al. (2001) Ponderosa/lodgepole pine 11.00 1601 89.00 4.10

Hardy et al. (2001) Mixed conifer 9.40 1583 100.50 6.40

Hardy et al. (2001) Juniper 9.35 1616 81.50 6.00

Yokelson ef al. (2013)* Pine forest understorey 13.60 1668 72.20 3.01 0.499 0.880 2.68 2.55 1.06

Yokelson et al. (2013)* Conifer canopy 7.44 1670 85.30 3.27 0.936 1.740 1.01 2.4 1.06
Broadleaf/mixed forests

SERA W mixed forest 6.83 1670 55.26 2.35 0.600 1.650 1.53 2.55 0.49

Hardy et al. (2001) Hardwood forest 11.20 1536 128.00 6.60

Andreae and Merlet (2001) Extratropical forest 13.00 1569 107.00 4.70 1.400 3.000 1
Shrublands

SERA SE shrubland 12.03 1708 73.50 2.38 2.060 4.710 0.95 2.86 0.74

SERA W shrubland 7.88 1588 97.03 2.16 1.600 2.420 0.79 3.33 0.73

Hardy et al. (2001) Sagebrush 13.35 1563 103.00 5.95

Hardy et al. (2001) Chaparral 8.65 1629 77.00 2.85

Yokelson ez al. (2013) SW shrubland 7.06 1674 73.80 3.69 1.500 0.771 2.58 2.18 0.681

Urbanski (2014) General shrubland 7.06 1674 74.00 3.69 1.500 2.180 0.68
Grasslands

SERA SE grassland 12.08 1686 68.17 2.53 1.300 5.330 3.53 0.83

SERA W grassland 1421 56.26 2.90 0.560 2.860 3.13 2.98

Urbanski (2014) General grassland 8.51 1705 61.00 1.95 1.500 2.180 0.68

Andreae and Merlet (2001) General cropland 5.40 1613 65.00 2.30 0.60-1.50 3.900 0.35

tend to burn more dead and/or down fuels and live, moist canopy
fuels. Grasslands and other rangelands comprise a significant
portion of the continental US, and historically have a frequent
fire return interval. Fuel loadings can vary greatly depending on
seasonality and drought conditions. Duff and organic soils can
consume more than an order of magnitude more fuel per unit
area than most other fuel types (Akagi et al. 2011), and can
smoulder and emit for many months after ignition.

Finally, trace gases and aerosols such as non-methane
organic compounds are underrepresented in the database. The
detection of trace gas and aerosol species has been improving
dramatically in recent years —newer studies are identifying more
and more pollutant species (e.g. Akagi et al. 2011; Urbanski
2014; Liu et al. 2017; Koss et al. 2018), while other studies are
investigating different measurement techniques for the same
species (e.g. Aurell and Gullett 2013; Aurell ef al. 2015; Koss
etal. 2018). Accounting for this and assessing EF data in light of
new technologies and measurement techniques may be neces-
sary in the future. Furthermore, several factors greatly affect EF
measurement, such as how these trace gases and aerosols react
in the atmosphere (e.g. semi-volatile species condensing and

volatilising), effects of heat and dilution on the in-plume
chemistry and also where measurements are made (e.g. close
to the source, close to the ground, airborne, etc.). These are all
items to consider when analysing EF data.
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Supplementary Appendices

Appendix 1. References used for emissions factor (EF) summaries in the Smoke Emissions
Repository Application. The underlying database contains additional references compiled by
Lincoln et al. (2014) and others that were not used in EF summaries, generally because they
summarized other research and contained redundant values.
1. Akagi SK, Yokelson RJ, Burling IR, Meinardi S, Simpson I, Blake DR, McMeeking GR,

Sullivan A, Lee T, Kreidenweis S, Urbanski S, Reardon J, Griffith DWT, Johnson TJ, Weise



DR (2013) Measurements of reactive trace gases and variable O3 formation rates in some
South Carolina biomass burning plumes. Atmospheric Chemistry and Physics 13, 1141-1165,
www.atmos-chem-phys.net/13/1141/2013/, doi:10.5194/acp-13-1141-2013. (SERA RefID
231)

. Aurell J, Gullett BK (2013) Emission factors from aerial and ground measurements of field
and laboratory forest burns in the southeastern U.S.: PM; s, black and brown carbon, VOC,
and PCDD/PCDF. Environmental Science and Technology 47, 8443—8452,
dx.doi.org/10.1021/es402101k. (SERA RefID 236)

. Aurell J, Gullett BK, Tabor D (2015) Emissions from southeastern U.S. Grasslands and pine
savannas: comparison of aerial and ground field measurements with laboratory burns.

Atmospheric Environment 111, 170-178. http://dx.doi.org/10.1016/j.atmosenv.2015.03.001.

(SERA RefID 238)

. Babbitt RE, Ward DE, Susott RA, Hao WM, Baker SP (1994) Smoke from western wildfires,
1994. In: Proceedings of the 1994 Annual Meeting of Interior West Fire Council, Coeur
d'Alene, Idaho. 18 p. (SERA RefID 100)

. Bertschi I, Buettner K, Charlson R, Fritschen L, Monteith L, Murphy J, Pickford S, Darley E
(2003) Trace gas and particle emissions from fires in large-diameter and belowground
biomass fuels. Journal of Geophysical Research 108(D13), 8472.
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(1969) The study of forest fire atmospheric pollution, USFS 4040 (4000) Interim Report 68-1.
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Reardon J, Weise DR (2011) Airborne and ground-based measurements of the trace gases and
particles emitted by prescribed fires in the United States. Atmospheric Chemistry and Physics
11, 12197-12216, www.atmos-chem-phys.net/11/12197/2011/. doi:10.5194/acp-11-12197-
2011. (SERA RefID 171)

Burling IR, Yokelson RJ, Griffith DWT, Johnson TJ, Veres P, Roberts JM, Warneke C,
Urbanski SP, Reardon J, Weise DR, Hao WM, de Gouw J (2010) Laboratory measurements
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Appendix 2: Analysis of variance tests of pollutant emissions factors (EF) categorized by
combustion phase (CombPhase), regional vegetation type (regionalVegetationType) and fuel
category (fuelCategory). Due to unequal sample sizes and data gaps, tests were not possible for
every category by pollutant. Tables 1 and 3 provide definitions of combustion phase, regional

vegetation type and fuel category codes.

Carbon dioxide (CO»)
Combustion Phase
Record Count by Phase
Phase Freq
F 286
R 20
S 127
Summary Statistics
Min. Ist Qu. Median Mean 3rd Qu. Max.
1005 1567 1641 1613 1704.98 1932.8
ANOVA of Combustion Phase
Df Sum Sq Mean Sq F value Pr(>F)
CombPhase 2 3564305 1782152.43 136.943 0
Residuals 430 5595950 13013.84 NA NA
Tukey Combustion Phase
Comparison Estimate Conf.low Conf.high ADLp.value
R-F -342.124 -404.179 -280.069 0
S-F -146.196 -174.805 -117.587 0
S-R 195.928 131.384 260.472 0

Regional Vegetation Type Type
ANOVA of Regional Vegetation Type

F
Df Sum Sq Mean Sq value Pr(>F)

regional VegetationType 4 310605.2 77651.31 2.728 0.029



Residuals 477 13575207.3 28459.55 NA NA
Tukey Regional Vegetation Type
Comparison Estimate Confllow Confhigh ADILp.value
SE pine-N conifer -68.241  -215.613 79.130 0.711
SE shrub-N conifer 80.059 -103.312 263.430 0.754
W conifer-N conifer  -35.602  -177.765 106.561 0.960
W shrub-N conifer -37.650 -184.319 109.019 0.956
SE shrub-SE pine 148.301 19.672 276.929 0.015
W conifer-SE pine 32.639 -23.314 88.593 0.500
W shrub-SE pine 30.591 -35.983 97.166 0.717
W conifer-SE shrub  -115.661  -238.288 6.965 0.075
W shrub-SE shrub -117.709  -245.532 10.114 0.088
W shrub-W conifer -2.048 -56.123 52.027 1.000
Fuel Category
ANOVA of Fuel Category
Df Sum Sq Mean Sq F value Pr(>F)
fuelCategory 7 1277429 182489.87 6.577 0
Residuals 540 14983736 27747.66 NA NA
Tukey Fuel Category
Comparison Estimate =~ Conf.low  Conflhigh  ADI.p.value
Grass-Duff 191.464 35.436 347.491 0.005
MC-Duff 205.059 69.439 340.678 0.000
Mixedwood-Duff 208.000 42.993 373.007 0.003
Pine needles-Duff 91.752 -59.908 243.412 0.592
Pine under-Duff 240.769 99.095 382.442 0.000
Shrub-Duff 178.557 43.913 313.201 0.002
Slash-Duff 145914 12.296 279.532 0.021
MC-Grass 13.595 -89.474 116.663 1.000
Mixedwood-Grass 16.537  -122.954 156.027 1.000
Pine needles-Grass -99.712 -223.127 23.703 0.216
Pine under-Grass 49.305 -61.608 160.219 0.878
Shrub-Grass -12.907  -114.688 88.875 1.000
Slash-Grass -45.549  -145.969 54.870 0.866
Mixedwood-MC 2942  -113.272 119.156 1.000
Pine needles-MC -113.307  -209.635 -16.978 0.009



Pine under-MC
Shrub-MC
Slash-MC

Pine needles-Mixedwood

35.710 -43.976
-26.501 -92.890
-59.144  -123.426
116.249  -250.836

Pine under-Mixedwood 32.769 -90.457

Shrub-Mixedwood
Slash-Mixedwood

-29.443 -144.517
-62.086  -175.958

Pine under-Pine needles 149.017 44,337

Shrub-Pine needles
Slash-Pine needles
Shrub-Pine under
Slash-Pine under
Slash-Shrub

86.806 -8.144
54.163 -39.327
-62.212  -140.225
-94.855 -171.084
-32.643 -94.840

115.396
39.887
5.138
18.339
155.994
85.631
51.786
253.697
181.755
147.652
15.802
-18.626
29.554

0.873
0.927
0.097
0.148
0.993
0.994
0.714
0.000
0.102
0.646
0.231
0.004
0.752

Combustion Phase
Record Count by Phase
x Freq
F 295
R 29

S 138
Summary Statistics

Carbon monoxide (CO)

Min. 1stQu. Median

Mean 3rd Qu. Max.

28 5925 8238

95.36 122.69 358

ANOVA of Combustion Phase

Df  Sum Sq Mean Sq F value Pr(>F)
CombPhase 2 775559.8 387779.922 300.423 0
Residuals 459 592467.4 1290.779 NA NA
Tukey Combustion Phase
Comparison Estimate Confllow Confhigh ADIp.value
R-F 135.664 119.224  152.104 0
S-F 66.845 58.132 75.557 0
S-R -68.820  -86.076 -51.563 0




Regional Vegetation Type

ANOVA of Regional Vegetation Type

Df Sum Sq Mean Sq F value Pr(>F)
regional VegetationType 5 69363.67 13872.73  4.358 0.001
Residuals 547 1741068.28 3182.94 NA NA

Tukey Regional Vegetation Type

Comparison Estimate Confllow Confhigh ADLp.value
SE grass-N conifer -18.560  -81.755 44.635 0.960
SE pine-N conifer 17.097  -33.824 68.018 0.930
SE shrub-N conifer  -13.232  -76.427 49.963 0.991
W conifer-N conifer  26.594  -23.045 76.234 0.644
W shrub-N conifer 9.595  -41.099 60.290 0.994
SE pine-SE grass 35.657 -7.394 78.708 0.169
SE shrub-SE grass 5328  -51.717 62.372 1.000
W conifer-SE grass 45.154 3.627 86.682 0.024
W shrub-SE grass 28.155  -14.628 70.939 0.414
SE shrub-SE pine -30.329  -73.380 12.722 0.335
W conifer-SE pine 9.498 -8.499 27.494 0.658
W shrub-SE pine -7.501  -28.232 13.229 0.906
W conifer-SE shrub 39.827 -1.701 81.354 0.069
W shrub-SE shrub 22.828  -19.956 65.611 0.648
W shrub-W conifer  -16.999  -34.345 0.347 0.059
Fuel Category
ANOVA of Fuel Category

Df Sum Sq Mean Sq F value Pr(>F)
fuelCategory 6 1537215 25620.256  8.212 0
Residuals 577 1800081.9 3119.726 NA NA

Tukey Fuel Category

Comparison Estimate

Confllow Confhigh ADLp.value

SE grass-N conifer -18.560
SE pine-N conifer 17.097
SE shrub-N conifer  -13.232
W conifer-N conifer  26.594
W shrub-N conifer 9.595
SE pine-SE grass 35.657

-81.755
-33.824
-76.427
-23.045
-41.099

-7.394

44.635
68.018
49.963
76.234
60.290
78.708

0.960
0.930
0.991
0.644
0.994
0.169



SE shrub-SE grass 5328  -51.717 62.372 1.000

W conifer-SE grass 45.154 3.627 86.682 0.024
W shrub-SE grass 28.155  -14.628 70.939 0.414
SE shrub-SE pine -30.329  -73.380 12.722 0.335
W conifer-SE pine 9.498 -8.499 27.494 0.658
W shrub-SE pine -7.501  -28.232 13.229 0.906
W conifer-SE shrub 39.827 -1.701 81.354 0.069
W shrub-SE shrub 22.828  -19.956 65.611 0.648
W shrub-W conifer  -16.999  -34.345 0.347 0.059
Methane (CH4)

Combustion Phase

Record Count by Phase
x Freq
F 249
R 20
S 116

Summary Statistics

Min. 1stQu. Median Mean 3rd Qu. Max.

0 1.94 324 451 6.66 24.1
ANOVA of Combustion Phase

Df SumSq MeanSq Fvalue Pr(>F)

CombPhase 2 2719.959 1359.979 240.955 0

Residuals 382 2156.051 5.644 NA NA
Tukey Combustion Phase

Comparison Estimate Conf.low Confhigh ADIp.value

R-F 7.409 6.110 8.709 0
S-F 5.136 4.507 5.764 0
S-R -2.274 -3.627 -0.921 0

Regional Vegetation Type Type
ANOVA of Regional Vegetation Type

Df Sum Sq Mean Sq F value Pr(>F)

regional VegetationType 6 611.234 101.872  9.249 0
Residuals 323 3557.755 11.015 NA NA

Tukey Regional Vegetation Type

Comparison Estimate Confllow Confhigh ADLp.value




SE grass-N conifer 0.132 -4.539 4.803 1.000

SE pine-N conifer 2.441 -1.294 6.176 0.456
SE shrub-N conifer -0.019 -4.514 4.476 1.000
W conifer-N conifer 2.822 -0.728 6.372 0.220
W duff-N conifer 7.733 2.120 13.347 0.001
W shrub-N conifer -0.203 -4.009 3.603 1.000
SE pine-SE grass 2.309 -1.086 5.704 0.405
SE shrub-SE grass -0.151 -4.367 4.066 1.000
W conifer-SE grass 2.690 -0.500 5.881 0.162
W duft-SE grass 7.602 2.208 12.995 0.001
W shrub-SE grass -0.334 -3.807 3.139 1.000
SE shrub-SE pine -2.460 -5.608 0.688 0.238
W conifer-SE pine 0.381 -1.139 1.902 0.990
W duft-SE pine 5.292 0.686 9.899 0.013
W shrub-SE pine -2.644 -4.692 -0.596 0.003
W conifer-SE shrub 2.841 -0.085 5.767 0.063
W duff-SE shrub 7.752 2.511 12.994 0.000
W shrub-SE shrub -0.184 -3.416 3.048 1.000
W duff-W conifer 4911 0.453 9.369 0.020
W shrub-W conifer -3.025 -4.712 -1.337 0.000
W shrub-W duff -7.936  -12.601 -3.271 0.000
Fuel Category

ANOVA of Fuel Category

Df Sum Sq Mean Sq F value Pr(>F)
fuelCategory 8 1109.206 138.651 13.726 0

Residuals 366 3697.066  10.101 NA NA
Tukey Fuel Category

Comparison Estimate Confllow Confhigh ADILp.value
Duff-CWD -2.346 -7.165 2.474 0.846
Grass-CWD -8.974  -13.094 -4.853 0.000
MC-CWD -5.788 -9.421 -2.155 0.000
Mixedwood-CWD -7.399  -11.494 -3.305 0.000
Pine_shrub-CWD -9.293  -14.112 -4.473 0.000
Pine under-CWD -8.367  -12.108 -4.627 0.000

Shrub-CWD -7.939  -11.665 -4.214 0.000



Slash-CWD -5.874 -9.558 -2.190 0.000
Grass-Duff -6.628  -10.579 -2.677 0.000
MC-Duff -3.442 -6.882 -0.003 0.050
Mixedwood-Duff -5.054 -8.978 -1.130 0.002
Pine_shrub-Duff -6.947  -11.622 -2.272 0.000
Pine_under-Duff -6.022 -9.575 -2.468 0.000
Shrub-Duff -5.594 -9.132 -2.056 0.000
Slash-Duff -3.528 -7.022 -0.035 0.046
MC-Grass 3.186 0.822 5.549 0.001
Mixedwood-Grass 1.574 -1.452 4.600 0.792
Pine_ shrub-Grass -0.319 -4.270 3.632 1.000
Pine under-Grass 0.606 -1.919 3.132 0.998
Shrub-Grass 1.034 -1.470 3.538 0.934
Slash-Grass 3.099 0.658 5.541 0.003
Mixedwood-MC -1.612 -3.930 0.706 0.428
Pine_shrub-MC -3.505 -6.944 -0.065 0.042
Pine under-MC -2.579 -4.191 -0.967 0.000
Shrub-MC -2.152 -3.729 -0.574 0.001
Slash-MC -0.086 -1.563 1.390 1.000
Pine_shrub-Mixedwood -1.893 -5.817 2.031 0.853
Pine under-Mixedwood  -0.968 -3.451 1.516 0.953
Shrub-Mixedwood -0.540 -3.001 1.921 0.999
Slash-Mixedwood 1.525 -0.872 3.923 0.555
Pine under-Pine_ shrub 0.926 -2.628 4.479 0.996
Shrub-Pine_shrub 1.353 -2.185 4.891 0.958
Slash-Pine shrub 3.419 -0.075 6.912 0.061
Shrub-Pine under 0.428 -1.384 2.239 0.998
Slash-Pine_under 2.493 0.769 4.217 0.000
Slash-Shrub 2.065 0.373 3.758 0.005
Nitrogen oxides (NOx)

Combustion Phase
Record Count by Phase

x Freq
F 63

R 11
S 17



Summary Statistics

Min. 1stQu. Median Mean 3rd Qu. Max.

0.03 1.66 2,67 2.69 325 7.6
ANOVA of Combustion Phase

Df Sum Sq Mean Sq F value Pr(>F)

CombPhase 2 3.291 1.646  0.816 0.446

Residuals 88 177.519 2.017 NA NA
Tukey Combustion Phase

Comparison Estimate Confllow Confhigh ADIp.value

R-F -0.260 -1.367 0.846 0.841
S-F -0.477 -1.403 0.448 0.439
S-R -0.217 -1.527 1.093 0918

Regional Vegetation Type
ANOVA of Regional Vegetation Type

Df Sum Sq Mean Sq F value Pr(>F)

regionalVegetationType 5 7.825 1.565 0.746  0.592
Residuals 76 159.428 2.098 NA NA

Tukey Regional Vegetation Type

Comparison Estimate Conf.low Confhigh ADIp.value
SE grass-N conifer 0.633 -3.232 4.499 0.997
SE pine-N conifer -0.595 -3.729 2.538 0.994
SE shrub-N conifer -0.044 -3.711 3.623 1.000
W conifer-N conifer -0.309 -3.589 2971 1.000
W shrub-N conifer 0.037 -3.027 3.102 1.000
SE pine-SE grass -1.229 -3.842 1.385 0.742
SE shrub-SE grass -0.677 -3.911 2.557 0.990
W conifer-SE grass -0.943 -3.730 1.845 0.920
W shrub-SE grass -0.596 -3.127 1.935 0.983
SE shrub-SE pine 0.552 -1.759 2.862 0.982
W conifer-SE pine 0.286 -1.341 1.913 0.995
W shrub-SE pine 0.633 -0.499 1.764 0.579
W conifer-SE shrub -0.265 -2.771 2.240 1.000
W shrub-SE shrub 0.081 -2.135 2.297 1.000

W shrub-W conifer 0.347 -1.143 1.837 0.984




Fuel Category

ANOVA of Fuel Category

Df Sum Sq Mean Sq F value Pr(>F)

fuelCategory 3  76.818
Residuals 91 308.709

25.606  7.548 0
3.392 NA NA

Tukey Fuel Category
Comparison Estimate Conf.low Confhigh ADI.p.value
Pine under-Duff 1.025 -1.085 3.136 0.583
Shrub-Duff 2.726 0.900 4.552 0.001
Slash-Duff 1.655 -0.393 3.703 0.156
Shrub-Pine under 1.701 0.294 3.108 0.011
Slash-Pine under 0.630 -1.056 2.315 0.762
Slash-Shrub -1.071 -2.383 0.241 0.149
Particulate matter (PM)
Combustion Phase
Record Count by Phase
x Freq
F 44
R 15
S 40

Summary Statistics

Min. 1stQu. Median Mean 3rd Qu. Max.

2.1 7.15 13.8 14

94 19.65 583

ANOVA of Combustion Phase

Df SumSq MeanSq F value Pr(>F)

CombPhase 2 3025.839
Residuals 96 7119.898

1512.920 20.399 0
74.166 NA NA

Comparison Estimate Confllow Confhigh ADIp.value

Tukey Combustion Phase
R-F 13.964
S-F 9.503

S-R -4.461

-1

7.834 20.093 0.000
5.024 13.982 0.000
0.668 1.746 0.206




Regional Vegetation Type
ANOVA of Regional Vegetation Type

Df Sum Sq Mean Sq F value Pr(>F)
regional VegetationType 4 9210.836 2302.709 11.368 0
Residuals 242 49021466 202.568 NA NA

Tukey Regional Vegetation Type

Comparison Estimate Confllow Confhigh ADLp.value
SE pine-SE grass 9.832  -29.595 49.259 0.959
SE shrub-SE grass 3.088  -38.403 44.578 1.000
W conifer-SE grass 4336  -34.937 43.608 0.998
W shrub-SE grass 20.134  -19.381 59.649 0.628
SE shrub-SE pine -6.744  -21.426 7.938 0.714
W conifer-SE pine -5.496  -11.532 0.540 0.093
W shrub-SE pine 10.302 2.851 17.753 0.002
W conifer-SE shrub 1.248 -13.014 15.511 0.999
W shrub-SE shrub 17.046 2.130 31.963 0.016
W shrub-W conifer 15.798 9.212 22.384 0.000
Fuel Category

ANOVA of Fuel Category

Df Sum Sq Mean Sq F value Pr(>F)
fuelCategory 5 8941.545 1788.309  8.822 0

Residuals 263 53311.565 202.706 NA NA
Tukey Fuel Category

Comparison Estimate Conflow Confhigh ADLp.value
Mixedwood-Grass 18.800  -14.573 52.173 0.588
Pine needles-Grass 4.884  -13.346 23.114 0.972
Pine under-Grass 13.769 -4.292 31.829 0.247
Shrub-Grass 18.040 0.482 35.598 0.040
Slash-Grass 4.861  -12.182 21.904 0.964
Pine needles-Mixedwood -13.916  -43.736 15.904 0.763
Pine under-Mixedwood -5.031  -34.748 24.685 0.997
Shrub-Mixedwood -0.760  -30.173 28.654 1.000
Slash-Mixedwood -13.939  -43.048 15.170 0.742

Pine under-Pine needles 8.885 -1.196 18.966 0.119



Shrub-Pine needles 13.156 4.006 22.306 0.001

Slash-Pine needles -0.023 -8.141 8.096 1.000
Shrub-Pine under 4.272 -4.536 13.079 0.732
Slash-Pine_under -8.907  -16.637 -1.177 0.014
Slash-Shrub -13.179  -19.648 -6.710 0.000

Particulate matter less than 2.5 microns (PM:s)

Combustion Phase
Record Count by Phase
x Freq
F 176
R 15
S 49
Summary Statistics

Min. 1stQu. Median Mean 3rd Qu. Max.

1.1 8.18  13.08 17.63  22.44 89.95
ANOVA of Combustion Phase

Df Sum Sq Mean Sq F value Pr(>F)
CombPhase 2 7955.672 3977.836 21.877 0

Residuals 237 43093.974 181.831 NA NA
Tukey Combustion Phase

Comparison Estimate Conf.low Confhigh ADIp.value

R-F 19.95 11.396 28.505 0.000
S-F 9.50 4.363 14.637 0.000
S-R -10.45  -19.835 -1.065 0.025

Regional Vegetation Type
ANOVA of Regional Vegetation Type

Df SumSq MeanSq F value Pr(>F)

regional VegetationType 4 9727.78 2431.945 9.73 0

Residuals 275 68730.90 249.931 NA NA
Tukey Regional Vegetation Type

Comparison Estimate Confllow Confhigh ADLp.value

SE pine-SE grass 9.449 -2.384 21.282 0.185

SE shrub-SE grass 0940 -16.783 18.663 1.000



W conifer-SE grass -4.214  -16.417 7.988 0.878

W shrub-SE grass 4.948 -8.070 17.966 0.835
SE shrub-SE pine -8.509  -22.752 5.733 0.473
W conifer-SE pine  -13.664  -19.800 -7.527 0.000
W shrub-SE pine -4.501  -12.131 3.128 0.486
W conifer-SE shrub ~ -5.154  -19.705 9.396 0.867
W shrub-SE shrub 4.008 -11.233 19.249 0.951
W shrub-W conifer 9.162 0.971 17.353 0.020
Fuel Category

ANOVA of Fuel Category

Df SumSq MeanSq F value Pr(>F)

fuelCategory 6 1241249 2068.748 8.974 0

Residuals 301 69386.90 230.521 NA NA
Tukey Fuel Category

Comparison Estimate Confllow Confhigh ADLp.value
Grass-Duff -7.296  -26.811 12.220 0.925
MC-Duff -5.768  -28.302 16.767 0.988
Mixedwood-Duff -9.839  -29.814 10.136 0.767
Pine under-Duff -0919  -17.467 15.628 1.000
Shrub-Duff 3.961  -12.659 20.581 0.992
Slash-Duff -12.690  -29.523 4.143 0.279
MC-Grass 1.528  -17.987 21.043 1.000
Mixedwood-Grass -2.543  -19.037 13.950 0.999
Pine under-Grass 6.376 -5.742 18.495 0.707
Shrub-Grass 11.257 -0.961 23.474 0.093
Slash-Grass -5.394  -17.900 7.111 0.861
Mixedwood-MC -4.071  -24.046 15.904 0.997
Pine_under-MC 4.848 -11.699 21.396 0.977
Shrub-MC 9.729 -6.891 26.349 0.591
Slash-MC -6.922  -23.755 9911 0.886
Pine under-Mixedwood 8.920 -3.926 21.765 0.379
Shrub-Mixedwood 13.800 0.861 26.739 0.028
Slash-Mixedwood -2.851  -16.062 10.360 0.995
Shrub-Pine_under 4.880 -1.619 11.379 0.283

Slash-Pine under -11.771  -18.796 -4.746 0.000



Slash-Shrub -16.651  -23.845 -9.457 0.000

Sulphur dioxide (SO2)

Combustion Phase

Record Count by Phase
x Freq
F 106
R 1

S 18
Summary Statistics

Min. 1stQu. Median Mean 3rd Qu. Max.
0 0.64 1.02  1.12 142 342
ANOVA of Combustion Phase

Df Sum Sq Mean Sq F value Pr(>F)

CombPhase 2 5.691 2.846  5.929 0.003

Residuals 122 58.555 0.480 NA NA
Tukey Combustion Phase

Comparison Estimate Conf.low Confhigh ADIp.value

R-F 1.640 -0.011 3.292 0.052
S-F 0.458 0.039 0.877 0.028
S-R -1.182 -2.871 0.507 0.225

Regional Vegetation Type
ANOVA of Regional Vegetation Type

Df Sum Sq Mean Sq F value Pr(>F)

regionalVegetationType 2 8.189 4.095 15.374 0

Residuals 88  23.437 0.266 NA NA
Tukey Regional Vegetation Type

Comparison Estimate Conflow Confhigh ADILp.value

W conifer-SE pine 0.401 -0.024 0.825 0.068

W shrub-SE pine -0.257 -0.710 0.196 0.371

W shrub-W conifer -0.658 -0.945 -0.370 0.000




Fuel Category

ANOVA of Fuel Category

Df Sum Sq Mean Sq F value Pr(>F)

fuelCategory 4 10.129 2.532  6.059 0
Residuals 102 42.626 0.418 NA NA
Tukey Fuel Category

Comparison Estimate Conf.low Confhigh ADI.p.value
Grass-Duff -0.465 -1.435 0.504 0.672
MC-Duff -0.393 -1.090 0.304 0.522
Pine under-Duff -0.575 -1.321 0.171 0.212
Shrub-Duff -1.007 -1.714 -0.299 0.001
MC-Grass 0.072 -0.715 0.860 0.999
Pine under-Grass -0.109 -0.940 0.722 0.996
Shrub-Grass -0.542 -1.338 0.255 0.331
Pine_under-MC -0.182 -0.668 0.304 0.837
Shrub-MC -0.614 -1.038 -0.189 0.001
Shrub-Pine_under  -0.432 -0.933 0.069 0.125
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Appendix 3: Supported air pollutants in SERA and EF summaries, including mean, standard deviation (SD), minimum (min) and
maximum (max) values in g/kg, excluding outliers. Pollutant Category include: critical air pollutant (CAP), greenhouse gas (GHG),
hazardous air pollutant (HAX), toxic air pollutant (TOX). RefID lists source references for each pollutant.

Formula/ Molecular EF
Pollutant Acronym weight N  (g/kg) SD Min Max Category RefID
HAP,
1,1,2,2-tetrachloroethane C2H2Cl4 167.838 1 0.01 0.01 0.01 TOX 236
1,1-dichloro-1-fluoroethane CH3CCIF2 116.944 2 3.25 2.62 1.40 5.10 TOX 230
1,1-difluoroethane C2H4F2 66.051 2 1.75 0.92 1.10 2.40 230
1,2,3-trimethylbenzene C9HI12 120.195 7 0.04 0.03 0.02 0.09 231,234
1,2,4-trimethylbenzene C9H12 120.195 22 0.02 0.03 0.00 0.11 TOX 231, 234, 236, 238
HAP,
1,2-dichloroethane C2H4CI2 98.954 2 3.10 2.83 1.10 5.10 TOX 230
1,3,5-trimethylbenzene C9HI12 120.195 18 0.01 0.01 0.00 0.05 231, 236, 238
HAP, 171,230, 231,
1,3-butadiene C4H6 54.092 59 0.17 0.15 0.00 0.74 TOX 234, 236, 238, 243
1,3-dimethylnaphthalene CI2H12 156.228 58 0.02 0.02 0.00 0.13 242
HAP,
1,4-dichlorobenzene C6HA4CI2 146.998 1 0.00 0.00 0.00 TOX 236
HAP,
1-butyne C4Ho6 54.092 7 0.00 0.00 0.00 0.01 TOX 231
1-chloro-1,1-difluoroethane C2H3CIF2 100.493 2 2.60 1.84 1.30 3.90 TOX 230
1-heptene C7H14 98.189 7 0.04 0.03 0.01 0.10 231
l-octene C8H16 112.216 7 0.04 0.04 0.01 0.12 231
1-pentene C5H10 70.135 9 0.04 0.03 0.01 0.12 230, 231
2 cyclopenten 1-one C5H60 82.102 16 0.13 0.12 0.00 0.52 105, 231
2-(3h)furanone C4H402 84.074 58 0.39 0.30 0.05 1.36 242
2(5h)-furanone C4H402 84.074 7 0.10 0.06 0.01 0.22 105
2,3-dimethylbutane C6H14 86.178 5 1.28 2.16 0.00 5.00 230, 231
2,5-dimethylfuran C6H80O 96.129 7 0.10 0.14 0.02 0.41 231



2+3-methylpentane
2-acetylfuran
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2-butyl nitrate
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0.01
0.02
5.15
0.00
0.00
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0.81
0.01
0.03
3.90
0.12
0.04
0.03
0.00
4.40
0.05
0.01

4.09
0.02
0.06
0.49

0.00
0.01
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0.01
0.36
0.00
0.05
0.01
0.01
0.00
0.01
0.07
0.00
0.00
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0.00
0.04
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0.03
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0.00
0.07
0.00
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0.00
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0.01
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0.01
0.00
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8.20
0.06
0.29
2.60

0.01
0.06
0.07
0.03
0.87
0.01
0.29
0.03
0.04
0.01
0.04
5.20
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0.01
0.29
1.80
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0.12
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0.51
0.13
0.05
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4.40
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231, 234, 236, 238
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236
242
231
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230
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230
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231
230
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231, 236



4-methyl-2-pentanone
4-pyridone
5-(hydroxymethyl)-2-furfural
5-hydroxymethyl-2[3h]-furanone
5-methyl-2-furaldehyde
acenaphthene
acenaphthylene

acetaldehyde

acetamide

acetic acid

acetic anhydride

acetol
acetone

acetonitrile

acetylene
acrolein

acrylonitrile
allylamine

C6H120
C5SHS5NO
C6HO603
C5H603
C6H602

CI12H10

C12H8

C2H40

C2H5NO

C2H402

C4H603

C3H602
C3H60

C2H3N

C2H2

C3H40

C3H3N
C3H7N

100.161
95.101
126.111
114.1
110.112

154.212

152.196

44.053

59.068

60.052

102.089

74.079
58.08

41.053

26.038

56.064

53.064
57.096

10
56
57
58
10

60
65
55
152
58

84
57

76

282

80

80
56

0.00
0.01
0.30
0.20
0.18

0.00

0.01

0.93

0.04

2.06

0.09

0.79
0.36

0.09

0.65

0.70

0.03
0.00

0.00
0.01
0.26
0.18
0.14

0.00

0.01

0.74

0.05

1.85

0.07

0.60
0.27

0.08

0.70

0.49

0.02
0.00

0.00
0.00
0.02
0.02
0.01

0.00

0.00

0.13

0.00

0.19

0.01

0.00
0.05

0.00

0.04

0.07

0.00
0.00

0.00
0.05
1.19
0.78
0.50

0.00

0.04

3.65

0.26

9.28

0.39

2.63
1.05

0.39

4.10

2.49

0.09
0.01
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TOX

HAP,
TOX
HAP,
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HAP,
TOX
HAP,
TOX

HAP,
TOX

HAP,
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HAP,
TOX

236
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242
242
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238
238, 242
231,242

242

105, 117, 118,
120, 133, 170,
171, 231, 243
242

105, 230, 231, 243
242

230, 231, 234,
236, 238, 242
63,117,118, 120,
137,153, 170,
171,172, 179,
230, 231, 234,
242,243

231, 236, 238, 242

231, 236, 238, 242
242



alpha-pinene

ammonia
ammonium

anthracene
benzaldehyde

benzene
benzo[a]anthracene
benzo[a]pyrene
benzo[b]fluoranthene
benzo[ghi]perylene

benzo[k]fluoranthene
benzofuran

benzoic acid

benzonitrile

beta-pinene

black carbon

brown carbon

butadiene hydroxynitrates

butane
butene hydroxynitrates

CI0H16

NH3
NH4+

C14H10
C7H60

C6H6

C18H12

C20H12

C20H12

C22H12

C20H12
C8H60
C7H602
C7H5N
C10H16
BC

BrC
C404H7N

C4H10
C404HOSN

136.238

17.031
18.039

178.234
106.124

78.114

228.294

252316

252316

276.338

252316
118.135
122.123
103.124
136.238

58.124

22

210
62

114

0.05

1.34
0.08

0.00
0.08

0.36

0.00

0.00

0.00

0.00

0.00
0.04
0.08
0.02
0.19
0.90
1.13
0.01

0.07
0.03

0.03

1.43
0.11

0.00
0.06

0.26

0.00

0.00

0.00

0.00

0.00
0.03
0.07
0.02
0.27
0.76
0.40
0.00

0.06
0.01

0.00

0.02
0.00

0.00
0.01

0.05

0.00

0.00

0.00

0.00

0.00
0.01
0.02
0.00
0.01
0.00
0.66
0.01

0.02
0.02

0.12

6.60
0.51

0.00
0.27

1.47

0.00

0.00

0.00

0.00

0.00
0.17
0.16
0.10
0.72
3.22
2.10
0.02

0.20
0.03

CAP,
TOX

HAP,
TOX

HAP,
TOX
HAP,
TOX
HAP,
TOX
HAP,
TOX
HAP,
TOX
HAP,
TOX

230, 231, 234,
236, 238
63,117,118, 120,
133,153, 170,
171, 172, 180,
231, 237, 243
172, 180, 230

238
242
230, 231, 234,
236, 238, 242

238
178,238
238
238

238

242

105

105, 242
230, 231, 234
236, 238, 243
236, 238

230

63, 137, 230, 231,
234

230



butyl acetate C6H1202 116.16 1 0.00 0.00 0.00 236
butyraldehyde C4H80 72.107 7 0.04 0.03 0.02 0.09 TOX 231
butyric acid C4H802 88.106 5 0.07 0.04 0.04 0.14 105
C4-dihydroxycarbonyls C403H8 2 0.05 0.04 0.02 0.08 230
C4-hydroxydicarbonyls/C5-

alkenediols C403H6/C502H10
camphene C10H16 136.238

\S}

0.11 002  0.09 0.12 230
028 032 0.1 0.66 231
4, 35,42, 46, 63,
66, 86, 94, 100,
102, 117, 118,
120, 129, 133,
137, 140, 153,
157,170, 171,
172, 179, 195,
201, 230, 231,
234,237, 238,
carbon dioxide CcO2 44.009 578 1586.57 171.06 828.50 1968.00 GHG 239, 243, 244, 245
HAP,
carbon disulfide CS2 76.131 6 0.00  0.01 0.00 0.02 TOX 236
4, 35,36, 37, 42,
46, 63, 66, 86, 94,
100, 102, 117,
118, 120, 129,
133, 137, 140,
153, 157, 170,
171, 172, 178,
179, 180, 195,
201, 230, 231,
234,237, 238,
carbon monoxide CO 28.01 640 103.51 5830  2.80 359.00 CAP 239, 243, 244, 245

carbon suboxide C302 68.031 58 0.00 0.00 0.00 0.01 242

N



GHG,

HAP,
carbon tetrachloride CCl4 153.811 2 0.00 0.00 0.00 0.00 TOX 236
HAP,
carbonyl sulfide COS 60.07 12 0.15 0.18 0.01 0.51 TOX 36, 230, 231, 234
chloride Cl- 3545 35 0.71 1.21 0.03 5.39 172,230
HAP,
chloroethane C2H5CI 64.512 2 0.00 0.00 0.00 0.01 TOX 236
HAP,
chrysene C18H12 228.294 3 0.00 0.00 0.00 0.00 TOX 238
cis-2-butene C4H8 56.108 9 0.05 0.05 0.01 0.17 230,231, 234
cis-2-pentene C5H10 70.135 7 0.01 0.01 0.01 0.04 231
creosol C8H1002 138.166 66 0.27 0.26 0.01 1.36 105, 242
crotonic acid C4H602 86.09 5 0.17 0.29 0.03 0.68 105
HAP,
cumene CY9H12 120.195 15 0.00 0.00 0.00 0.01 TOX 231, 236, 238
cyclohexane C6H12 84.162 3 0.00 0.00 0.00 0.00 TOX 236
decanal C10H200 156.269 57 0.00 0.00 0.00 0.01 242
diacetyl C4H602 86.09 1 2.10 2.10 2.10 230
HAP,
dibenz[a,h]anthracene C22H14 278.354 2 0.00 0.00 0.00 0.00 TOX 238
dibromomethane CH2Br2 173.835 2 1.80 0.28 1.60 2.00 TOX 230
dichlorodifluoromethane CCI2F2 120.908 9 0.00 0.00 0.00 0.01 63,137,236
GHG,
HAP,
dichloromethane CH2CI2 84.927 8 1.05 2.30 0.00 6.50 TOX 230, 236
dihydronaphthalene C10H10 130.19 58 0.03 0.03 0.00 0.17 242
dimethyl disulfide C2H6S2 94.19 57 0.00 0.00 0.00 0.01 242
dimethyl sulfide C2H6S 62.13 64 0.00 0.00 0.00 0.02 230, 231, 242
dimethy] trisulfide C2H6S3 126.25 55 0.00 0.00 0.00 0.00 242
dimethylbenzofuran C10H100 146.189 58 0.04 0.03 0.00 0.16 242

d-limonene CI0H16 136.238 22 0.73 1.36 0.01 5.36 231, 236, 238



elemental carbon
ethanal nitrate

ethane

ethanol
ethenamine

ethene

ethene hydroxynitrate
ethyl acetate

ethyl nitrate

ethylbenzene
ethylindene
ethylnylpyrrole
eugenol

fluoranthene

fluorene

formaldehyde
formamide

formic acid

EC
C204H3N

C2H6

C2H60
C2H5N

C2H4
C204H5N
C4H80O2
C2H5NO3

C8H10
Cl11H12
C6H6
C10H1202

Cl16H10

CI3H10

H2CO
CH3NO

HCOOH

30.07

46.069
43.069

28.054

88.106
91.066

106.168
144.217

164.204

202.256

166.223

30.026
45.041

46.025

54

72

76
58

258

24
58
58

202
56

187

1.42
2.75

0.39

0.04
0.01

0.94
4.26
0.00
2.40

0.03
0.02
0.00
0.07

0.00

0.00

1.53
0.01

0.28

1.79

0.21

0.19

0.04
0.01

0.80
6.00

1.56

0.02
0.02
0.00
0.01

0.00

0.00

0.92
0.01

0.27

0.00
2.60

0.07

0.00
0.00

0.11
0.02
0.00
1.30

0.00
0.00
0.00
0.07

0.00

0.00

0.09
0.00

0.00

8.01
2.90

1.03

0.23
0.04

4.70
8.50
0.00
3.50

0.08
0.10
0.01
0.08

0.00

0.00

4.76
0.06

1.21

TOX

HAP,
TOX

HAP,
TOX
HAP,
TOX

HAP,
TOX

TOX

172, 180, 238
230

63, 102, 120, 137,
153,179, 230,
231, 234

231, 234, 236,
238,242

242

102, 117, 118,
120, 133, 170,
171, 179, 230,
231, 234, 242, 243
230

236

230

230, 231, 234,
236, 238

242

242

105

238

238

117, 118, 120,
133,170, 171,
231, 234, 242, 243
242

105, 117, 118,
120, 133, 170,
171, 231, 242, 243



furan

furfural
gamma-butyrolactone
glycolaldehyde
glyoxal

guaiacol

heptane

hexane
hydrogen chloride

hydrogen cyanide
hydrogen peroxide
hydrogen sulfide
hydroperoxy acetone
hydroperoxymethanol

indeno[1,2,3-cd]pyrene
isoamyl cyanide
isobutane

isobutylene

isocyanic acid
isopentane

isoprene

isoprene hydroperoxyaldehydes
isoprene hydroxy hydroperoxides
isoprene hydroxynitrates

C4H40

C5H402
C4H602
C2H402
C2H202
C7H80O2

C7H16

C6H14
HCl

HCN
H202
H2S
C303H6
CO3H4

C22H12
C6HI11IN
C4H10
C4H8
HNCO
C5HI2

C5H8
C503H8
C503H10
C504HOSN

68.075
96.085
86.09
60.052
58.036
124.139

100.205

86.178
36.458

27.026
34.014
34.076

64.04

276.338
97.161
58.124
56.108
43.025
72.151

68.119

178
62
5
67
58
66

24

24
35

185

53

55

18
58

87

[N N \S)

0.33
0.69
0.09
0.60
0.26
0.38

0.01

0.01
0.12

0.40
0.60
0.01
0.09
0.19

0.00
0.00
0.01
0.10
0.53
0.02

0.15
0.17
0.08
0.02

0.34
0.45
0.05
0.46
0.23
0.38

0.01

0.01
0.16

0.40
0.59
0.01
0.06
0.20

0.00
0.00
0.01
0.04
0.34
0.02

0.15
0.01
0.05
0.01

0.02
0.01
0.05
0.05
0.00
0.00

0.00

0.00
0.00

0.01
0.18
0.00
0.04
0.05

0.00
0.00
0.01
0.04
0.05
0.01

0.01
0.16
0.04
0.01

1.60
2.70
0.17
2.54
0.96
1.92

0.04

0.05
0.67

2.12
1.02
0.05
0.13
0.33

0.00
0.01
0.03
0.20
1.57
0.07

0.67
0.18
0.11
0.02

TOX

HAP,
TOX

HAP,
TOX

HAP,
TOX

TOX

120, 170, 171,
230, 231, 234,
242,243

231, 243

105
117,120, 231, 243
242

105, 242

230, 231, 234,
236, 238

230, 231, 234,
236, 238

170, 230, 243
118, 120, 170,
171, 230, 231,
234,242,243
230

242

230

230

238

242

230, 231, 234
230, 231, 234
242

230, 231, 234
171, 230, 231,
234,242

230

230

230



isopropyl nitrate
m-, p-xylene

m,p-cresol
methacrolein

methane
methanediol
methanethiol
methanimine

methanol

methenamine

methyl acetoacetate
methyl benzeneacetonitrile
methyl benzofuran

methyl benzoic acid

methyl bromide
methyl chavicol

C3H7NO3

C8H10

C7H80
C4H60

CH4
CH402
CHA4S
CH3N

CH30H
C6H12N4
C5H803
CY9HON
C9H8O
C8H80O2

CH3Br
C10H120

105.093

70.091

16.043
48.041
48.103
29.042

32.042
140.19
116.116
131.178
132.162
136.15

94.939
148.205

18

449
58
54
57

217

56
57
58

57

4.55

0.06

0.05
0.04

4.78
0.00
0.01
0.00

1.37
0.18
0.23
0.00
0.05
0.08

0.00
0.03

1.77

0.03

0.02
0.00

3.76
0.00
0.01
0.00

1.25
0.11
0.25
0.00
0.04
0.06

0.00
0.02

3.30

0.01

0.01
0.03

0.00
0.00
0.00
0.00

0.09
0.06
0.01
0.00
0.01
0.01

0.00
0.00

5.80

0.11

0.08
0.04

24.10
0.00
0.07
0.00

6.42
0.28
0.77
0.02
0.18
0.31

0.00
0.09

HAP,
TOX
HAP,
TOX

GHG

HAP,
TOX

GHG,
HAP,
TOX

230
230, 234, 236, 238

105

231,234

35, 46, 63, 66, 94,
100, 102, 117,
118, 120, 133,
137,153, 157,
170, 171, 172,
179, 230, 231,
234,237, 238,
239, 243, 244, 245
242

242

242

105, 117, 118,
120, 133, 170,
171, 230, 231,
234,242,243
105

105

242

242

242

230, 236
242



GHG,
HAP, 66, 230, 234, 236,

methyl chloride CH3Cl 50.485 22 0.02 0.01 0.01 0.05 TOX 238
HAP,
methyl iodide CH3I 141.939 2 3.70 2.55 1.90 5.50 TOX 230
HAP,
methyl methacrylate C5H802 100.117 7 0.00 0.00 0.00 0.01 TOX 236
methyl naphthalene CI11H10 142.201 58 0.03 0.03 0.00 0.19 242
methyl nitrate CH3NO3 77.039 2 1.50 0.28 1.30 1.70 230
methyl propanoate C4H802 88.106 58 0.08 0.07 0.01 0.30 242
HAP,
methyl tert-butyl ether C5H120 88.15 1 0.00 0.00 0.00 TOX 236
methyl vinyl ketone C4H60 70.091 8 0.11 0.11 0.02 0.37 231,234
methyl vinyl ketone/methacrolein
hydroxynitrates C405H7N 2 0.02 0.00 0.02 0.02 230
methyl vinyl
ketone/methacrolein/crotonaldehyde C4H60 2 0.33 0.06 0.29 0.37 230
monoterpenes CI0H16 66 0.99 1.30 0.02 543 230, 231, 242
HAP,
m-xylene C8H10 106.168 6 0.06 0.03 0.01 0.11 TOX 231
myrcene CI10H16 136.238 3 0.06 0.05 0.01 0.11 231
HAP,
naphthalene CI10HS 128.174 75 0.06 0.05 0.00 0.23 TOX 236, 238, 242
n-decane C10H22 142.286 4 0.04 0.03 0.01 0.08 231
nitrate NO3- 62.004 58 0.11 0.11 0.00 0.60 172, 180, 230
117, 118, 142,
170, 171, 172,
195, 230, 231,
nitric oxide NO 30.006 190 2.13 1.61 0.09 8.10 234,237,243
HAP,
nitrobenzene C6H5NO2 123.111 58 0.01 0.01 0.00 0.03 TOX 242
nitroethane C2H5NO2 75.067 58 0.00 0.00 0.00 0.00 242
nitroethene C2H3NO2 73.051 58 0.00 0.00 0.00 0.00 242



nitrogen dioxide

nitrogen oxides
nitromethane
nitrotoluene

nitrous acid

nitrous oxide
nitroxyhydroperoxide/
nitroxyhydroxyepoxide
nonane

nonmethane hydrocarbons
nonmethane organic compounds
octane

organic aerosol

organic carbon

orthocresol

o-xylene

ozone

particle-bound polycyclic aromatic
hydrocarbons

particulate matter < Ium
particulate matter 10pum

particulate matter 2.5um

NO2

Nox
CH3NO2
C7H7NO2

HNO2
N20

C505HON
C9H20

NMHC
NMOC
C8HI18
OA
oC

C7H80

C8H10
O3

PPAH
PMI
PMI10

PM2.5

46.005

61.04
137.138

47.013
44.013

128.259

114.232

108.14

106.168
47.997

157

115
65
55

112
10
16

54

24
10

[98)

321

1.15

2.96
0.06
0.01

0.49
0.22

0.02
0.01

5.87
18.87
0.01
13.90
18.32

0.03

0.02
2.17

0.01
26.03
8.70

19.83

0.87

2.03
0.04
0.01

0.24
0.11

0.00
0.01

4.62
14.61
0.01
9.34
28.41

0.01

0.01
491

0.01
6.15
3.22

16.19

0.05

0.03
0.00
0.00

0.04
0.04

0.02
0.00

0.00
6.78
0.00
5.40
0.23

0.00

0.00
-1.25

0.00
20.40
3.38

1.10

4.80

11.29
0.15
0.03

1.28
0.41

0.02
0.03

22.50
57.12
0.03
30.90
137.33

0.05

0.04
14.00

0.02
32.60
12.90

89.95

CAP
TOX

GHG

HAP,
TOX
HAP,
TOX
TOX
HAP,
TOX

CAP

CAP

142,170, 171,
172,195, 230,
231, 234, 243
37,63, 140, 142,
153,170, 171,
180, 201, 230,
231,237
231,242

242

170, 171, 231,
242,243

63, 137, 153

230

231, 236

35, 46, 94, 157,
244,245

231

231, 236

230, 231

172, 180, 238

105

230, 231, 234,
236, 238

63, 137

237

230

140, 157

46, 66, 100, 120,
140, 141, 157,



171,172, 179,

180, 236, 237,
238, 240, 244, 245
particulate matter 2pm PM2 15 19.13  10.07 5.50 43.80 59, 137
particulate matter 3.5um PM3.5 13 16.14 7.86 9.70 37.40 59,137,153
particulate matter 48um PM48 22 1997  12.13 4.40 47.90 59, 94, 137
p-cymene C10H14 134.222 3 0.42 0.50 0.00 0.98 231
pentane C5H12 72.151 9 0.03 0.01 0.01 0.05 230, 231, 234
peracetic acid C2H403 76.051 2 0.24 0.28 0.05 0.44 TOX 230
HAP,
phenanthrene C14H10 178.234 3 0.00 0.00 0.00 0.00 TOX 238
HAP, 105, 120, 231,
phenol C6H60 94.113 134 0.62 0.57 0.02 3.54 TOX 242,243
phenylacetonitrile C8H7N 117.151 56 0.01 0.01 0.00 0.05 242
phenylacetylene C8H6 102.136 58 0.01 0.01 0.00 0.06 242
HAP,
polychlorinated dibenzofurans PCDF 14 0.00 0.00 0.00 0.00 TOX 236
HAP,
polychlorinated dibenzo-p-dioxins ~ PCDD 13 0.00 0.00 0.00 0.00 TOX 236
potassium cation K+ 39.098 31 0.48 0.50 0.03 2.36 172
63, 137,153, 179,
propane C3H8 44.097 68 0.14 0.10 0.01 0.54 230, 231, 234
propanone nitrate C303H5N 2 4.00 0.71 3.50 4.50 230
63, 120, 137, 153,
170, 171, 172,
179, 230, 231,
234, 236, 238,
propene C3H6 42.081 293 0.61 0.49 0.04 2.42 TOX 242,243
propene hydroxynitrates C304H7N 2 0.02 0.01 0.02 0.03 230
propiolic acid C3H202 70.047 58 0.01 0.01 0.00 0.03 242

propiolonitrile C3HN 51.048 58 0.00 0.00 0.00 0.00 242



propionaldehyde
propionic acid
propionitrile
propyl nitrate
propylbenzene

propynal
propyne

p-xylene

pyrene
pyridine
pyruvaldehyde
pyruvic acid

quinone
salicylaldehyde
sodium cation

styrene
sulfate

sulfinylmethanamine

sulfur dioxide
syringol
terpenes
tetrahydrofuran
thiophene

toluene
total carbon

C3H60
C3H602
C3H5N
C3H7NO3
C9HI12
C3H20
C3H4

C8H10

CI16H10
CSHSN

C3H402
C3H403

C6H402
C7H602
Na+

C8H8
S04(2-)
CH3NOS

SO2
C8H1003

C4H8O
C4H4S

C7HS8
TC

58.08
74.079
55.08
105.093
120.195
54.048
40.065

106.168

202.256
79.102
72.063
88.062

108.096
122.123
22.99

104.152
96.056
77.101

64.058
154.165

72.107
84.136

92.141

20

57

16
58
62

80
35
57

127
56

10
58

83
5

0.64
0.21
0.01
4.45
0.01
0.03
0.05

0.04

0.00
0.05
1.10
0.01

0.09
0.06
0.06

0.07
0.28
0.00

1.11
0.04
3.40
0.00
0.01

0.23
10.06

0.41
0.14
0.02
4.03
0.00
0.02
0.03

0.03

0.00
0.08
0.85
0.01

0.05
0.05
0.08

0.07
0.19
0.00

0.72
0.03
4.32
0.00
0.01

0.20
3.87

0.24
0.02
0.00
1.60
0.00
0.00
0.00

0.02

0.00
0.01
0.30
0.00

0.01
0.01
0.00

0.01
0.01
0.00

0.00
0.00
0.14
0.00
0.00

0.02
7.10

2.07
0.39
0.08
7.30
0.01
0.08
0.14

0.09

0.00
0.20
2.00
0.03

0.25
0.28
0.25

0.37
0.73
0.00

3.42
0.17
13.35
0.01
0.05

1.12
16.00

HAP,
TOX

HAP,
TOX
HAP,
TOX
TOX

HAP,
TOX

HAP,
TOX

CAP

HAP,
TOX

230, 231, 234, 236

105
242
230
231, 236
242

179, 230, 231, 234

231

238
105
105
242

242
105, 242
172

231, 236, 238, 242

172,230
242

140, 170, 172,

230, 243
242
231
236
242

230, 231, 234,
236, 238, 242

238



total hydrocarbon

total particulate matter
trans-2-butene
trans-2-pentene
trimethylamine
vanillin

vinyl acetate
vinyl acetylene

vinyl chloride
vinyl guaiacol
vinylpyridine
water

xylenes

THC

PM
C4H8
C5H10
C3HON
C8H803

C4H602
C4H4

C2H3Cl
C9H1002
C7THTN
H20

C8H10

56.108
70.135
59.112
152.149

86.09
52.076

62.496
150.177
105.14
18.015

56

276

56
66

21
58

58
58
55

10

8.36

19.23
0.06
0.03
0.00
0.14

0.34
0.05

0.00
0.15
0.00
0.66

0.08

5.30

15.45
0.06
0.02
0.00
0.13

0.25
0.04

0.00
0.16
0.00
0.39

0.03

1.06

2.10
0.01
0.01
0.00
0.00

0.03
0.01

0.00
0.01
0.00
0.09

0.04

21.80

77.10
0.21
0.08
0.01
0.60

1.00
0.19

0.00
0.84
0.02
1.63

0.13

HAP,
TOX

HAP,
TOX

HAP,
TOX

4,42,129, 140
26, 35, 36, 37, 46,
53, 66, 86, 129,
147,157, 178,
195, 229, 244, 245
230, 231, 234
231

242

105, 242

105, 236, 238
242

236

242

242

242

236
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