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1. Introduction

Wildland fires are important sources of airborne fine particul ate matter (PM,, )" emissions
in the western United States. These firesinclude wildfires and prescribed fires in forests and
rangelands. Firesrelease PM, . directly to the atmosphere, and also produce gaseous pollutants
that can react in the atmosphere to form secondary PM,, .. These precursor pollutants include
nitrogen oxides (NO,), volatile organic compounds (VOC), and ammonia (NH;). Small amounts
of sulfur dioxide (SO,) are aso released.

Emissions from fires contribute to elevated ambient concentrations of PM, ., and
impairment of visibility. Section 169A of the Clean Air Act establishes anational goal to
improve and protect visibility in mandatory Class | Federal areas where visibility is an important
value.” Section 169A also callsfor regulations to ensure “reasonable progress’ toward the
national visibility goal.

EPA has been working with the Western Regional Air Partnership (WRAP) to develop
strategies for minimizing adverse environmental impacts of prescribed burning. The WRAP was
formed to implement the recommendations of the Grand Canyon Visibility Transport
Commission (GCVTC).! The GCVTC was mandated by Congress through Section 169B of the
CAA to conduct research to identify and eval uate sources and source regions of both visibility
impairment and regions that provide predominantly clean air to Class | areas on the Colorado
Plateau. The WRAP isacodlition of state air pollution control agencies, tribal representatives,
federal agencies, and other stakeholders (industry and public interest groups). The WRAP is
composed of standing committees, forums, work groups, and boards. One of the ten WRAP
forumsisthe Fire Emissions Joint Forum (FEJF). The FEJF was formed to addressthe GCVTC
report’ s recommendations for fire emissions and visibility.

Effective planning of prescribed burnswill require improved emissions data bases and
models to analyze the impacts of burning. In addition, improved wildfire emissions estimates are
needed in order to estimate ambient PM, . impacts. Improved emissions databases and
methodol ogies must address two distinct needs: (1) development of baseline inventories (1999
and 1996) for model evaluation, and (2) development of future year projections and inventory
updates for years when detailed data are not available.

Emissions estimates for wildland fire emissions are needed as part of State
Implementation Plan (SIP) particulate matter emissions inventories, and to evaluate the impact of

" PM, isthe portion of particulate matter smaller than 2.5 microns agrodynamic diameter.

" Areas designated as mandatory Class | Federal areas include national parks exceeding 6000
acres, wilderness areas and national memorial parks exceeding 5000 acres, and all international
parksin existence as of August 7, 1977. Visibility has been identified as an important value in
156 of these areas.



proposed increases in prescribed burning. Inventories will also be useful for internal program
review, demonstrating conformity, and assessing relative impacts of wildfire and prescribed fire.
The purpose of this document isto provide background information to state and tribal air
pollution agencies devel oping inventories of wildland fire emissions. The document describes
the tools and databases available for devel oping for estimating emissions for wildland fire, and
the choices available for different levels of spatial and temporal resolution. In addition, the
report details recent test data on criteria pollutant and hazardous air pollutant (HAP) emissions.
This report is not intended to provide guidance on mechanisms for tracking trendsin fire
emissions.

1.1 PreviousLarge-scale Fire Emissions Inventories

Previous large-scale fire emissions inventories can provide a framework for on-going
emissions inventory development. A number of recent fire emissions inventory efforts were
reviewed in order to identify potential methodologies for future inventories (see Table 1). The
first of these efforts was an inventory of prescribed fire emissions prepared in 1993 by the Forest
Service (Peterson and Ward) for the EPA.%® Thisinventory addressed historic emissionsin
1989.

Tablel. Summary of Previous Emissions | nventoriesfor Wildland Fire

Types of Y ear of
Inventory  Sponsoring Agency Fires Emissions Coverage
Petersonand U.S. Forest Service Prescribed 1989 National
Ward (1993) for the U.S. EPA
GCVTC (mid GCVTC Wildfires 1986-1992 10 western states
1990's)
FEP GCVTC Prescribed 1990, 1995, 10 western states
2015 and 2040

FMI WESTAR Wildfires 11 western states
NEI EPA Wildfiresand 1985-1995  National - Uses Peterson & Ward for

prescribed prescribed fires, GCVTC for wildfires

in the western states, independent
estimates for wildfiresin the east.

In the mid 1990s, the GCV TC developed a comprehensive emissions inventory for ten
western states, including separate inventories for wildfire and prescribed fire. The GCVTC
wildfire inventory covered the period 1986 through 1992.* For prescribed fires, the initial
GCVTC inventory was based on Peterson and Ward's 1989 estimates. The GCVTC also
initiated a Fire Emission Project (FEP) to investigate strategies for managing emissions from
prescribed fire.> Under the FEP, prescribed fire emissions inventories were devel oped for 1990
and 1995, and also for expected conditions in 2015 and 2040.



In 1998, the Forest Service' s Fire Modeling Institute (FM1) used data and methods
developed in the FEP, along with additional data, to estimate the wildfire emissionsin the
western states.® This project was sponsored by the Western States Air Resources Council
(WESTAR).

Emissions from wild and prescribed fires are aso included in EPA’s National Emissions
Inventory (NEI). NEI emissions estimates for prescribed fires are based largely on the Peterson
and Ward inventory. For wildfires, the NEI draws heavily on the GCVTC inventory for the
western states. Independent estimates are devel oped in the NEI for wildfires in the east.

1.2 Calculation of Emissionsfrom Fire

Figure 1 summarizes the steps required to evaluate emissions from afire. First,
information is needed on the fuel consumption, which is dependent upon the land area burned,
the amount of fuel materials per unit area (pre-burn fuel loading), and the characteristics and
condition of the fuel. In the context of wildfire and prescribed fire, the term “fuel” refersto the
materias typically burned. Ideally, thisisrestricted to downed trees, fallen branches, decaying
leaves and needles (duff), and small trees and shrubs. The amount of fuel actually burnedin a
firewill depend on fuel loading and condition, the type of fuel, climactic and meteorological
factors, and the intensity of the fire. Various empirical models have been developed to estimate
fuel consumption. (These will be discussed in Section 3.)

Area burned and
type of vegetation

"

Fuel loading and
characteristics

"

Fuel consumption

"

Emissions

Figurel. StepsRequired to Evaluate Fire Emissions

Once the fuel consumption has been determined, measured emission factors can be
applied in order to compute air pollutant emissions. However, these emission factors are also
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dependent on fire conditions. In particular, empirical measurements have shown that emissions
of some pollutants are much higher under smoldering conditions than under flaming conditions.
Fuel consumption models generally include empirical factors for predicting the relative amounts
of smoldering and flaming for various fuel and fire conditions.

The overall methodology for computing emissions from fire can be summarized as
follows:

Total fuel _  Areaburned Fuel consumption per (1)
consumption (Mg) (acres) unit area (mass/acre)
Fuel consumption  _ Z Mass of fuel Fraction burned @)
per unit area -5 ( type i per area for fuel type i )
Emissions  _ Total fuel Emission factor 3)
(kg) ~  consumption (Mg) (ka/Mg)

where: Emission factors depend on the relative prevalence of smoldering and flaming
combustion, which is a function of the type of fuel and other factors.

Measures taken to mitigate emissions from prescribed fires can impact the fuel
consumption in equation 2, or decrease the amount of smoldering, thereby reducing the
emission factor in equation 3. (See Appendix A.)

These calculations can be made on afire-by-fire basis, or for a collection of fires occurringin a
given season or year. In large scale emissions inventories, emissions are often calculated on an
annual basis. These emissions may then be allocated to seasons or other timeframes for the
purposes of estimating ambient air pollution impacts. It must be noted, however, that presctibed
fire and wildfire have different seasonal patterns. Therefore, seasonal allocation methodologies
must take into account these differences.

1.3 Available Methodologiesfor Estimating Fire Emissions

A number of different options are available to devel op each of the inputs needed to
calculate wildland fire emissions. Table 3 summarizes potential sources of emissions inputs for
wildfires. The table lists options available to estimate area burned, vegetative cover, fuel loading
and characteristics, fuel consumption, emission factors, factors that may mitigate emissions, and
the temporal distribution of emissions. Table 2 providesasimilar list for prescribed fires. For
each parameter, the options are listed in order of increasing level of detail, from left to right. For
instance, at the lowest level of detail, the acreage burned can be determined from Forest Service
and Department of Interior summary reports on annual fire activity (at the state or regional level).
More detailed estimates can be obtained using fire incident data bases, satellite data, and
individual fireincident reports.



Table 4 summarizes options that have been used in previous large scale emissions
inventories. The table also showsthe level of detail that can be obtained using data from EPA’s
Compilation of Emission Factors (AP-42). For national and regional inventories, AP-42 is
typically used to cal culate emissions from source categories that have not reported their
emissions.

The remaining chapters of this report discuss options available for determining: (1) the
area burned and vegetative cover, (2) pre-burn fuel loading and characteristics, (3) fuel
consumption, (4) emission factors, and (6) temporal distribution of emissions. In each case, we
identify available options and discuss their strengths and weaknesses. We also discuss the
methodologies used in previous large scale inventories, and identify questions and potential
issues for future inventories. The final section discusses the overall structure of large scale
emissions inventories for fire. Appendix A provides information on available emission control
measures.



Table2. Optionsfor Obtaining the Inputs Needed for Wildfire Emissions Inventories

Increasing level of detail and

Par ameter -—) -—) -—) -—) -—) -—) -—) -—)
accur acy
Federal and state , , Ground-truthing
DOI and FS Federal and state | incident databases Satelllte' data with with land surveys,
Areaburned o ) - auditing and :
summary reports incident databases | with auditing and . aerial surveys,
: quality assurance
quality assurance etc.
Estimates from Survey land W?trr??gr?(;tgw ngs
Vegetative cover Regional defaults existing Satellite data 4 : s
. : managers aerial surveys,
inventories
etc.
Land manager
Land manager o Fuel
. - determination of -
Fuel loading and General estimate determination of fuel tvpe. with characteristics
char acteristics NFDRS fuel > YPe, classification
classes emission model <em
defaults ¥
Fuel consumption | Fuel consumption ianiO:‘?;rxvllgr: d
Fuel consumption || Regional defaults models with dry models with b
managers and

fuel assumption

crown adjustment

crown adjustment

Separate factors | Emission models | Emission models V egetation-
Emission factors General defaults | Regional defaults | for flamingand | or correlation with | with input from | specific emission
smoldering COor CE land managers data
Temporal Default seasonal | Allocation using Fire-specific Fi -
S T ire-specific
distribution of and/or hourly actual seasonal emission .
. : . \ . hourly modeling
emissions profiles fire frequencies calculations




Table 3. Optionsfor Obtaining the Inputs Needed for Prescribed Fire Emissions I nventories

Increasing level of detail and

Par ameter -—) -—) -—) -—) -—) -—) -—) -—)
accur acy
State incident Survey land Satelli . Ground-truthing
Previousinventory | Stateincident databases with managers for elllte' data with with land surveys,
Area burned . o : . auditing and )
estimates databases auditing and different ownership . aerial surveys,
. . quality assurance
quality assurance categories etc.
Estimates from Survey land W?trr??gr?(;tgw ngs
Vegetative cover || Regiona defaults existing Satellite data 4 : s
, . managers aerial surveys,
inventories
efc.
L and manacer Land manager
. marnag determination of | Fuel characteristics .
Fuel loading and . determination of . N Photo-series Transect
.= Genera estimate fuel type, with classification .
characteristics NFDRS fuel o correlation measurements
emission model system
classes
defaults
. Fuel consumption Models with
Fuel , Regional defaults Vggetatlon- models with default input from land
consumption specific defaults .
inputs managers
Separate factors | Emission modelsor | Emission models V egetation-
Emission factors || General defaults | Regional defaults | for flamingand | correlation with CO | with input from | specific emission
smoldering or CE land managers data
Impact of Default emission Account for_ Account for o -
L - activity fuelsin : Situation-specific
mitigation factors for activity , impacts of fuel .
fuel consumption . emission data
measur es fuels . moisture
modeling
Temporal Default seasonal | Allocation using Fire-specific Fire-soecific
distribution of and/or hourly actual seasonal emission speaiti
. ; i . . hourly modeling
emissions profiles fire frequencies calculations




Table4. Summary of Options Used in Previous L arge Scale Inventories and I nputs Availablein EPA’s AP-42

Optionsused in previous large scale fire emissionsinventories

Factorsavailablein

Peterson and :
Ward GCVTC FEP FMI NEI EPA’sAP-42
prescribed fire wildfire prescribed fire wildfire prescribed fire _ o
Parameter inventory inventory inventory projections | andwildfire | Prescribed Wildfire
Projections Previous
Areaburned Survey of land | Survey of land Federal and from Federa inventories, na Previous
managers managers State databases and State DOl and FS estimates
databases reports
Vv , Survey of land | Survey of land | Survey of land | Survey of land Carneql from Regiond Regiond
egetative cover previous
managers managers managers managers : ) default default
inventories
Fud loading and Classification | Classification | Classification Regional
ng NFDRS classes by land by land by land “ na g
characteristics default
managers managers managers
Fuel , , Expert Consume model | Consume model | Consume model ) na Regional
consumption judgement default
. Consume model | Consume model | Consume model | Consume model p Forest-type
Emission factors General factor
factors factors factors factors defaults (a)
Factors Separate factors Separate factors
mitigating ! for activity na na “ for activity na
emissions fuels fuels
Allocation Allocation Allocation
Temporal Annual using actual using actual using actual na na na
distribution seasonal fire seasonal fire seasonal fire
frequencies frequencies frequencies

(a) AP-42 factors for prescribed fire take into account variations in average combustion efficiency among different forest types.




2. Area Burned and Type of Vegetation

The area burned is one of the more difficult parameters to determine in developing an
inventory of wildland fire. In many states, data are only available for wildfires on Federa land.
Double counting can occur in fire reports where a fire moves from land management jurisdiction
to another, or where two fires burn together and are renamed. In addition, the area reported for a
given fire generaly reflects the total areawithin the fire's perimeter. In most cases, not all of the
areawithin the perimeter of awildfireis actually burned. (For instance, studies of firesin
Y ellowstone National Park indicated that only two thirds of the area within the fire perimeter was
burned.”)

In prescribed fires, managers often report the planned area of a burn, which may be much
larger than the actual accomplished size. In addition, there may be ambiguity between the “area
treated” and the areaburned. A large watershed may be considered to be “treated” by a
prescribed fire that covers only afraction of the watershed’ s total area.

Reported fire locations and types of vegetation are also subject to considerable
uncertainty. Typically, thefirelocation is reported at the date of detection or of breakout. This
location probably will not reflect the center of the fire. The type of vegetation reported at the
outset of the fire also may not be representative of the bulk of vegetation burned. The reported
coordinates must also be checked for accuracy. For instance, in the GCVTC wildfire inventory,
about 12% of the geographic locations obtained from existing fire databases proved to be
invalid.*

2.1 Available Databases and Tools
2.1.1 AreaBurnedin Wildfire

Table 5 summarizes options for estimating the area burned in wildfires. The options are
listed in order of increasing level of detail, from left to right. The table also lists advantages and
disadvantages or potential issues associated with each option. For state-level or regional
calculations, the National Interagency Fire Center (NIFC) compiles state and regional summaries
of the acreage burned in wildfires.®® In previous years, the Department of Interior (DOI) and
Forest Service have produced annual reports of state level fire activity. (Asdiscussed in the
following section, these have been used in the NEI to estimate emissions for some states.)

For more detailed inventories, the Forest Service and DOI maintain extensive databases
of wildfireincidents on federal lands.’****? Many states also maintain databases of wildfire
incidents on state and private lands. The fire incident databases contain information on the
location, acreage burned, start date, and duration of each fire. Although the databases provide a
good source of information on historic fire activity, the datafor any given fire is not based on
rigorous measurements. As noted above, the databases double-count many fires, and reported
locations are often erroneous. Therefore, auditing and quality assurance of these databasesis



Table5. Optionsfor Estimating the Area Burned in Wildfires

=) =)

Increasing level of detail and accuracy

=) =)

Federal and state

Satellite data with

Ground-truthing with

Obtion DOl and FS summary Federal and state incident databases with auditing and qualit land survevs. agrial
P reports (State level) incident databases auditing and quality 9 quaity €Y,
assurance surveys, etc.
assurance
Advantages Easy to use for general Good spatial and temporal | Improved accuracy Superior spatial and Best accuracy
calculations detail temporal detail
Good accuracy is
expected

Disadvantages

Lack of spatial and
temporal detall

Incomplete coverage
Double counting
Reported area typically

exceeds blackened area

Errorsin location data

Analyzing reportsis
resource intensive

Processing of satellite
dataisresource
intensive

Processed data sets are
not yet available

Resource intensive

Table6. Optionsfor Estimating the Area Burned in Prescribed Fires

o A 4 Increasing level of detail and accuracy o A 4
Previous - State Incl dept Survey land Satellite datawith Ground-truthing
. : State incident databases with managers for . . :
Option inventory o . .| auditing and quality | with land surveys,
: databases auditing and different ownership )
estimates . . assurance aerial surveys, etc.
quality assurance categories

Advantages Easy tousefor | Good spatial and Improved accuracy | Good accuracy is Superior spatial and Best accuracy

genera temporal detail expected temporal detail

calculations Good accuracy is

expected

Disadvantages|| Lack of spatial Not always available Analyzing reportsis | Considerable effort | Resource intensive Resource

and temporal | Errorsin location data resource intensive required Processed data sets are intensive

detail Reported area may not yet available

overstate burned area
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required. The perimeter-areas reported in the databases should a so be adjusted to reflect the
actual areas burned. Thiswork could be focused on larger fires, but would still be very labor
intensive. In addition, the fire reports specify the location of the fire start or breakout, and not
the center or shape of thefire.

Work is underway to map fire incidence using remote sensing data and Geographic
Information Systems (GIS). The resulting databases are expected to provide more temporal and
gpatia resolution than fire incident reports, since they will map the movement of individual fires
as they spread and as previously-burned areas are extinguished. In one project, Californiafires
are being mapped by Center for the Assessment and Monitoring of Forest and Environmental
Resources (CAMFER) at the University of Californiain Berkeley.”® The goal of this project isto
produce day-specific databases of fire location, covering the period 1985 through 2000. Ina
second project, CAMFER is collaborating with the Forest Service Fire Sciences Laboratory to
prepare a broader database covering all of North America’* It must be noted that many wildfires
are confined largely to the forest floor and understory, so their areas may be difficult to ascertain
from satellite photos. Improved accuracy can be obtained from aerial surveys and ground
surveys.

For future projection inventories, acreage burned in wildfires can be estimated either
using averages based on the historical fire incident databases, or using estimates of ecological
fire frequencies (as will be discussed in the following subsection). The Forest Service has aso
been working on integrating remote sensing data and biophysical datain order to estimate
historical fire frequencies.’®

2.1.2 Area Burned in Prescribed Fire

Table 6 summarizes options for estimating the area burned in prescribed fires. Peterson
and Ward estimated state-level emissions for prescribed burning in 1989. Prescribed fire
emissions were aso estimated in the FEP for 10 western states. (See the following section on
Previoous Inventories.) These estimates can provide a starting point for emissions inventoriesin
some states where prescribed fire data are not available.

Many states maintain databases of prescribed fires on state and private lands. For
instance, California has devel oped the Prescribed Fire Incident Reporting System (PFIRS), which
tracks prescribed burns by federal, state, and local agencies. 1n 1998, the DOI expanded itsfire
incident database to cover prescribed fire in addition to wildfire. As noted above, there is a need
to discriminate between the acreage “treated” by prescribed fire and the acreage burned. In
addition, there is a need to discriminate between the planned size of a prescribed burn and the
actual areaburned. Therefore, the acreage reported in fire databases should be assessed by land
manager where possible. Databases should be analyzed by land area classification, ownership
category, and reason for burning.

The satellite databases discussed in the previous section on wildfires can also be used to

provide data on the area burned in prescribed fires. However, the same caveat applies
concerning the ability of satellites to see through the canopy to the forest floor, where most
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burning occursin a prescribed fire. Improved accuracy can be obtained from aerial surveys and
ground surveys.

2.1.3 Type of Vegetation

Table 7 summarizes options for estimating the vegetative cover on the burned land, and
lists advantages and disadvantages for each option. The least labor intensive method would be to
use regional defaults for vegetative cover. Another option would involve drawing on
information developed in previous inventories. This approach is used in the NEI for the Grand
Canyon states (see following section).

A number of data bases are available which identify the vegetative cover using remote
sensing data. The Forest Service has recently devel oped coarse-scale spatial data on current
vegetative cover for the contiguous United States.®*” The CAMFER and NIFC fire mapping
projects for Californiaand North Americawill aso link observed firesto land cover databases
using GIS. It must be noted that the satellite land cover databases focus mainly on the forest
canopy, while most of the burned material is on the forest floor. In addition, any inaccuraciesin
firelocation will propagate to the selection of vegetative cover when fire locations are matched
to satellite databases. Therefore, accuracy can be improved by supplementing use of satellite
with analysis by land managers. Improved accuracy can also be obtained from ground surveys
and aerial surveys.

2.2 Previous |Inventories

For their 1989 inventory, Peterson and Ward surveyed federal agencies, local air quality
managers, local forestry organizations, and private forestry agencies to obtain estimates of the
acreage treated by prescribed fire. Thiseffort ultimately produced an inventory of prescribed fire
emissions at the state level >3

The FEP included another survey of land managers, which greatly expanded on the
Peterson and Ward survey for the western states.*  This survey used a much finer spatial
resolution than the 1989 inventory. First, a 50x50 km grid was overlaid onto the GCVTC
domain. Within each grid cell, the land was further subdivided by land ownership, vegetative
cover, and state (for those grid cells falling on state boundaries). In addition to information on
prescribed fire, land managers were then asked to characterize ecological fire frequencies for
each parcel. Thissurvey issummarized in Table 8. Prescribed fire activity was estimated for
1990, 1995, 2015, and 2040 in ten western states: Arizona, California, Colorado, Idaho, Nevada,
Oregon, New Mexico, Utah, Washington, and Wyoming.

The GCVTC aso produced detailed inventories for wildfire over the period from 1986
through 1993 in the above states and Montana. The acreage burned in wildfire was determined
from databases maintained by federal and state land management agencies. The FMI/WESTAR
project computed probabilities of wildfire based on an average of historical fire datafrom 1986
through 1996. These calculations are summarized in Table 9.°
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Table7. Optionsfor Determining the Vegetative Cover in Wildland Fires

=) =)

Increasing level of detail and accuracy

=) =)

Option

Regional defaults

Estimates from existing
inventories

Satellite data

Survey land managers

Ground-truthing with
land surveys, aerial
surveys, etc.

Advantages

Least labor intensive

Least resource intensive

Data are available for
climax vegetation at
resolutionsto 1 km

More accurate

Most accurate

Disadvantages

Least accurate

Accuracy and detail is
limited by previous
inventories

V egetative cover may
change from previous
inventories

Categories may not match
fuel classifications

Satellite land cover data
do not focus on the
understory, where most
fuel lies

Vegetation at the reported
fire location may not be
representative of the
bulk of thefire

More resource intensive

Resource intensive
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Table8. Summary of FEP Surveysto Estimatethe Area Burned in Prescribed Fires

Initial classification of lands by location, ownership, and vegetation cover as shown bel ow.

Land classification and
information source Available categories

Geographical location 50x50 km grids

Ownership USFS, BLM, FWS, NPS, BIA, other Federal, State/private/other

V egetation cover types Agriculture Cottonwood/willow/ Spruce/fir

(from AVHRR* data) Alpine tundra riparian Perennial grass
Annual grass Desert shrub Pinyon/juniper
Aspen/hardwood DouglasHir Ponderosa pine
Barren Lodgepole pine Sage
Chaparral Mixed conifer Water

Oakbrush

Field Query 1: Land allocation and extent of mechanical treatment. Land managers surveyed for each land area
classification (LAC) - specified by grid cell, owner, and vegetation type and reason for burning

Land allocation Congressionally reserved, Administratively withdrawn, riparian reserves,
“matrix” (denoting mixed activities such aslogging, grazing, etc.), and
undefined)

Mechanical treatment 0 - not available for mechanical treatment

1 - 1-50% available
2 - 50-100% available

Field Query 2: Land managers asked to characterize ecological fire frequency.

Frequency High, medium, and low estimates were given in years
Seasonality Percent of land (within each category and grid cell) burned in each season
Intensity Ground fire or stand replacement

Field Query 3: Managers estimated fuel 1oading for each type of vegetative cover, and each land ownership and
allocation category.

“Natural” systems High loading - areas subject to prolonged fire exclusion, or where a natural
disturbance such as insects or wind had increased the fuel loading
Medium loading
Low loading - areas recently burned, either in wildfires or prescribed fires

Activity-generated fuels High, medium, or low fuel loading, as estimated by the cognizant land manager

Field Query 4: Current and projected amounts of prescribed fire and management treatment

Prescribed firetreatment ~ Prescribed fireinitial entry (PF))

types Prescribed fire maintenance (PF,,)
Prescribed natural fire (PNF)
Prescribed fire broadcast (PFg)
Prescribed fire piles (PF;)
Mechanical treatment

End result:  characterization of prescribed fire activity and ecological wildfire frequencies, specific to each
50x50km grid square, and to each combination of land ownership, land allocation, and vegetation
cover type within each grid square.

* AVHRR = advanced very high resolution radiometry.
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Table9. Summary of Methods Used in the FMI/WESTAR Emissions
Inventory to Estimate the Area Burned in Wildfire

1) Used dataon fire locations and dates from USFS, DOI and States for 1986 through 1996
2) Categorized fires by size and season
Size 0.25-15 acres (“ 10-acre” fire)?
16-75 (50 acre)
76-330 (200 acre)
331-1750 (1000 acre)
1750-12,500 (10,000 acre)
12,501-37,500 (25,000 acre)
>37,501 (50,000) acre
Season Spring (March thru May)
Fall (September thru November

3) Computed the probability of asmall fire (“10-acre” fire)
By vegetation type and climactic region (4" level Hydrological Unit Code [HUC])

4) Computed the probability of a 10-acre fire spreading to the 50-acre category, 50-acre fire spreading
to the 200-acre category, and so on.

By “wildfire zone” (grouping of 4" code HUC zones into larger climactic regions)

®Fires are grouped into size ranges, in acres, and each size range is designated by a round number within
therange. Hence, firesin the range of 0.25-15 acres are designated as “ 10-acre” fires.

EPA’s NEI uses the GCVTC estimates of wildfire emissions for the western states during
the period 1986 through 1993. For the western statesin other years, emissionsin the NEI were
computed by applying adjustment factors based on the change in total acreage burned. These
factors were developed from U.S. Department of Agriculture statistics and applied at the state
level. Acreage burned in states not covered by the GCVTC was obtained from DOI and Forest
Service reports.’® %2021 |t should be noted that the Fire Emissions Joint Forum of the WRAP
found gross errors in these databases for burning in 1996. The NEI uses Peterson and Ward's
1989 estimates for prescribed fire emissions and assumes these emissions are constant for other
years.

2.3 Questionsand Issuesfor Futurelnventories

A White Paper on SIP inventory development by Sandberg and Peterson envisions a
tiered approach with varying levels of precision, depending on the situation in the local area.?
The NEI database, with its periodic updates of state data, may provide a workable framework for
storing regional and national fireinventories. EPA maintains a national inventory at the county
level, using default activity and emission factor data where necessary. States can provide more
detailed updates for various categories of emissions.

Asnoted in Section 1, improved fire emissions data are needed for benchmark inventories
(such as 1999 and 1996), for updates that would deal with interim years, and for future year
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projections (such as 2015 and 2040). The following isasummary of issues related to the
estimation of acreage burned and land cover type for each of these inventory types.

General

What additional guidance is needed, beyond the Sandberg and Peterson SIP inventory
paper? for the devel opment of state and local fire emissions inventories?

What level of accuracy is needed?
What data should be collected in the future?

How should inventories incorporate land area classification, ownership category, and
reason for burning?

How should inventories incorporate natural burning vs. anthropogenic burning?

For benchmark inventories;

How will the benchmark inventories be incorporated into the NEI or other regional
inventories?

Are entirely new inventories needed for 1996 and 1999, or can parts of the GCVTC, FEP,
or FMI/WESTAR databases be used as foundations for the new inventories?

Could anew 1996 or 1999 regional inventory incorporate a size cutoff, focusing on fires
greater than the cutoff (1,000 acres or 10,000 acres, for instance)? If a size cutoff is used,
should smaller fires be neglected or projected from earlier inventories (GCVTC, or the
NEI database in the eastern U.S.)? (Note that there would be a mechanism for
incorporating a more detailed local inventory into the broader regional database.) What
would be an acceptable cutoff?

The NEI point source emissions database contains fields for location (latitude and
longitude) and seasonal distribution of emissions. Would these data be adequate for
regional modeling, or would additional data be needed: for instance the area covered by
the fire, and more information on temporal resolution (monthly, weekly, diurnal)? Could
state-level or nationa “defaults’ be used to provide this additional temporal detail?

For interim updates:

Could interim year inventories be projected using a methodology similar to the NEI
(based on state-level fire activity)?
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For projection year inventories:

1 Should future projections of wildfire be based on historical averages of actua incidents,
or ecological fire frequencies?

Should future projections of prescribed fires be based on historical averages or land
managers plans for fires?
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3. Fuel Loadings and Characteristics

Fuel materials typically include downed trees, fallen branches, decayed matter on the
forest floor (duff), and small trees and shrubs. Tree crowns (branchwood and foliage) can aso be
burned in wildfires and prescribed fires. The fuel consumption in afire will depend not only on
the total pre-burn fuel loading, but also on the relative amounts of the different fuel types, and on
the fuel condition. In prescribed fire, fuel loading and characteristics will be strongly affected by
the type of burn (pile fire, windrows, understory burning, concentration burning) and by preburn
harvesting. Therefore, inventories should differentiate among different types of burn.

3.1 Available Methods and Tools

Table 10 summarizes the methods available to estimate fuel loadings and characteristics,
and lists advantages and disadvantages associated with each method. The most accurate method
isto measure the fuel loading. The Forest Service has developed guidelines for measuring the
amount of fuel materials.® % The line intersect method has been used to develop information
on fuel loading and characteristics in advance of a prescribed burn. In this method, a surveyor
walks aline through the forest, measuring each downed log that is intersected, and gathering
information on other debris and fuel material on the forest floor. Piles are measured, and
samples of brush may be clipped and weighed. Unfortunately, these methods are very resource
intensive for aregional scaleinventory. In addition, they must be used before the fire occurs.

The Fire and Environmental Research Applications Group (FERA), in the Forest
Services Pacific Northwest region, has spearheaded development of a collection of photo-series
documentsto assist in characterizing fuel loads for various types of forests and grasslands. For
each forest type, a series of stereo photos has been compiled to represent the range of fuel
conditions. A detailed characterization of fuel materialsis provided for each stereo photograph.
Thus, aland manager can compare a given forest, or other ecosystem to a series of photographs
of asimilar ecosystem. Once the best match isfound, fuel characteristics can be estimated based
on the data provided with the selected photograph. Table 11 lists photo series' that are currently
available. Photo series reports covering additional forest types were generated in the 1980s,
however, the availability of these reportsislimited. The Fuel Management Analyst program,
developed by Fire Program Solutions, LLC, provides electronic access to the photo series
books.?® Additional photo series reports for the Southeast, the Rockies, and the Southwest are
scheduled to become available later this year.

FERA is also developing a Fuel Characteristic Class (FCC) system, which could be used
in tandem with the photo series system to determine fuel loadings and other parameters necessary
to estimate emissions. Asthe system is envisioned, an FCC code for a given forest or other
ecosystem would be determined based on photo series interpretations or other available
information. The FCC system would then provide alinkage to fuel loadings and other
parameters necessary to run fire emission models. Preliminary versions of the FCC have been
used by FERA in the Pacific Northwest, and also in the GCVTC Fire Emissions Project. A
national FCC system is expected to be completed in 2003.
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Table 10. Optionsfor Determining Pre-burn Fuel Loading

= =) = = Increasing level of detail and accuracy =3 =) o A
Land manager Land manager - Photo-series Transect
, A determination of | Fuel characteristics .
. General estimateor| determination of . N correlation (not measurements (not
Option . fuel type, with classification . :
regional defaults NFDRS fuel o applicable for applicable for
emission model system - -
classes wildfires) wildfires)
defaults
Advantages Least resource Classifications are Streamlines modeling | Good accuracy is Good accuracy is Most accurate
reguirements already availablein | efforts expected expected
many cases
Disadvantages || Poor accuracy Poor accuracy Use of defaultslimits | Still under Time consuming Very resource
Does not account for | Does not account for | accuracy development Training may be intensive for a
emission mitigation | Does not account for [Does not account for | needed regional inventory

emission mitigation

measures for measures for emission mitigation | emission mitigation
prescribed fire prescribed fire measures for measures for
prescribed fire prescribed fire
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Fuel loadings can also be estimated using average values for various types of vegetative
cover. Distributions of vegetation cover types have been mapped with a high degree of spatial
resolution in various data bases.*> The National Fire Danger Rating System (NFDRS) has also
been used as atool for estimating fuel loadings.?” This system groups forests and other
ecosystems into 20 broad classes according to the potential danger of wildfire. The Forest
Service has produced a map of NFDRS categories with aresolution of 1-km using satellite data
and surface observations for the contiguous 48 states.® The NFDRS classification systemis
based on typical fuel loadings and climactic conditions, but it does not provide the level of detail
necessary to fully evaluate emission potential. The FCC is expected to be superior to the NFDRS
in thisrespect. In the short term, however, NFDRS classifications are available for alarge
number of fires.

Table11l. Summary of Photo Series Available for Evaluating Fuel L oadings

Region Vegetation Covered
Coastal Oregon forests” Second growth Douglas-fir —western hemlock type
Western hemlock — Sitka spruce type
Red alder type

Willamette National Forest®®  Douglas-fir — hemlock type
Interior Pacific Northwest™  Mixed conifer with mortality
Western juniper
Sagebrush
Grassland
Pacific Coast® Giant Sequoia groves
West (general) Aspen®
Alaska® Black spruce
White spruce

East Texas® Grass, clearcut, seed tree, loblolly pine, shortleaf pine,
loblolly/shortleaf pine, slash pine, longleaf pine, hardwood cover
Black Hills® Ponderosa pine
Spruce
Central and L ake States* Midwest red and white pine
Northern tallgrass prairie
Mixed oak
Northeast®® Northern hardwood
Oak-hickory

The Forest Service's National Fire Emission Laboratory is working on methods to
estimate fuel loadings from satellite data and other remote sensing data.*> A major drawback of
this approach is that remote sensing techniques “see” more of the forest canopy than the forest
floor. Asdiscussed above, most of the fuel for afireis on the forest floor. Researchers are
working on ways to correlate remote sensing data with conditions on the floor. However, remote
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sensing techniques are not expected to provide reliable information on fuel loadings for several
years.®

A number of models have been developed to estimate fuel consumption in prescribed fire.
The fuel consumption models generally contain default values of pre-burn fuel loadings for
various types of vegetation. Table 12 lists vegetation categories included in the First Order Fire
Effects Model (FOFEM). (FOFEM and other fuel consumption models will be discussed further
in Section 4). For each of the categorieslisted in Table 12, FOFEM includes default loadings for
litter, downed woody debris, duff, herbaceous undergrowth, shrubs, and regenerating trees.
Table 13 illustrates the level of detail provided in the FOFEM default fuel models.

3.2 Previous Inventories

In the 1989 prescribed fire inventory by Peterson and Ward, land managers classified the
acreage burned in each state by NFDRS category. Expert judgement was then used to estimate
consumption for various fuel types.>3

The FEP survey of local land managers included an assessment of fuel loadings and
characteristics. Asdiscussed earlier, this survey was carried out on a 50x50 km grid, and also
differentiated among different land ownership and land allocation classifications (see Table 8).
For each type of vegetation cover, the cognizant land manager was asked to classify the fuel
loading as high, medium, or low. The “high” fuel loading classification was designed to
represent areas that had been subject to prolonged fire exclusion, or to a natural disturbance such
asinsect infestations or wind damage. The “low” classification was designed to represent areas
that had recently been burned, either in awildfire or a prescribed fire. The survey also
differentiated between “natural” fuel loadings and “ activity-generated” fuel loadings, which
result from logging or mechanical thinning. Activity-generated fuels were also classified into
high, medium, and low fuel loading categories.

With its survey covering 10 states at a resolution of 50 km, the FEP provides a unique
source of information on fuel loadings. The bottom-up survey approach is superior to atop-
down estimate. The survey results aso provide a body of datathat could be used to estimate fuel
loadings for future fires based on vegetative cover type, NFDRS classification or FCC code (once
the FCC classification system is available). However, states would have to check for data gaps
and inconsistencies. In addition, it must be noted that manager knowledge of existing fuel
loadings was characterized as “weak” in comparison with other aspects of the survey. However,
the survey results still reflect the best currently available datafor a broad regional inventory.
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Table 12. Vegetation Categories Covered in FOFEM

Classifi- Classifi-
Vegetation type cation? Vegetation type cation?
Interior ponderosa pine SAF 237 Red pine SAF 15
Jeffrey pine SAF 247 Eastern white pine SAF 21
Interior Douglas-fir SAF 210 Black spruce SAF 204
Western white pine SAF 215 White spruce SAF 201
Douglas-fir-tan-oak-Pacific madrone SAF 234 Douglas-fir-western hemlock SAF 230
Blue spruce SAF 216 Shortleaf pine SAF 75
Engelmann spruce-subalpine fir SAF 206 Virginia pine SAF 79
Grand fir SAF 213 Pond pine SAF 98
Sierra Nevada mixed conifer SAF 243 Black oak SAF 110
Lodgepole pine SAF 218 Oak-pine FRES 14
Whitebark pine SAF 208 Longleaf pine SAF 70
Aspen SAF 217,16  Slashpine SAF 84
Jack pine SAF1 Loblolly pine, Coastal SAF 81
Loblolly pine, Piedmont SAF 81

@Society of American Foresters (SAF) cover types, and Forest and Range Ecosystem (FRES) categories.

Table 13. Sample Default Fuel Loading Data from FOFEM

Loading defaults Duff
(tons/acre) depth
Fuel type Sparse Abundant  (inches)
Interior ponderosa pine
Litter 14
Downed woody debris
0-1 inch diameter 0.7
1-3inches 0.8
> 3inches 5
Duff 5 0.6
Herbaceous ground cover 0.1 0.3
Shrubs 0.0 0.5
Tree regeneration 0.0 0.3
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3.3 Questionsand Issuesfor Futurelnventories

The following is a summary of issues related to the estimation of initial fuel loadings for

fire emission inventories.

Do inventories provide adequate information for the level of modeling and impact
analysis that are planned?

What level of accuracy is needed?

How should inventories provide for determining success with alternatives and trade-offs
(prescribed fire versus wildfire, different types of prescribed fire)?

Given the current state of flux with the FCC system, can the GCVTC fuel loading data
(from 1993 or so) be used until the FCC is completed?

How often does afuel loading survey such asthe GCVTC survey need to be repeated?

How should future fuel loadings be adjusted to reflect previous wild and prescribed fires?
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4. Fuel Consumption

The amount of fuel that is actually consumed in afire depends on the type of fuel, its
depth on the forest floor, its moisture level, and other factors, such as humidity, wind speed, and
fireintensity. Within aparticular fire, fuel consumption will also vary for different types of fuel.

4.1 Available M ethods and Tools

Table 14 summarizes methods available to estimate fuel consumption, and lists
advantages and disadvantages associated with each method. The options differ somewhat for
prescribed and wildfires. In the case of wildfires the EPA’s Compilation of Emission Factors
(AP-42) provides default regional estimates of fuel consumption per acre.”

Two main models have been devel oped to predict fuel consumption. The most recent
versions of these models are:

! First Order Fire Effects Model (FOFEM), Version 4.0*
! Consume, Version 2.1%

Both of these models are readily available through the internet. A number of other fire models
incorporate fuel consumption algorithms from Consume. These include SMSINFO;* the Fuel
Analysis, Smoke Tracking, and Report Access Computer System (FASTRACS),* the Automatic
Calculation of Slash Tonnage (ACOST) model; and the Pile Tonnage Cal culation Worksheet
(PCOST).*

FOFEM and Consume both models use empirical data and formulasto predict fuel
consumption. Detailed inputs are needed on climactic conditions and the quantity and nature of
the fuel, but both models make extensive use of defaults as needed. Table 15 summarizes the
inputs used by the fuel consumption subsystem of FOFEM.** Inputs for Consume are similar,
with additional details for activity-generated fuels. AsTable 15 illustrates, the input
requirements for fuel consumption models are quite diverse and extensive. Many of these inputs
would be difficult to compile on abroad regiona scae. However, the models include typical
defaults for most parameters. These parameter defaults can be used in emission calculations
when specific information is not available.

Both FOFEM and Consume perform best for downed woody fuels. Performance is also
good for shrubs, but not as good for duff and crowns. A 1994 study of four prescribed burnsin
northeastern Oregon compared the measured fuel consumption with the fuel consumption
predicted by Consume and FOFEM.* Both models perform better if datais available on fuel
moisture and on the number of days since the last rain. Thisinformation can be obtained from
field personnel, maps, and records.
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Table 14. Optionsfor Estimating Fuel Consumption

||-> —

Increasing level of detail

Prescribed fires

Regional defaults or

Fuel consumption models

Models with input from

Options vegetation-specific . .
defaults (AP-42) with default inputs land managers
Advantages Least resource Low resource requirements Most accurate
requirements
Disadvantages || Poor accuracy Use of defaults limits Resource intensive

accuracy

Wildfires

Fuel consumption models

Consumption models with
crown consumption and

Models with input from

Options Regional defaults (AP-42) with dry fuel assumption other appropriate land mz;rfljggers and crown
. justment
adjustments
Advantages Least resource Low resource requirements | Moderate resource Best accuracy
requirements regquirements
Disadvantages || Poor accuracy May underestimate impacts | Will require new Resource intensive
of crown consumption assumptions
and other factors Some relevant studies are
associated with not yet available
wildfires
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Table 15. Summary of Inputs Used by FOFEM to Compute Fuel Consumption®

Parameter

Options (model defaults are in bold italics)

General
Region
V egetation cover

General fuel information
Fuel category
Dead fuel adjustment factor
Moisture conditions
Fireintensity
Will fire burn tree crowns?
Tree crown biomass loading
Herbaceous density
Tree regeneration density
Season of burn
Customized fuel information
Southeast pine information

Fuel loadings for:
litter
wood (0-1" diameter, 1-3", >3")
duff
herbaceous
shrub, tree regeneration
crown foliage
crown small branchwood

Fuel moisture for:
Duff
Wood

Pacific Northwest
information

Interior West, Pacific West, Northeast or Southeast

Black Spruce, White Spruce, Paper Birch, Douglas Fir, Ponderosa Pine, Jeffrey
Pine, Western White Pine, White Fir, Englemann spruce Subalpine Fir, Blue
Spruce, Mountain Heml ock-Subal pine Fir

Natural, piles, slash

Typical, light, heavy

Very dry, dry, moderate, wet

Extreme, very high, high, moderate, low
No, yes

Typical, sparse, abundant

Typical, sparse, abundant

Typical, sparse, abundant

Spring, summer, fall, winter

Plantation, Natural
Age of plantation (years): 5

Vauesinton/acre. Defaults are set by the model based on the
above inputs.

NFDRS fuel moisture code, adjusted code, or numerical
percentage. Model will also set defaults based on the above
inputs.

Days since significant rain: 20

Both FOFEM and Consume were developed to model fuel consumption in prescribed
burns. The models are currently being modified to address wildfires but are not as well tested for
that application. Previous inventories have used the models with dry fuel condition assumptions
to estimate wildfire consumption. Some other adjustments may be needed. One of the
shortcomings of the fuel consumption models for handling wildfire is the potential
underestimation of crown consumption in severe fires. The Forest Service has an ongoing
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project to assess crown fuel characteristicsin conifer forests.*” Improved crown consumption
algorithms are expected to be incorporated into a new version of Consume (Consume 3.0).

4.2 Previouslnventories

In the Peterson and Ward 1989 prescribed fire inventory, fuel consumption was estimated
based on expert judgement.?® In the FEP, an expert panel estimated the fuel moisture content for
each vegetative cover type and for each fuel loading category. Fuel moisture was classified as
dry (15% moisture), normal (30%) or wet (40%). The Consume model was then used to estimate
fuel consumption for each vegetation and fuel loading category. An average emission factor,
reflecting a weighted average of flaming and smoldering, was assigned for each vegetation type.
In the FMI/WESTAR inventory, the GCV TC vegetative categories were consolidated for the
purpose of estimating fuel consumption and emissions.®

4.3 Questionsand Issuesfor Futurelnventories

The following are issues related to the estimation of fuel consumption for fire emission
inventories:

1 Should the choice of models for estimating fuel consumption be at the discretion of each
state, or do EPA and the WRAP need to approve a particular dlate of models? Have some
of the models undergone more testing and peer review than others?

Consume and FOFEM have been used in some instances for wildfires. Isthis
appropriate, or is a separate methodology needed?
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5. Fire Emission Factors and Relationships

Emissions of a given pollutant from a given fire are determined by sampling the offgas
from the fire and measuring the concentration of the target pollutant. Typically, the researcher
measures the concentration of CO, and other carbon-containing gases at the same time, and then
uses a carbon-balance calcul ation to determine the fuel consumption associated with the
measured emissions. Emission factors from fire are typically expressed in terms of the mass of
pollutant emitted per mass of fuel consumed. The following is a sample calculation of an
emission factor:

EF _ MW x ACpollutant x Fc x (1000 g/kg) (4)
(ACco, + ACcq + ACcs + acotmer ) X (12 g/mole-C)

where: EF = Emission factor (g/kg)
MW = Molecular weight of the target pollutant (g/mole)
AC = Concentration in fire offgas minus concentration in clean air (moles per cubic
meter)
F. = Mass fraction of carbon in the fuel (g-carbon/g-fuel)

“Other” refers to total non-methane hydrocarbons and particulate carbon, expressed
in terms of moles of carbon

Emission factors are often related to the combustion efficiency, or to emissions of carbon
monoxide, which are both indicators of the relative amount of combustion by smoldering.
Emissions of particulate species are often related to total PM emissions or total PM,, . emissions.

The first two sections of this chapter summarize the available models for estimating
emissions and the methods used in previous large scale inventories. Section 5.3 discusses the
calculation of combustion efficiency, and the balance of the chapter discusses available emission
factors and algorithms for specific pollutants. Separate sections are devoted to carbon monoxide
(CO), total particulate (PM, 5 and PM ), particul ate elemental carbon (EC) and particulate
organic carbon (OC), nitrogen oxides (NO,), ammonia (NH,), volatile organic compounds
(VOC), sulfur dioxide (SO,), and hazardous air pollutants (HAPs). The final section of this
chapter summarizes options available for estimating emission factors for the above pollutants.

5.1 Available M odels and M ethods

In addition to predicting the amount of fuel consumed in afire, the FOFEM and Consume
fuel consumption models (discussed in Sections 3 and 4) include subsystems to estimate
emissions of some pollutants. Table 16 summarizes the pollutants and situations covered by
these models. The models use empirical emissions data assembled by the Forest Service in
laboratory and field tests.*® %%%0-5152 The empirical emissions relationships differentiate between
flaming and smoldering conditions, and between different forest types and fuel conditions. Both
models were devel oped primarily to assess impacts of prescribed fire. They can also be applied
to wildfires, but have not been extensively tested for that application.
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Table16. Summary of Models Available for Estimating Fire Emissions

M odel Situations covered Pollutants
FOFEM 4.0" Designed for prescribed fires, but PM,, PM, ., CO
can also be applied to wildfire
Consume 2.1* Designed for prescribed fires, but PM,,, PM,, CO, CO,, CH,, and
can also be applied to wildfire NMHC

FOFEM 4.0 and Consume 2.1 were completed in 1997 and 2000, respectively. Both
FASTRACS and SMSINFO use earlier versions of the Consume emissions algorithms. The
EPA’s current AP-42 emission factors for prescribed fire are also derived from earlier versions of
the Forest Service emissions database used in FOFEM and Consume, however some
inconsistencies have been noted between AP-42 and the Forest Service emission factors.®

Though based on similar underlying emission factor databases and fuel consumption
databases, FOFEM and Consume take a somewhat different approach to estimating emissions.
FOFEM estimates the fuel consumption and the combustion efficiency (CE), taking into account
the forest type and fuel conditions. The model does not retain separate emission factors for
different types of fuel, but instead reflects the fuel differences through the CE term. Consume
2.1 contains a detailed matrix of flaming and smoldering emission factors for different types of
vegetation types. The relative weighting of flaming and smoldering is determined based on fuel
conditions.

5.2 Previous Emissions |nventories

In their prescribed fire inventory, Peterson and Ward used empirical relationships to
compute emissions of various criteria pollutants and toxic air pollutants. The relationships used
for PM, 5, PM,,, and CO are the same as those currently used in FOFEM. The FEP also used
these same relationships. The empirical relationships used in these inventories will be discussed
below in the sections devoted to individual pollutants.

5.3 Combustion Efficiency

Many pollutants emitted from fire are products of incomplete combustion, including
carbon monoxide (CO), particulate matter, and hydrocarbons. Therefore, emissions from afire
depend not only on the fuel consumption, but also on the combustion efficiency. Combustion
efficiency is defined as the fraction of carbon released from fuel combustion in the form of CO,.
CE is calculated based on the composition of the fire offgas as compared to the composition of
cleanair:

AC
CE = co2 (5)
ACco, + ACco + ACcy, + AC e

where: CE = Combustion efficiency
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AC = Concentration in fire offgas minus concentration in clean air (moles per cubic
meter)

“Other” refers to total non-methane hydrocarbons and particulate carbon, expressed
in terms of moles of carbon

CE isrelatively high under flaming conditions and relatively low under smoldering conditions.
The average CE of afire gives an indication of the relative amounts of fuel consumed under
smoldering and flaming combustion.

When total carbon emissions are not measured, the modified combustion efficiency
(MCE) may be reported instead of the CE. The MCE is simply the ratio of the concentration of
CO, emitted by the fire to the total of CO, and CO:

AC
MCE = o (6)
ACCOZ + ACCO
where: CE = Combustion efficiency
AC = Concentration in fire offgas minus concentration in clean air (moles per cubic
meter)

Ward and Hao devel oped the following empirical relationship between CE and MCE,
with a correlation coefficient (R?) or 0.96:*

MCE = 0.15 + 0.86 x CE @)

The models listed in Section 5.1 take into account the differences between flaming and
smoldering conditions in their emissions estimates. Tables 17 gives the CE values used to
generate emission factors in the FOFEM. These are based on alarge number of primarily ground
based measurements. Table 18 summarizes combustion efficiencies measured in airborne tests.
As the table shows, CE was similar for prescribed fires and wildfires. Efficiencies may be
somewhat higher for chaparral (CE = 0.93 to 0.95) than for forest fuels (CE = 0.91).

5.4 Carbon Monoxide

CO isvery important in the development of emissions inventories for many pollutants.
Becauseit is an indicator of smoldering combustion, its emission factor is often used to estimate
emission factors for many other products of incomplete combustion. Researchers at the U.S.
Forest Service developed the following empirical relationship between CO emissions and
combustion efficiency based on extensive field and |aboratory testing for awide array of forest
fuels:

EF.o = 961 - 984xCE (8

where: EF = Emission factor (kg/Mg fuel consumed)

CE = Combustion efficiency
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The uncertainty of this correlation was estimated at +10%.

This algorithm was used in both the Peterson and Ward emissions inventory and the FEP
emissionsinventory.>* It is also currently used in FOFEM, and has been used to generate
the forest-type emission factors used in Consume.*-“* Table 19 shows the average emission
factors produced by the above algorithm in FOFEM for different types of fuel and levels of fuel
moisture. Table 20 summarizes the average emission factors used in Consume 2.1 for different
fire types and classes of vegetation. Because of the large number of measurements used by the
Forest Service in developing this correlation and the quality of the correlation, we have not made
any further review of CO emissions data.

5.5 Total Fine Particulate

Particul ate emissions from fire have been studied extensively, resulting in a large body of
empirical data. 1n 1988, Ward, Hardy, and Sandberg of the Forest Service calculated PM, . and
PM, emission factors as a function of fuel type and phase of combustion (flaming versus
smoldering).™ These factors were used in EPA’s AP-42 Compilation of Emission Factors.*
However, since the last update of the AP-42 section for fire, the Forest Service fuel-specific
emission factors have been improved and updated. These updated fuel-specific factors have been
used in the FOFEM and Consume models.

Table 17. Combustion Efficiencies Used in FOFEM for Different
Fuelsand Fuel Moisture Levels*

CE for pure

flaming and Amount of smoldering

smoldering (%) ? Overdl CE

Smolder- Moder- Moder-

Fuel component Flaming  dering Wet ate Dry Wet ate Dry
Litter® 095 na 0 0 0 0.95 0.95 0.95
Wood 1-3inches  0.92 na 0 0 0 0.92 0.92 0.92
Wood > 3inches  0.92 0.76 50 30 20 0.84 0.87 0.89
Shrubs® 085 na 0 0 0 0.85 0.85 0.85
Duff 0.90 0.76 50 60 60 0.83 0.82 0.82
Canopy fuels 0.85 na 0 0 0 0.85 0.85 0.85

@Ratio of the amount of fuel consumed in smoldering combustion to the total amount of fuel
consumed. The balance is flaming combustion.

Based on general fuel moisture categories used in FOFEM. The “wet” category reflects
moisture contents of 40% for wood greater than 3 inches and 200% for duff (based on dry
mass). “Moderate” assumes wood moisture of 25% and duff moisture of 120%, and “dry”
assumes 15% wood moisture and 75% duff moisture.

“Wood < 1 inch diameter

4Includes herbaceous materials and tree regeneration
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Table 18. Combustion Efficienciesfrom Airborne M easur ements

Modified
Combustion  combustion
efficiency efficiency
Description Date (CE) (MCE)
Prescribed
Hemlock (BC) Sept 25, 1989 (a) 0.950 * 0.958
Pine (MT) Oct 8, 1987 (a) 0.921 * 0.933
Pine (Ont) Aug 28, 1987 (b) 0.915 * 0.928
Birch (Ont) Aug 10, 1989 (a) 0.897 * 0.912
Aug 12, 1989 (a) 0.950 * 0.958
Pine (Ont) Aug 12, 1988 (b) 0.819 * 0.846
Aug 22, 1988 (a) 0.914 * 0.927
Pine (NC) Apr 14, 1997 (c) 0.917 0.925
Apr 26, 1997 (c) 0.907 0.927
Chaparral (CA) Dec 3, 1986 (b) 0.965 * 0.970
Dec 12, 1986 (b) 0.923 * 0.935
June 22, 1987 (b) 0.922 * 0.933
wild
Grasses and shrubs (AK)  June 13, 1997 (d) 0.908 0.925
Black spruce (AK) June 21-24, 1997 (d) 0.902 0.916
June 22, 1997 (d) 0.920 0.929
June 24,27, 1997 (d) 0.905 0.917
June 27-28, 1990 (e) 0.895 0.911
June 27-28, 1990 (a) 0.944 * 0.953
Fir (OR) Sept 17-19 (b) 0.907 * 0.921
Conifer (ID) Sept 27-28, 1994 (f) 0.925 * 0.936
Pine (OR) Sept 2, 1987 (b) 0.891 * 0.907
Averages (with standard deviations)
All measurements 0.908 £ 0.029 0.927 £ 0.024
Prescribed 0.917 £ 0.035 0.929 + 0.030
wild 0.911+0.016 0.924 + 0.013
Forest fuels 0.911+0.029 0.924 + 0.025
Grasses and chaparral 0.929+ 0.021 0.941 + 0.017

* Calculated from MCE using equation 7.
Sources:

(a) Laursen, et al (1992)*
(b) Hegg, et a (1990)

(c) Yokelson et al (1999)%®
(d) Goode, et a (2000)>°
(e) Nance et al (1993)%°

(f) Babhbitt, et al (1994)°
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Table19. CO Emission FactorsUsed in FOFEM for
Different Fuelsand Fudl Moisture L evels®

CO emission factors
(ka/Mg fuel consumed)

Fuel component Wet?  Moderate®  Dry?
Litter® 26.2 26.2 26.2
Wood 1-3 inches 55.7 55.7 55.7
Wood > 3 inches 134 103 87
Shrubs® 125 125 125
Duff 144 158 158
Canopy fuels 125 125 125

@Fuel moisture categories are defined in Table 17.
PWood < 1 inch diameter
¢Includes herbaceous materials and tree regeneration

Table20. CO Emission FactorsUsed in Consume
for Different Fire Types®

Emission factors (kg/Mq@)
Fire type Flaming Smoldering Average

Broadcast burned slash

Douglasfir / hemlock 72 232 156

Hardwoods 46 183 128

Ponderosa/ lodgepole 45 142 89

pine

Mixed conifer 27 136 101

Juniper 41 125 82
Pile-and-burn slash

Tractor-piled 22 116 77

Crane-piled 51 116 93

Average piles 85
Broadcast-burned brush

Sagebrush 78 106 103

Chaparral 60 99 77
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Ward and Hardy (1991) also developed the following general correlations between PM,,
and PM,, emissions and combustion efficiency.>

EFpy.5 = 67.4-66.8xCE 9)
EFpyi0 = 1.18 X EFpy,s (10)
where: EF = Emission factor (kg/Mg fuel consumed)

CE = Combustion efficiency

These relationships were used in the Ward and Peterson prescribed fire inventory and the FEP
emissionsinventory. They are also used directly in FOFEM 4.0, and were used to develop the
average emission factors for various forest types in Consume 2.1. Table 21 shows the average
emission factors produced by the above agorithm in FOFEM, and Table 22 summarizes the
average emission factors used in Consume 2.1 for different fire types and classes of vegetation.

Ward, Susott, and others (1992) developed empirical relationships for PM,, . based on
ground-based and airborne measurements of prescribed firesin British Columbia. 1n 1994,
Babbitt, Ward, and others developed an empirical equation for PM, ¢ emissions from wildfiresin
Idaho, Montana, and Oregon. Table 23 shows these empirical relationships, along with the
origina Ward and Hardy relationship.

Table 24 summarizes additional recent measurements of PM,,, PM, ¢, and PM, .
components. The measured emission factors are compared with emission factors that would
have been predicted using the measured combustion efficiencies and empirical relationships from
the GCVTC emissionsinventory. (The comparisonsin Table 24 are based on the origina Ward
and Hardy formulafor PM,.)

Table21. PM, Emission Factors Used in FOFEM for
Different Fuelsand Fuel Moisture Levels*

PM, ¢ emission factors
(ka/Mg fuel consumed)

Fuel component Wet? Normal @ Dry?
Litter® 3.95 3.95 3.95
Wood 1-3 inches 5.95 5.95 5.95
Wood > 3 inches 11.3 9.15 16.2
Shrubs® 10.7 10.7 10.7
Duff 12.0 12.9 129
Canopy fuels 10.7 10.7 10.7

@Fuel moisture categories are defined in Table 17.
PWood < 1 inch diameter
¢Includes herbaceous materials and tree regeneration
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Table22. PM, . Emission Factors Used in Consume for Different Fire Types®

PM, . emission factors (kg/Mg)  PM,, emission factors (kg/MQ)

Fire type Flaming Smoldering Average Flaming Smoldering Average

Broadcast burned slash

Douglasfir / hemlock 7.5 13.1 10.9 8.4 13.8 11.6

Hardwoods 6.1 11.7 11.2 7.0 13.0 125

Ponderosa/ lodgepole 5.0 17.1 11.0 5.8 184 125

pine

Mixed conifer 4.8 11.8 94 59 12.7 10.3

Juni per 13.0 11.9 94 1.7 12.9 10.2
Pile-and-burn slash

Tractor-piled 3.3 7.0 54 3.7 8.0 6.2

Crane-piled 5.9 155 11.7 6.8 16.6 12.8

Average piles 8.6 9.5
Broadcast-burned brush

Sagebrush 14.6 13.2 134 15.9 14.8 15.0

Chaparrd 6.8 10.8 8.7 8.3 12.4 10.1
Wildfires

Average 135 15.0

Table 23. Comparison of Measured Empirical Relationshipsfor
PM, s Emissionsin the United States

Empirical Correlation
Fire type and relationship for  coefficient

location PM, ¢ (R? Source
Prescribed fires, 67.4 - 66.8xCE Ward and Hardy (1991) - Used in
Pacific Northwest GCVTC and Peterson & Ward
inventories
Wildfires, Montana, 62.6 - 61.4xCE 2 0.72 Babbitt, et al (1994)%

Idaho, and Oregon
Prescribed fires, British Columbia

Ground level tests 89 - 91.1xCE 0.87 Wardet al (1992)%
Airborne tests 126 - 129xCE 0.72

@Estimated based on a published relationship with modified combustion efficiency:
EF,. =73.4-72.2 x MCE
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Table24. Summary of PM,; and PM ,, M easurements and

Comparison with Empirical Relationships

Measured Predicted
emission  emission
Location, date, and Combustion factor factor
citation V egetation efficiency Pollutant (kg/M@)? (kg/MQ)®
Prescribed fire, Los  Chaparral Smoldering PM,: 109+35 16.2
Angeles basin, (sage, sume, PM,, 138+23 192
December 1996, chamise) -
Einfld et al EC,, 11+04 1.5
(1989)% OC,; 6.1+0.7 8.6
Prescribed burns, Chaparra Flaming - 0.913 PM, . 6.8+ 0.6 6.0
Cdlifornia, Hardy et Smoldering - 0.855 108+11 99
al (1996)*
Overall - 0.880 8.7+06 8.2
Flaming - 0.913 PM, 8.30 6.0
Smoldering - 0.855 12.4 9.9
Overall - 0.880 10.0 8.2
Wind tunnel tests,  Almond tree 0.954 PM, . 4.50 3.3
California, 1992-  prunings PM,, 4.80 3.9
1993, Jenkins, etal  hy ) s fir 0.946 PM,. 4.30 38
(1996
slash PM,, 4.80 45
Ponderosa pine 0.947 PM, ¢ 3.30 3.7
slash PM,, 3.70 4.4
Walnut tree 0.934 PM,, 5.00 4.6
prunings PM, 4.70 5.4
Controlled facility,  Broadcast 0.961° PM, . 5.93 2.8
Yokelson et al Sagebrush 0.964° PM, 2.32 2.6
(1996 Sash 0.973° PM, . 148 20
Wildfire, Alaska, Black Spruce 0.895 PM,. 215+48 7.2

(A121), June 1990,
Nance et al (1993)%°

#Ranges, where given, represent standard deviation.
® Computed based on equation 9.
¢Estimated from the modified combustion efficiency.
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Figure2. Comparison of empirical relationships and other recent

Figure 2 illustrates the various empirical relationships for PM,, ¢ as afunction of
combustion efficiency (CE). The figure also includes the additional PM, . measurements from
Table 24. Figure 2 shows that the relationship for PM, ; from wildfires in the Northwest isin
good agreement with Ward and Hardy’ s original relationship. However, the correlations
developed for British Columbia are statistically different from the original PM,, . equation. The
authors suggest that this difference may be due to the inherent variability of emissions coupled
with the narrow range of CE covered by the airborne measurements.

Table 24 and Figure 2 show that there is reasonable agreement between most of the
additional measurements of PM, . and the original Ward and Hardy empirical formula. However,
the empirical relationship appears to underpredict emissions for the 1990 Alaskawildfire.® It




should be noted that both Tables 23 and 24 are restricted to the United States and Canada, and to
tests performed since the development of the FOFEM and Consume models. A good number of
additional measurements have been made in Africa and South America, and a large volume of
earlier datais also available.

5.6 Emission Factorsfor Particulate Elemental and Organic Carbon

A large fraction of the particul ate matter emitted from combustion consists of elemental
and organic carbon. These components have been used to analyze “fingerprints’ of wildland
fires and other combustion in ambient particulate samples. Table 25 summarizes available
emissions measurements of EC and OC. Thetable also givesratios of EC to total PM, . and OC
to total PM, .. Figure 3 illustrates the relationship between EC and total PM, ., and between OC
and total PM, ..

As Table 25 shows, EC issimilar for flaming and smoldering conditions, while OC
increases considerably under smoldering conditions. In the case of OC, theratio to total PM, ¢ is
very similar for smoldering and flaming conditions. Thus, OC appears to correlate well with
total PM, ; over the full range of combustion efficiencies. Thisis confirmed by the regression
equation shown in Figure 3, with a correlation coefficient (R?) of 0.97. Thisislesstruefor EC
although the correlation coefficient is still quite high (R* = 0.77).

5.7 Emission Factorsfor Nitrogen Oxides

NO, emissions are not calculated by any of the current fire models, nor are emission
factors for NO, included in the current edition of EPA’s AP-42. However, NO, has been
measured in a number of studies, both in the field and in controlled facilities. These
measurements are summarized in Table 26. In addition to the measured emission factor, the
table givesthe ratio of NO, concentration to CO,.

In general, NO, emissions from combustion processes can be produced by two
mechanisms: (1) oxidation of nitrogen compounds in the fuel, and (2) oxidation of nitrogen gas
in the combustion air. However, very high temperatures (>1000 °C) are required for significant
oxidation of nitrogen gas.*® Based on alarge number of field and laboratory tests, Ward (1993)
concluded that temperatures in the flames of prescribed fires do not typically reach levels that
would result in significant oxidization of nitrogenintheair.” Therefore, NO, emissions from
fires should be strongly dependent on the nitrogen levelsin fuel materials.

Lacaux et al (1996) confirmed the relationship between NO, and fuel nitrogen for severa
firesin the African Savannah, calculating a correlation coefficient (R?) of 0.9.”* They also
proposed an empirical formularelating the NO, emission factor to fuel nitrogen content (see
Table 26). We have used this relationship to predict NO, emission factors for laboratory fires
where fuel nitrogen concentrations were available. Asshownin Table 26, Lacaux’s empirical
relationship also produces good agreement for these fires.
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Table25. Summary of Available Emissions M easurementsfor Particulate
Elemental and Organic Carbon

Emission factors Ratiosto PM,, ¢
(kg/MQ) (weight %)
Elemental Organic  Elemental Organic
carbon carbon carbon carbon
Description PM, . (EC) (OC) (EC) (OC)
Pacific Northwest (a)
Chaparra Flaming 20.0 1.84 9.60 9.2 48
Smoldering  40.0 3.12 25.56 7.8 64
Conifer Flaming 7.0 1.32 255 18.8 36
Smoldering 14.0 0.48 1.27 3.4 52
Ponderosa pine Flaming 6.0 0.65 331 10.9 55
Smoldering  16.0 0.66 9.76 4.1 61
Hardwood Flaming 6.0 0.50 3.62 8.3 60
Smoldering  13.0 0.35 8.02 2.7 62
Slash - crane piled Flaming 4.0 0.09 2.39 2.3 60
Smoldering 4.0 0.04 242 11 60
Slash - tractor piles Flaming 4.0 0.33 1.96 8.2 49
Smoldering 4.0 0.12 212 29 53
Los Angeles (b)
Chaparral (Lodi 1) Flaming 1.7 0.58 3.49 7.5 45
Chaparral (Lodi 2) Flaming 1.7 0.45 3.46 5.9 45
Chaparra (Lodi 3) Flaming 55 0.81 2.83 14.7 51
Smoldering 1.7 0.60 4.92 7.8 64
Brazil (c)
Cerrado Overall 4.0 0.13 33
Forest Overall 105 1.05 10.0
Averages
Flaming 0.73+05 3.7+22 95+46 50+72
Smoldering 0.77+10 8.6+74 43+24 59+46
Overall 0.73+ 07 5.8+57 72+45 54+77
Sources:
() Ward and Hardy (1988)%
(b) Ward and Hardy (1989)%°

(c) Kaufman et al (1992)"°
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Figure 3. Relationships between particulate elemental and organic
carbon and total PM,

Various researchers have shown that NO, emissions are associated with flaming
conditions, while other nitrogen compounds such as NH, are produced in smoldering
combustion.”™ " Figure 4 plots NO, emission factors versus modified combustion efficiency,
and confirms an increase in NO, emissions for flaming conditions (higher MCE). However, the
correlation coefficient with MCE is poor (R?=0.11). In fact, both Table 26 and Figure 4 show a
broad spread in NO, emission factors.

Table 26 shows that emissions from grasses are somewhat higher than average emissions
from forest fuels. This could be the result of higher nitrogen in foliage than in woody materials.
Emissions are even higher for scrub brush fires, particularly in California. These values are
about afactor of 3 higher than the emission factors for forests, and afactor of 2 higher than the
factorsfor grasses. Laursen et al propose two possible causes for the increased emission factors.
Thefirst is deposition of NO, and other nitrogen compounds on the chaparral foliage from air
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Table26. Summary of NO, Emissions M easurements

Modified M easured Predicted
combustion  Ratio of emission Standard emission
efficiency NO, to CO, factor deviation factor from
Description and location (MCE) (mole %) (ka/Mq) or range Lacaux®
Forest - wildfire
Alaska (B349), June 1997 (f) Black spruce 0.929 0.14 25
Alaska (B309), June 1997 (f) Black spruce, shrub, bog 0.905 0.13 23
Alaska (A121), June 1990 (a) Black spruce 0.953 0.09 1.7 0.2
Oregon (Grants Pass), Sept 1989 (b)  Douglas fir, True fir, hemlock 0.921 0.05 0.9 0.7
Oregon (Roseburg), Sept. 1987 (b) Pine, brush, Douglas fir 0.907 0.15 2.7 0.7
Forest - prescribed fire
Ontario (Charpleau), Aug. 1989 (a) Paper birch and poplar 0.912 0.02 0.3 0.3
Ont. (Hornepayne), Aug. 1989 (a) Birch, poplar, mixed hardwoods 0.958 0.02 04 0.3
Ontario (Battershy), Aug. 1988) (b) Jack pine, white & black spruce 0.846 0.07 11 13
Ontario (Peterlong), Aug. 1988 (a) Jack pine, white & black spruce 0.927 0.17 29 25
Ontario (Chapleau), Aug. 1987 (b) Jack pine, aspen, Birch 0.928 0.20 35 23
Montana (Troy), June 1987 (a) Pine, Douglas fir, true fir 0.933 011 19 0.8
Scrub - prescribed fire
Cdlifornia (Lodi 1), June 1987 (b) Chaparral, chamise 0.933 0.20 35 0.8
Cdlifornia (Lodi 1), Dec. 1986 (b) Chaparral, chamise 0.935 0.53 9.6 35
CA (Ramona), Dec. 1986 (b) Black sage, sumac, chamise 0.970 0.41 7.7 3.8
Grasses
Alaska, June 1997 (f) Grasses, low shrubs 0.925 0.20 35
Africa, 1991 - 1992 (c) Savannah 0.934 0.32 4.4 19
Californiawind tunnel, 1992 - 1993 (d)
Almond tree prunings (0.49 % N) 0.969 0.15 41 4.2
Douglas fir slash (0.27 % N) 0.958 0.07 15 21
Ponderosa pine dash (0.30 % N) 0.957 0.09 14 24
Walnut tree prunings (0.60 % N) 0.948 0.25 53 5.2
Forest Service controlled facility
Broadcast (€) Flaming 0.989 0.23 3.9
Smoldering 0.874 0.06 0.9
Overall 0.961 0.19 31
Slash (€) Flaming 0.994 0.14 25
Smoldering 0.858 0.01 0.1
Overall 0.973 0.12 2.0

Continued
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Table26. Summary of NO, Emissions M easur ements (continued)

Modified Measured Predicted
combustion  Ratio of emission Standard emission
efficiency NO,toCO,  factor deviation factor from
Description and location (MCE) (mole %) (ka/Mq) or range L acaux®
Forest Service controlled facility (continued)
Crowns (€) Overall 0.910 0.20 3.0
Pine needles (€) Flaming 0.990 0.26 51 46-55
Smoldering 0.829 0.03 04 0.28-0.47
Overall 0.958 0.22 41 39-44
Ponderosa pine needles (0.39%N) (g) Heading fire 0.972 0.10 3.0 0.7 32
Backing fire 0.950 0.08 24 0.5 3.2
Simulated forest floor (€) Overall 0.916 0.25 37 3.3-4.0
Douglas fir litter (0.41% N) (g) Overall 0.950 0.09 25 25 34
Sagebrush (€) Flaming 0.980 0.33 5.6 52-59
Smoldering 0.871 0.20 3.0 23-37
Overal 0.965 0.31 5.2 5.0-5.3
Grass (0.66% N) (g) Overall 0.964 0.11 2.6 0.3 5.8
Averages
Wildfires 0.923 0.11 2.0 0.7
Prescribed forest facilities 0.917 0.10 1.7 13
Controlled facilities - forest materials  Flaming 0.960 0.16 31 12
Smoldering 0.858 0.07 11 13
Overal 0.952 0.15 3.0 1.2
All testsfor forests 0.937 0.13 25 1.2
Scrub and sagebrush 0.951 0.36 6.5 2.7
Grasses 0.941 0.21 35 0.9
All measurements 0.939 0.17 3.1 2.0

@Lacaux et al (1996) propose an empirical model for NO, emissions based on the concentration of nitrogen in the fuel:

NO, (g/km) = 9.5 N(%) - 0.49 [R=0.9]
Sources:
(a) Laursen et al (1992)%
(b) Hegg et a (1990)5
(c) Lacaux et al (1996)™
(d) Jenkins et al (1996)°

(e) Yokelson et al (1996)%
(f) Goode et al (2000)™
(g) Goode et al (1999)%
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Figure4. Relation of NO, emission factor to modified combustion
efficiency for different fuel types

pollution in the southern Californiabasin. The second potential explanation is that the dominant
chaparral consumed in the fires can produce large root nodules in which nitrogen fixation
occurs.® It is also possible that fire temperatures were high enough to produce some oxidation of
atmospheric nitrogen gasto NO,.

5.8 Emission Factorsfor Ammonia

As noted in the previous section, ammonia (NH,) emissions are associated with
smoldering combustion.” > NH, emissions emanate from the degradation of nitrogen
compounds in the fuel materials. Table 27 summarizes measurements of NH, emissions from
firesinthe U.S. and Canada. In addition to the measured emission factor, the table gives the
ratio of NH,; to CO.
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Table 27. Summary of Ammonia Emissions M easur ements

Modified Measured
combustion  Ratioof  Standard emission Standard
efficiency NH;to CO deviation factor deviation
Description and location (MCE) (mole-%) or range (ka/Mq) or range
Forest - wildfire
NC, April 1997 (a) Loblolly pine plantation 2.6
AK (B349), June 1997 (b) Black spruce 0.93 1.2 0.59
AK (B309), June 1997 (b) Black spruce, shrub, bog 0.92 1.2 0.70
AK (B280), June 1997 (b) Black spruce, shrub, bog 0.92 2.6 14
AK (A121), June 1990 (c) Black Spruce 13 0.5 0.64 0.31
AK (A121), June 1990 (d) Black spruce 0.95 0.78 0.69 0.33
OR (Roseburg), Sept. 1987 (e)  Pine, brush, Douglas fir 0.91 31 20 0.9
OR (Silver), Sept. 1987 (€) Douglasfir, True fir, hemlock 0.92 11 0.60 0.5
Forest - prescribed fire
NC, April 1997 (a) Pine, oak brush understory 0.93 11 0.56
BC, Canada, Sept. 1989 (d) Hemlock, deciduous, Douglas fir 0.96 0.58 0.45 0.3
Ont. Canada, Aug. 1989 (d) Paper birch and poplar 0.91 0.00 0.00
Ont. Canada, Aug. 1989 (d) Birch, poplar, mixed hardwoods 0.96 0.00 0.00
MT, Oct. 1989 () Piled forest dash 0.86 12
Ont., Canada, Aug. 1988 (d) Jack pine, white & black spruce 0.93 0.72 0.94 0.55
MT, October 1987 (d) Pine, Douglas fir, true fir 0.93 0.48 0.57 0.28
WA (h) Pine, Douglas fir, truefir 0.07
Ont. Canada, Aug. 1987 () Jack pine, aspen, birch 0.93 0.20 0.10 0.07
Grasses and shrubs - wildfire
AK (B320), June 1997 (b) Grasses, low shrubs 0.93 15 0.77
CA, August 1994 (i) Brush (type 4) 4.2 11
OR, August 1994 (i) Grass, shrub, sage 4.3 16
Grasses and shrubs - prescribed
WY, October 1989 () Sage 0.86 5.3
FL, November 1987 (k) Grass wetlands 0.27 0.35
CA (Lodi I), June 1987 (€) Chaparral, chamise 0.93 0.20 0.09 0.04
CA (Laodi I1), Dec. 1986 (€) Chaparral, chamise 0.93 3.8 1.7 0.8
(continued)



Table 27. Summary of Ammonia Emissions M easur ements (continued)

Modified Measured
combustion Ratioof  Standard emission Standard
efficiency NH;to CO deviation factor deviation
Description and location (MCE) (mole-%) _or range (ka/Mq) or range
Forest Service controlled facility
Broadcast burning (1) Flaming 0.99 14 0.10
Smoldering 0.87 2.3 1.80
Overdl 0.96 2.3 0.57
Crowns (1) 0.91 20 11
Douglasfir litter (m) 0.95 0.48 0.28 0.14
Pine needles (1) Flaming 0.99 0.60 0.04 0.02-0.07
Smoldering 0.83 19 224 22-23
Overall 0.96 1.7 049 0.48-0.50
Ponderosa pine needles (m) Backing fire 0.95 0.73 0.20 0.04
Heading fire 0.97 1.2 0.43 0.065
Simulated forest floor 0.92 2.6 136 124-147
Sage brush (m) Flaming 0.98 1.0 012 0.12-0.12
Smoldering 0.87 1.0 0.85 0.75-0.96
Overall 0.96 1.0 023 0.19-0.28
Grass (m) Flaming 0.97 0.10 0.03 0.21
Smoldering 0.96 1.0 0.37 0.037
Overdll 0.96 0.75 0.31 0.025
Averages
Forest fuels Flaming 0.96 0.36 0.39
Smoldering 0.86 1.63 1.48
Overall 0.93 12 0.9 0.63 0.50
Grasses and sage Flaming 0.97 0.078 0.063
Smoldering 0.90 0.61 0.39
Overall 0.93 2.6 20 0.56 0.60
All measurements 15 1.2 0.70 0.59

Sources:
(a) Yokelson et al (1999)"
(b) Goode et al (2000)7
(c) Nance et al (1993)"

(d) Laursen et al (1992)%®
(€) Hegg et al (1990)”
(g) Griffith et al (1991)™
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Laursen et a (1992) proposed an empirical equation for estimating NH,; emissions based
on the ratio of the concentrations CO to CO,,:*

EF
EFco.

EFys=  5.85x +0.08 (11)

where: EF = Emission factor (kg/Mg fuel consumed)

The correlation coefficient (R?) for this equation (based on 9 data points) was 0.70. FEP
researchers estimated NH, emissions at 1.4% of CO emissions, by weight.* The anmonia
emission models developed by Laursen and the GCVTC can be expressed in terms of the MCE.
We also performed aregression analysis of NH, versus MCE for the datain Table 27. The
resulting three expressions for NH, based on MCE are as follows.™

3.72
Laursen (9 data points, R? = 0.70): EFs = e 3.64 (12)
GCVTC EFys= 15.9-16 x MCE (13)
Table 27 (32 data points, R? = 0.59) EFu; = 12.9 -13.1 x MCE (14)

Figure 5 graphs NH, as a function of MCE for the data given in Table 27. Thefigure also
shows the above three relationships. Laursen’s 1992 relationship gives lower emissions
estimates than the regression based on Table 27. Estimates based on the GCVTC relationship are
similar to the current regression results, but somewhat higher.

5.9 Volatile Organic Compounds
The Consume 2.1 model and AP-42 include emission factors for non-methane

hydrocarbons (NMHC). The FEP used the following empirical relationships to compute NMHC
based on Ward and Hardy (1991):>*

EFyuc = 0.76 + (0.616 x EF¢,, ) +25% (15)
EF, = 42.7-(43.2%xCE) +20% (16)
where: EF = Emission factor (kg/Mg fuel consumed)

For combustion sources, NMHC emissions are generally taken as equivalent to VOC
emissions, which are used in gridded models for ozone and secondary particul ate matter
formation. However, NMHC emission factors for fire are derived from measurements made by

*kk

Laursen’ s relationship was converted to MCE using equation 6 and the molecular
weights of CO and CO,. The above GCV TC equation was obtained by combining the emission
expressions for NH, and CO, and using equation 7 to convert combustion efficiency (CE) to
modified combustion efficiency (MCE).
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Figure5. Relation of NH; emission factor to
modified combustion efficiency

gas chromatography (GC) and flame ionization detection (FID).>* The FID detection system has
areduced sengitivity to oxygenated compounds such as formaldehyde, other aldehydes, and
carboxylic acids.” Therefore, emissions of these compounds may be underestimated in the
overall NMHC emission factors. It should be noted that these oxygenated species are
disproportionately important in the formation of secondary aerosols.”

Recent fire studies have used infrared spectroscopy to measure emissions of individual
VOC. These measurements are summarized in Table 28. The table gives emission factors for
each magjor organic species, aswell astotal organic compound emissions. The total emission
factors are expressed in terms of the mass of carbon. For comparison, Table 28 aso givesthe
emission factor that would be predicted from the earlier empirical equation for NMHC.

Figure 6 plots the test results from Table 28 against CO emissions (CO isused asan
indicator of smoldering conditions). Again, the figure also shows the emission factor that would
be predicted from the earlier empirical equation for NMHC. Figure 6 shows an association
between VOC emissions and CO emissions, with VOC emissions increasing in proportion to
CO.
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Table 28. Recent Measurements of Speciated Volatile Organic Compounds

Total
Modified M easured emission factors (ka/Mq) NMHC
combustion C3&4 predicted
Firetype, location, date, efficiency Meth- Formal- Formic Acetic Ethyl- Acetyl- hydro- from MCE
vegetation type, and source (MCE) anol dehyde acid acid Ethane ene ene carbons Totd (ka/MQq)
Wildfires, Alaska, June 1997 (a)
B280, Black spruce, shrub, bog 0.92 1.44 2.25 104 338 242 0.29 10.8 3.24
B309, Black spruce, shrub, bog 0.92 157 181 121 226 1.79 0.20 8.8 3.24
B320, Grasses, low shrubs 0.93 1.45 2.38 157 295 3.28 0.88 125 2.93
B349, Black spruce 0.93 1.23 1.50 071 161 1.18 0.20 6.4 2.93
Prescribed fires, North Carolina, April 1997 (b)
Mature pine, oak brush 0.93 218 2.2 3.08
Pine, oak brush 0.93 2.03 2.32 117 311 1.26 9.9 3.02
Controlled facility
Broadcast (c) Flaming 0.99 0.10 0.43 0.01 017 0.29 0.23 12 1.10
Smoldering 0.87 0.96 0.87 131 182 136 0.40 6.7 4.66
Overall 0.96 0.30 0.68 0.43 058 0.62 0.30 29 197
Pine needles (c) Flaming 0.99 0.05 0.26 0.17 020 0.20 0.21 11 1.07
Smoldering 0.83 1.59 1.26 8.76 6.06 3.07 1.13 219 6.05
Overall 0.96 0.59 0.42 243 126 0.73 0.40 5.8 2.06
Sagebrush (c)  Flaming 0.98 0.47 0.08 0.36 0.37 13 1.38
Smoldering 0.87 0.44 036 043 0.50 1.7 4.75
Overall 0.97 0.44 012 0.38 0.36 13 1.84
Slash (c) Flaming 0.99 0.13 0.03 0.18 0.3 0.95
Smoldering 0.86 131 1.50 0.48 3.3 5.16
Overall 0.97 0.35 0.23 0.22 0.8 1.60
(continued)
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Table 28. Recent Measurements of Speciated Volatile Organic Compounds (continued)

Total
Modified M easured emission factors (kg/MQ) NMHC
combustion C3&4 predicted
Fire type, location, date, efficiency Meth- Formal- Formic Acetic Ethyl- Acetyl- hydro- from MCE
vegetation type, and source (MCE) anol __dehyde acid  acid Ethane ene ene  carbons Total (ka/Mq)
Controlled facility (continued)
Crowns, Overal (c) 0.91 3.18 2.75 114 6.90 199 316 1.29 204 3.55
Simulated forest floor, Overall (c) 0.92 2.10 2.29 5.06 151 159 0.72 13.3 3.36
Grass, Overal (d) 0.96 0.49 070 008 118 0.41 0.08 0.21 3.2 1.90
Douglas Fir litter, Overall (d) 0.95 0.82 090 220 111 5.0 231
Ponderosapine Backing fire 0.95 0.55 1.28 0.15 0.17 2.2 231
needles (d) Heading fire 097 059 1.38 065 0.10 2.7 1.69
Averages (kg/Mg)
Flaming 48+
4.0
Smoldering 8.4+
8.0
Overdl 6.8+
53
Ratio to CO emissions (weight-%0) 85+
4.7

Sources:
(a) Goode, et a (2000)"
(b) Yokelson et al (1999)"
(c) Yokelson, et al (1996)%
(d) Goode et al (1999)>°

49



25
Average VOC-to-CO ratio = 0.085
Standard devi ation = 0.047
O
S 20 ©
<
o
X
O
Q 15
[ o
e
S A
~ 10
o
5 A
8
§o
€ .-
w Go - O
Q.--- <& o
0”0, O
0 & \ \ \ \
0 50 100 150 200
Car bon nonoxi de emi ssion factor (kg/ M)
- Prediction for NVHC
Prediction fromVOC-to-CO ratio
s Data fromw ldfires
<& Data from prescribed fires
O Data from Forest Service |aboratory

Figure 6. Relation of total VOC to carbon monoxide emissions
and comparison to predicted NMHC

Total VOC emissions calculated from speciated tests are, on average, somewhat higher than
NMHC emissions predicted from the earlier empirical relationship.

5.11 Emission Factorsfor Sulfur Dioxide

Sulfur compounds in fuel materials produce SO, emissions from wild and prescribed
fires. These emissions are minor in comparison with other pollutants, and SO, emission factors
arenot included in fire models or in AP-42. Table 29 summarizes SO, data from controlled tests
carried out by the Forest Service and the California Air Resources Board (CARB). For each test,
the table gives the MCE, emission factor, and ratio of SO, to CO,. For the CARB tests, SO,
emissions are also expressed as a fraction of total sulfur in the fuel material.
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Table29. Summary of SO, Emissions M easurements

Modified SO, asa
combustion Emisson Rangeor fractionof Ratioto
efficiency factor standard fuel sulfur  CO,

Fuel material Firetype (MCE) (kg/Mg)  deviation (%) (mole-%)
Forest service controlled facility, Y okelson et al (1996)
Broadcast Flaming 0.989 0.44 0.02
Smoldering 0.874 0.06 0.00
Overal 0.961 0.43 0.02
Crowns Overall 0.910 14 0.07
Pine needles Flaming 0.990 21 1.73-2.56 0.08
Overal 0.958 14 0.99-1.73 0.05
Sagebrush Flaming 0.980 18 1.66 - 1.99 0.08
Overall 0.965 14 1.18-1.70 0.06
Simulated forest floor Overall 0.916 21 1.66 - 2.61 0.10
Slash Flaming 0.994 12 0.05
Smoldering 0.858 3.2 0.16
Overall 0.973 12 0.05
Californiawind tunnel, 1992 - 1993, Jenkins et al (1996)
Almond tree prunings Overall 0.969 0.06 82.7 0.02
Douglas fir slash Overall 0.958 0.05 99.6 0.02
Ponderosapineslash  Overall 0.957 0.03 128 0.01
Walnut tree prunings  Overall 0.948 0.21 93.8 0.07
Average 0.949 1.04 1.10 0.05
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Figure 7. Relation of SO, emission factor to
modified combustion efficiency

The Californiatests show that SO, emissions account for al of the sulfur in the fuel,
within the uncertainty of the measurements. However, other studies have detected small amounts
of other sulfur compounds such as carbonyl sulfide (COS).2 As Table 29 shows, the average
emission factor is about 1 kg-SO,/Mg of fuel burned. The emission factor varies considerably
(standard deviation of 0.93), probably because of variability in fuel sulfur content. Data on sulfur
content is not generally available for actual wildfires or prescribed fires. Asshown in Figure 7,
SO, emissions are not correl ated with modified combustion efficiency (R? = 0.06).

5.12 Hazardous Air Pollutants

Asnoted in Section 5.9, emission measurements are available for a number of individual
organic species emitted from fires. These species include formal dehyde and methanol, which are
hazardous air pollutants (HAPs) regulated under Title Il of the Clean Air Act. Table 30
summarizes available data for oxygenated volatile organic HAPs: methanol, formaldehyde, and
vinyl acetate. Table 31 summarizes data for benzo(a)pyrene and total polycyclic aromatic
hydrocarbons (PAH). Table 32 summarizes datafor volatile aromatic HAPs: benzene, toluene,
xylenes, styrene, phenol, cresols, and naphthalene. Table 33 summarizes data for chlorinated
HAPs. methyl chloride, methylene chloride, carbon tetrachloride, trichloroethane, and
perchloroethane. Table 34 summarizes data for other HAPs: hexane, butadiene, acetonitrile, and
acrylonitrile. Table 35 summarizes datafor HAP metals. cadmium (Cd), chromium (Cr),
manganese (Mn), nickel (Ni), and lead (Pb).
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Table 30. Measured Emissions of Volatile Oxygenated HAPS

Modified M easured emission factors (kg/M @)
combustion Formal- Vinyl
Fire type efficiency (MCE)  Methanol dehyde acetate
Wildfires, Alaska, June 1997 (a)
B280, Black spruce, shrub, bog 0.92 1.44 2.25
B309, Black spruce, shrub, bog 0.92 157 181
B320, Grasses, low shrubs 0.93 1.45 2.38
B349, Black spruce 0.93 1.23 1.50
Prescribed fires
North Carolina Pine, oak brush (b) 0.93 2.03 2.25
Wyoming, sage (c) 0.86 0.99
Montana, piled forest slash (c) 0.84 8.17
Controlled facilities
Broadcast (d) Flaming 0.99 0.10 0.43
Smoldering 0.87 0.96 0.87
Overall 0.96 0.30 0.68
Pine needles (d) Flaming 0.99 0.05 0.26
Smoldering 0.83 1.59 1.26
Overall 0.96 0.59 0.42
Sagebrush (d) Flaming 0.98 0.47
Smoldering 0.87 0.44
Overall 0.97 0.44
Slash (d) Flaming 0.99 0.13
Smoldering 0.86 131
Overall 0.97 0.35
Crowns, Overall (d) 0.91 3.18 2.75
Simulated forest floor, Overall (d) 0.92 2.10 2.29
Grass, Overdl (e) 0.96 0.49 0.70
Douglas Fir litter, Overall (€) 0.95 0.82
Ponderosa pine needles (€) 0.95 0.59
Ponderosa pine (f)
Wood Flaming 0.75 0.05
Smoldering 4.30 3.00
Needles Smoldering 4.90 2.00
Bark Self sustaining 1.00 0.50
Smoldering 1.10 1.00
Litter Self sustaining 0.60 0.50
Smoldering 2.00 0.70
Duff 0.55 0.30
0.69 0.15
Humus Smoldering 0.09
Average emission Flaming 15+18 14+1.0 0.30+0.20
factors Smoldering 23+19 0.97+0.40 19+12
Overdll 17+18 154091 0.91+0.98
Average ratios to CO (weight %) 099+093 16+1.0 na

Sources:
(a) Goode, et a (2000)"
(b) Y okelson et a (1999)™
() Griffith (1991)™
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Table 31. Measured Emissions of Benzo(a)pyrene and Total PAH

Emission factors Ratios to fine
(o/Mgfud) particul ate matter
(/Mg PM,)
Description BaP PAH BaP PAH
Slashed pine litter, combustion chamber (a)
Heading Flaming 0.029 5.6 2.8 559
Smoldering 0.10 27 12 327
Backing Flaming 0.40 18 68 3,077
Logged units, Western Oregon  Flaming 0.32 28
(b) Smoldering 0.25 16
Wind tunnel (c)
Douglasfir slash Flaming 0.035 14 21 307
Ponderosa pine slash Flaming 0.050 6.5 4.2 273
Smoldering 0.000 21 0.0 167
Overall 0.039 9.7 3.2 248
Almond prunings Flaming 0.028 6.8 16 157
Walnut prunings Flaming 0.006 8.5 0 219
Average 0.13 13 14 699
Standard deviation 0.15 7.5 22 1,056
(a) McMahon and Tsoukalas (1978)%
(b) Ward and Hardy (1984)%

(c) Jenkins (1996)%



Table32. Measured Emissions of Volatile Aromatic HAP

Modified o
combustion Emission factor (a/kq)
efficiency
Fire type (MCE) Benzene Toluene Xylenes Styrene Phenol Cresols  Naphthalene
Almond prunings, pilefire (a) 0.97 0.030 0.020 0.003 0.010 0.011 0.009 0.007
Douglasfir dash, pilefire (a) 0.96 0.20 0.16 0.14 0.093 0.014
Ponderosa pine slash, pile fire (a) 0.96 0.44 0.35 0.056 0.27 0.25 0.20 0.017
Walnut prunings, pilefire (a) 0.95 0.016 0.011 0.002 0.007 0.018
Grasses, wood, hay, pine needles 0.93 0.34 0.24 0.12
(b)
Ponderosa pine (¢)
Wood Flaming 0.020 0.070
Smoldering 0.85 0.110 0.086
Bark Self sustaining 0.120 0.090
Smoldering 0.29 0.11
Litter Self sustaining 0.070 0.060
Smoldering 0.32 0.13
Duff Self sustaining 0.080 0.041
Smoldering 0.20 0.079
Needles Smoldering 0.35 0.099
Humus Smoldering 0.040
Average emission factors
Flaming 0.094 0.073
Self sustaining 0.090 0.064
Smoldering 0.24 0.10
Overal 0.20+0.19 0.16+0.15 0.058+0.056 0.11+0.13 0.15+0.12 0.08+0.05 0.014+0.005

Average ratio to CO (weight %)

0.38+0.40 0.29+0.32  0.096+0.08 0.22+0.29 0.26+0.29 0.16+0.26  0.026+0.01

Sources:
(@) Jenkins, et al (1996)%°
(b) Lobert, et al (1991)%
(c) McKenzie, et al (1995)%
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Table 33. Measured Emissions of Chlorinated HAPs

Modified Emission factor (g/kq)
combustion Carbon
efficiency Methyl Methylene tetra- Trichloro-  Perchloro-
Fire type (MCE) chloride chloride chloride ethane ethane
Prescribed fire
Pine and fir, Montana, October 1987 (a) 0.93 0.015
Pine and spruce, Ontario, August 1988 (a) 0.93 0.021
Birch and poplar, Ontario, August 1989 (a) 0.91 0.017
Birch, poplar, and hardwood, Ontario, August 1989 (a) 0.96 0.013
Wildfire
Black spruce, Alaska, June 1990 (a) 0.95 0.043
Savannah, Ivory Coast, February 1991 (b) 0.083 0.0073 0.0002 0.0009 0.00001
Controlled facility
Grasses, wood, hay, straw, pine needles (c) 0.93 0.18
Average 0.94 0.053+0.06 0.0073 0.0002 0.0009 0.00001
Sources:
(@) Laursen et al (1992)%°
(b) Rudolph et al (1995)%
(g) Lobert, et al (1991)%
Table 34. Measured Emissions of Other Organic HAPs
Modified o
Combustion combustion Emission factor (g/kg)
efficiency  efficiency Buta- Aceto- Acrylo-
Firetype (CE) (MCE) Hexane diene nitrile nitrile
Ponderosa pine slash, pilefire (a) 0.95 0.96 142
Grasses, wood, hay, straw, pine needles (b) 0.91 0.93 0.13 0.223 0.029

Sources:
(@) Jenkins, et al (1996)%°
(b) Lobert, et al (1991)3
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Table35. Measured Emission Ratiosfor HAP Metals

PM,5
Ratio to PM, - (%) emissions
Description Cd Cr Mn Ni Pb (kg/MQ)
Prescribed fires, Pacific NW (a)
Chaparral Flaming 0.055 0.000 0.010 0.002 0.425 20
Smoldering 0.015 0.000 0.014 0.001 0.082 40
Conifer Flaming 0.113 0.038 0.009 0.154 7
Smoldering 0.024 0.020 0.010 0.078 14
Crane piled Flaming 0.001 0.000 0.019 0.000 0.007 4
Smoldering 0.040 0.001 0.018 0.000 0.003 4
Hardwood Flaming 0.169 0.018 0.023 0.024 0.211 6
Smoldering 0.066 0.003 0.011 0.003 0.031 13
Ponderosapine Flaming 0.045 0.003 0.016 0.005 0.068 6
Smoldering 0.014 0.000 0.008 0.002 0.019 16
Tractor piled Flaming 0.066 0.000 0.045 0.011 0.234 4
Smoldering 0.015 0.000 0.005 0.027 0.010 4
Prescribed chaparral fires, Los Angeles (b)
Lodi 1 Flaming 0.010 0.000 0.300 7.7
Lodi 2 Flaming 0.010 0.000 0.600 7.7
Lodi 3 Flaming 0.030 0.000 0.370 55
Smoldering 0.010 0.000 0.080 7.7
Averages (with Flaming 0.067 0.022 0.022 0.006 0.263
standard deviations) +0.062 +0.045 +0.013 +0.008 +0.184
Smoldering 0.030 0.005 0.012 0.006 0.043
+0.034 +0.006 +0.012 +0.006 +0.074
Overal 0.049 0.014 0.018 0.006 0.17
+0.048 +0.032 +0.011 +0.009 +0.18
() Ward and Hardy®
(b) Ward and Hardy®®
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5.13 Summary of Available M ethods for Estimating Pollutant Emission Factors

Tables 36 and 37 outline the options and methods available to estimate emission factors,
and summarize the advantages and disadvantages associated with each option. Table 36
addresses CO and PM,, .. Table 37 addresses the remaining pollutants, which are often estimated
from CO and PM,, ;.

Tables 38 and 39 and summarize emission factors for criteria and other pollutants.
Table 38 lists CO, PM, . and PM,, emission factors for specific fuel types and fire configurations.
These factors are taken from the Consume emission model.** Table 39 lists general emission
factors and empirical relationships for criteriaand other pollutants. As many options as possible
are provided for emission factors, for instance separate emission factors for flaming and
smoldering, as well as combined fire-average factors.
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Table 36. Optionsfor Estimating CO and PM, . Emission Factors

= =) Increasing level of detail = =)
Options
(6(0) Regional defaults (AP-42) | Separate emission factors | Fuel consumption models | Fuel consumption models | Emission factors for
for flaming and (FOFEM, Consume, etc.) | with input from land specific fuel type
smoldering with default inputs managers
PM 25 13 ” 13 ” 4
Advantages || Least effort required Improved accuracy Improved accuracy with | Improved accuracy May improve accuracy if

little additional effort

appropriate factors are
available

Disadvantages

Least accuracy

Relative amounts of
flaming and smoldering
combustion must be
known

Default inputs may not
provide desired accuracy

Considerable effort
required

Factors would be based on
limited measurements,
considerable effort
required
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Table 37. Optionsfor Estimating Emission Factorsfor EC, OC, NO,, NH;, VOC, SO,, and HAPs

-0 =) Increasing level of detail -0 =)
Options
EC Overall average factor Separate factors for Relationto PM, .
flaming and smoldering
ocC Separate relation for
flaming and smoldering
NO, and Separate factors for Relation to MCE or CO Relation to nitrogenin Emission factors for
NH, flaming and smoldering, fuel, separate relations for | specific forest type
and for forests, grass, and flaming and smoldering
scrub
VOC Relationto CO Emission factors for
specific forest type
SO,
Volatile Average factor Relation to CO
HAPs
Particulate || Relationto PM, ¢
HAPs
Advantages Least information required | Improved accuracy Improved accuracy with | Better correlation May improve accuracy if

little additional effort

appropriate factors are
avalable

Disadvantages

Least accuracy

Information required on
breakdown between
flaming and smoldering

Information required on
CO, MCE, or CE and
PM, .

Information required on
fuel nitrogen

Factors would be based
on limited measurements,
considerable effort
required
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Table 38. Summary of Emission Factorsfor Specific Fuelsand Configurations

Emission factor (g/kg)
Fuel and fire configuration Flaming Smoldering  Fire average
CO
Broadcast-burned dash
Douglas fir / hemlock 72 232 156
Hardwoods 46 183 128
Ponderosa/ lodgepole pine 45 143 89
Mixed conifer 27 137 101
Juniper 41 125 82
Pile-and-burn dash
Tractor-piled 22 116 77
Crane-piled 51 116 93
Average piles 85
Broadcast-burned brush
Sagebrush 78 106 103
Chaparral 60 99 77
PM,5
Broadcast-burned slash
Douglasfir / hemlock 75 131 10.9
Hardwoods 6.1 11.7 11.2
Ponderosa/ lodgepole pine 5.0 171 11.0
Mixed conifer 4.8 11.8 94
Juniper 7.0 11.9 94
Pile-and-burn dash
Tractor-piled 33 7.0 54
Crane-piled 5.9 155 11.7
Average piles 8.6
Broadcast-burned brush
Sagebrush 14.6 13.2 134
Chaparral 6.8 10.8 8.7
Wildfires - average 13.5
PM o
Broadcast-burned dash
Douglas fir / hemlock 8.3 13.8 11.6
Hardwoods 7.0 13.0 125
Ponderosa/ lodgepole pine 5.8 184 125
Mixed conifer 59 12.7 10.3
Juniper 7.7 12.9 10.2
Pile-and-burn dash
Tractor-piled 37 8.0 6.2
Crane-piled 6.8 16.6 12.8
Average piles 9.5
Broadcast-burned brush
Sagebrush 15.9 14.8 15.0
Chaparral 8.3 124 101
Wildfires - average 15.0

Source; Consume 2.1 emission model.#
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Table39. Summary of General Emission Factorsand Empirical Relationships

Standard
Average emission factors - with standard deviations (kg/MQ) deviation
Flaming Smoldering Overall Empirical relationships or R?
CO, 1,650 1,393 1,521 1833 x CE 5
CO 75 213 144 961 - (984 x CE) +10
CH, 3.8 9.9 6.8 42.7-(43.2% CE)
PM, ¢ 7.3 17 12 67.4-(66.8x CE)
PM 8.6 20 14 1.18 x PM,¢
Elemental carbon 0.73 +0.50 0.77 £1.0 0.73 +0.70 0.072 x PM, ¢ +63
Organic carbon 3.7 +22 86 7.4 58 5.7 0.54 x PM, ¢ +14
NO,
Forest fuels 31 1.2 11 #13 25 1012
Grasses 35 %0.90
Scrub and sage 3.0 6.5 +2.7
Overal 31 +20 (16.8xMCE)-13.1 R?=0.11
9.5 N(%) - 0.49 R*=0.9
Ammonia
Forest fuels 0.36 +0.39 16 0.7 0.63 +0.50 0.0073 x CO +75
Grasses and scrub 0.078+0.063 0.61 +0.34 0.56 +0.60 0.016 x CO +77
VOC 4.8 +4.0 84 180 6.8 15.3 0.085 x CO +55
SO, 0.83 +0.76
(Continued)
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Table 39. Summary of Emission Factorsand Empirical Relationships (continued)

Standard
Average emission factors - with standard deviations (kg/MQ) deviation
Flaming Smoldering Overall Empirical relationships or R?
HAPs

Methanol 15 £18 23 £19 17 18 0.0099 x CO +94
Formaldehyde 14 1.0 0.97 +0.4 15 0.9 0.016 x CO +63
Vinyl acetate 0.30 +£0.20 19 #12 0.91 +0.98
Benzo(a)pyrene 0.00013+0.00015
Total PAH (excluding naphthalene) 0.01£0.075
Benzene 0.20 +0.19 0.0038 x CO +105
Toluene 0.16 +0.15 0.0029 x CO +110
Xylenes 0.058+0.056 0.00096 x CO +83
Styrene 0.11 +0.13 0.0022 x CO +132
Phenol 0.15 +0.12 0.0026 x CO +112
Cresols 0.08 +0.05 0.0016 x CO +163
Naphthalene 0.014+0.005 0.00026 x CO +38
Methyl chloride 0.053+0.060
Methylene chloride 0.0073
Carbon tetrachloride 0.0002
Trichloroethane 0.0009
Perchloroethane 0.00001
Hexane 14
Butadiene 0.13
Acetonitrile 0.22
Acrylonitrile 0.029
Cd 0.00049 x PM,, ¢ +100
Cr 0.00014 x PM,, ¢ +229
Mn 0.00018 x PM,, ¢ +61
Ni 0.00006 x PM,, ¢ +150
Pb 0.0017 x PM,, . +106
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6. Temporal Resolution and Other
Dispersion Model I nputs

Emissions inventories for wildland fire are needed for dispersion modeling efforts to
predict the ambient impacts of fire and other emission sources. These models generally fall into
two categories. Gaussian models used to predict local impacts, generally for short time frames;
and gridded atmospheric simulation models used to predict regional or national scale ambient
impacts. These models require information on the temporal distribution of emissions, on the
specific location of emissions, and on the height and buoyancy of emissions. Detailed Gaussian
modeling of an actual fire requires hourly emissions estimates to match hourly meteorological
data. Gridded models generally use seasonal alocation factors, combined with hourly allocation
factorsfor typical daysin each season. These allocation factors can be applied at the national,
state, or county level. Gridded models can also use day-specific emissions estimates and day-
specific hourly factors to simulate specific episodes.

6.1 Available Databases and Tools

Table 40 summarizes options for determining the temporal distribution of emissions, and
lists advantages and disadvantages associated with each option. Detailed fire incident databases
maintained by the Forest Service, the DOI, and many states (discussed in Chapter 2) provide a
starting point for calculating seasonal allocation factors at various levels of geographic detail.
These databases can also be used to produce emissions estimates for specific fires, however they
do not provide enough detail to estimate daily or hourly emissions.

Daily and hourly emissions can be estimated using the Emissions Production Model
(EPM-2) developed by the Forest Service.®® EPM-2 incorporates al gorithms from the FOFEM
and Consume emission models, as well as the Briggs plume rise algorithm. EPM-2 simulations
can be used to develop hourly allocation factors for gridded models and hourly emissions
estimates for Gaussian models. EPM-2 also estimates the heat release rate and resulting
buoyancy of fire emissions, and can be linked to a number of Gaussian dispersion models. The
PLUMP is another model that can be used to estimate plume rise for fire emissions.®’

Source apportionment techniques can aso be used to estimate the ambient impact of fire
emissions, either independently or in conjunction with atmospheric dispersion modeling. These
techniquesinvolve detailed chemical analysis of ambient particulate matter to identify
components that are characteristic of fire emissions, such as particul ate elemental and organic
carbon. Radiocarbon dating can aso be used to estimate the breakdown of this carbon between
fossil fuel sources (coal, oil, and natural gas) and wood combustion.

6.2 Previous|nventories
The FEP estimated seasonal fire emissions based on a survey of land managers.* EPA’s

NEI is often used in gridded modeling studies, which use national average seasonal and hourly
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allocation factors. These factors have not been updated to reflect the information availablein
large scale fire incident databases.
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Table 40. Optionsfor Determining the Temporal Distribution of Fire Emissions

=) =)

Increasing level of detail

=) =)

Option

Default seasonal and/or
hourly profiles

Allocation using actual
seasonal fire frequencies

Fire-specific emission calculations

Fire-specific hourly modeling
with the Emission Production
Model (EPM)

Advantages

Lowest level of effort

Better detail for predicting
ambient impacts and model
validation efforts

Better detail for short term or local
modeling.

Allows determination of the
effectiveness of alternative
burning strategies in reducing
emissions or impacts

Most detail for local modeling

Level of effort is manageable
for small scale studies such
asasingle largefire

Disadvantages

Lowest level of detail

Considerable data
manipulation required to
incorporate details for
specific regions and target
years

More effort required

Considerable effort and data
mani pulation would be
required for alarge scale
inventory
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7. Structure of the Fire Emissions I nventory

Emissions inventories for wild and prescribed fire must feed into national, regional, and
state-level emissions inventories that are developed for other manmade and natural emission
source categories. The resulting comprehensive emissions inventories are used in modeling
studies and other assessments of NAAQS attainment, regional haze, and other air pollution
problems. The methodologies used for other emission source categories provide useful examples
that could be used in fire inventories.

7.1 Point and Area Source lnventories

Emissions inventories are typically divided into point, area and mobile source
components. Point sources are included in the inventory as discrete emission points. Area and
mobile source categories represent aggregates of emission sources that are too small and too
numerous to be included individually in the point source inventory. Mobile source inventories
cover highway vehicles and off-road vehicles and engines. Area source inventories estimate total
emissions at the county level for various consumer, commercial, and industrial activities. For the
nationa inventory, the threshold for facilities to be included in the point source inventory instead
of the area source inventory has historically been 100 tons of emissions per year for any criteria
pollutant. Lower cutoffs are used for state and local criteria pollutant inventories and for
hazardous air pollutants (HAPS).

Fire inventories could also be divided into more detailed and |ess detailed components.
In this framework, detailed and rigorous emissions estimates could be developed for large fires
and fires near urban areas or Class| areas. (By analogy, criteria pollutant inventories typically
are more detailed for urban areas and for larger sources.) Smaller fires could be aggregated to
county or grid level estimates. Subcategories could aso be used for various land ownership and
administrative classifications.

7.2 Top-down and Bottom-up Approaches

For large scale emissions inventories, the EPA has recently been using a combination of
top-down and bottom-up approaches, asillustrated in Figure 8. Initialy, the EPA develops
county-level area source emissions estimates on a national scale using generalized methodologies
and information. This“default” inventory is suitable for some large-scale regional analyses and
screening analyses. EPA aso provides general guidance for states and local agencies to develop
area sources emissions estimates through the Emissions Inventory Improvement Program (EIIP).
In order to analyze local air pollution problems, states and local agencies may develop smaller
scale inventories that are more rigorous and detailed than the national default inventory.
Periodically, these more accurate inventories are incorporated into the default inventory, and the
national inventory isimproved.

Again, asimilar approach can be used for fire inventories, where a national default
inventory could be developed for large scale and screening analyses. States, local agencies, and
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tribes could then provide improved inventories which would be substituted into the national
inventory for specific geographic areas or time periods.

Top-Down National
Emissions Inventory \

Review by States or
other interested parties

v

States submit inventory
l revisions or substitutions

Revised Emissions
National Inventory

Figure 8. Incorporation of detailed local information into
a default top-down emissionsinventory

7.3 Appropriate Levelsof Precision for Firelnventories
7.3.1 Typical Precision of Air Quality Model I nputs

Emissions inventories for fire may be used in both plume models (or Gaussian models)
and grid-based models (Eulerian models). Plume modeling generally requires detailed
information on the emissions source, including an exact location, information on the surrounding
terrain, and hourly emissions estimates. The plume modeling approach is primarily used for
local modeling of large emission sources that are found in the point sources inventory.

Most modeling studies of regional haze will use grid-based models. Emissions inputs for
regional grid models typically are alocated to grid cells measuring 50 to 60 kilometers on a side.
Smaller grid resolutions (down to 2 km) are used for more detailed local modeling studies. Grid-
based models generally use a 1-hour temporal resolution. However, the majority of emissions
inputs are expressed in terms of hour-by-hour emission rates over the course of a set of “typical”
or episode specific days. Thistemporal resolution is designed to reflect the differencein
emissions that occurs for most categories of emissions on weekdays versus weekends and in the
different seasons. For large emission sources (e.g., utility boilers), episode-specific emissions
estimates may be developed which would reflect actual activity patterns or impacts of actual
meteorological conditions on emissions.

The standard approach of allocating emissions to a set of typical day-types (spring

weekday, summer weekday, etc.) is not well suited to fire emissions. This approach requires a
routine which is not present in the case of fire. That is, wildfires or prescribed firesin a
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particular grid or county cannot be represented as seasonal averages. Wildfire typically have a
duration of aweek to a month, but emissions may vary by several orders of magnitude during the
course of aparticular fire. Prescribed fires may be as short as aday.

7.3.2 Previous Recommendations on Fire Inventory Requirements
Sandberg and Peterson prepared a White Paper in 1997 outlining recommendations for

estimating fire emissions in SIP emissions inventories.? The White Paper defines three levels of
inventory precision:

. Default level - based only on information that is currently available

. Level | - abasic level that would be considered a national model for SIP
development

. Level Il - adetalled level, where more precise analysisis needed

Table 41 summarizes the levels of precision recommended in the White Paper for Level | and |1
inventories.

Table4l. Overview of the Levelsof Inventory Precision Suggested in the White Paper
on SIP Emissions I nventory Development for Wildland Fire

Suggested minimum

Parameter precision (Level 1) Options for increasing precision (Level 11)
Size cutoff Prescribed fire: 100 tonsof  de minimus may vary by state or other
biomass consumed administrative division

Wildfire: 10 acres or 100
tons of biomass

consumed
Time period year season, month, day
Location administrative area county, latitude and longitude, watershed
Areaburned acreage stratify by fuelbed description
Fuelbed description grass, brush, forest floor, Prescribed fire: vegetative type, fuel profile,
forest crowns or slash fuel profile by loading category (high,
medium, or low), inventoried fuel loadings
Wildfire: acreage burned by date, fuelbed, fire
intensity (severe, moderate, or low), etc.
Fuel consumed expert estimate site specific information for driving predictive
(percent or mass/acre) algorithms
Emission factor burn average (based on site specific information to alow consumption
tabular value) to be apportioned into flaming and smoldering

phases

Source: Sandberg and Peterson?
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Appendix A.
Methodsfor Mitigating Emissions’

There are two general types of control options for air pollutant emissions from prescribed
burns: those that reduce the total amount of emissions, and those that reduce the impact of
emissions on smoke-sensitive areas (al so known as smoke management techniques).

A.1 Emission Reductions Techniques

There are four major factors that influence the amount of emissions produced: area
burned, fuel loading, fuel consumption, and combustion efficiency. It is helpful to group
emission reduction techniques by the method by which they reduce emissions.

A.1.1 Reducingthe Area Burned

Reducing the area burned is one way to reduce emissions from burning, if the technique
used reduces burning in the long term. (Caution must be taken so that reducing the area burned
does not actually result in delaying the release of emissions either through prescribed burning at a
later date or as aresult of wildfire.) Alternativesto fire are least applicable when fire is needed
for ecosystem or habitat management, or forest health enhancement. In some areas and for some
vegetation types, where fire is used to eliminate an undesirable species or dispose of biomass
waste, aternative methods can be used to accomplish effects similar to what burning would
accomplish. Examples of specific techniquesinclude:*

. Mechanical treatments and reduced fuel loading: These treatments may include
whole tree harvesting and/or yarding of unmerchantable (YUM), harvesting the
small and defective wood to tighter specifications, firewood sales, encouraging
the production of pulp, paper, and specialty forest products, and the use of grazing
or browsing animals. The removal of fuels may result in sufficient treatment so
that burning is not needed. However, mechanical treatments may interfere with
land management objectives if they cause undue soil disturbance or compaction,
stimulate alien plant invasion, impair water quality, or remove material needed for
nutrient cycling or small animal habitat. A difficulty with mechanical treatments
isthat most require good road access which may not be available.

. Chemical treatments: These treatments may produce effects similar to fire when
the objective is to reduce or remove live vegetation and/or species from asite.
Certain chemical treatments have their own set of ecological and public-relations
problems.

. Concentration burning is the burning a subset of alarger area.

" This appendix is taken mainly from a paper by Peterson and Leenhouts (1997).
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. Burning fees can be charged per acre burned or per ton emitted to discourage
burning on private or public lands.

A.1.2 Reducing Fuel Loading

Reducing fuel loading prior to burning resultsin less fuel being available to burn and
therefore less emissions. Reducing fuel loading is accomplished by physical removal of fuels
prior to burning, or scheduling burning before new fuels appear.

. Mechanical fuel removal: This strategy is basically the same as mechanical
treatments in the previous section, except that in this case, the treatments are
followed by fire. With increased utilization, burning is done more safely and at
lower cost because there are fewer large pieces to extinguish. This option aso
resultsin additional site preparation and less risk of escaped slash fires; nutrients
are conserved, the organic layer is preserved, and the mineral soil remains
unaltered. The effectiveness of thistechnique is marginal during very dry or very
wet weather.> 2345

. More frequent burning: Frequent, low-intensity fires can prevent unwanted
vegetation from becoming established on the forest floor. If longer fire rotations
are used, this vegetation has time to grow, resulting in extrafuel loading at the
time of burning. This technique generally has positive effects on land
management goals sinceit islikely to result in fire regimes that more closely
mimic natural fire frequencies.! This option also releases plant nutrients and
minimizes overstory damage.®

. Burning when thereisless fuel: Burning can sometimes be scheduled for times of
year before new fuels appear. Brushy cover loose their leavesin the fall and
increase the amount of litter in the fuel bed. Burning before the fall can reduce
the amount of fuel available in certain cover types. Burning before greenup in
brushy and/or herbaceous fuelbed cover types aso resultsin less fuel being
available for burning.>*

A.1.3 Reducing Fuel Consumption

Emission reductions can be achieved when significant amounts of fuel are at or above the
moisture of extinction, and therefore unavailable for combustion. However, this strategy may
leave large amounts of fuel in the treated area to be burned in the future. Long-term emission
reductions are achieved only if the fuels left behind can be expected to decompose or be
otherwise sequestered at the time of subsequent burning. Reducing fuel consumption reduces
fireline intensity, crown and foliage scorch, and cambium injury, thus reducing flora and fauna
mortality.
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Burning when there is a high fuel-moisture content: Usually litter and duff burns
inefficiently; if it ismoist, the amount that is consumed can be reduced. The
necessary conditions usually occur in the Spring where snow has covered the
ground all winter, or within afew days of asoaking rain. Large-diameter fuel
consumption and smoldering can also be reduced if it is burned when it has a high
fuel moisture content. This method can be effective with both natural and activity
fuels. Burning logging sites within 3 or 4 months after the timber harvest before
the large fuels cure can also reduce emissions. One drawback to this option is that
the Spring-like conditions required usually occur on alimited number of days
each year. It also must be noted that athough clean piles burn more efficiently,
dirty piles can create more problems with smoldering.t %4456

Massignition: Mass ignition occurs though a combination of dry fine fuel and
very rapid ignition, such as through the use of a helitorch. When done correctly,
mass ignition creates a very strong column of convection current which draws
much of the heat away from the fuelbed, preventing drying and preheating of
larger, moister fuels. Thefire dies out shortly after the fine fuels fully consume
and thereislittle smoldering or consumption of the larger fuels and duff, reducing
the amount of fuel consumed. The conditions needed are only possible in open
areas with broadcast activity fuels (generally clearcuts). In addition to reducing
emissions, mass ignition also reduces the risk of slash-fire escapes.” 24>

Rapid mop-up: Rapidly extinguishing afire can reduce fuel consumption and
smoldering emissions somewhat, although this option is not particularly effective
and can be costly. Rapid mop-up primarily effects smoldering consumption of
large-woody fuels and duff. This option can reduce the risk of slash-fire
escapeS.l’ 2,4

A.1.4 Increasing Combustion Efficiency

Combustion efficiency can be increased by shifting the majority of the consumption away
from the smoldering phase and into the more efficient flaming phase. Increasing combustion
efficiency can reduce emissions, except for NO, and CO,. It aso resultsin anincreased fireline
intensity, which can cause an increase in microorganism mortality.*

Burning fuelsin piles or windrows: Fuels concentrated into piles or windrows
generate greater heat and burn more efficiently. Concentrating fuels into piles and
windrows generally requires the use of heavy equipment which can negatively
impact soils and water quality. Piles and windrows also cause temperature
extremes in the soils directly underneath and can result in areas of soil
Sterilization.

Backing fires: Backing fires cause more flaming combustion, which burns more

efficiently and causes less pollutant emissions than smoldering combustion. In
the time that the backing fire passes, most available fuel is consumed, so thefire

80



quickly dies out with very little smoldering combustion occurring. Backing fires
in fine fuels a'so concentrate the heat near the root collars of weed species. This
option requires moderate winds and very dry fine fuels* *°

Rapid mop-up: Rapidly extinguishing afire results in some minor reductionsin
smoldering consumption.* See description above.

Mass ignition with a shortened fire duration: With massignition the fire dies out
shortly with little smoldering or consumption of the larger fuels or duff.* See
description above.

A.2 Smoke Management Techniques

The purpose of smoke management techniques is to minimize the impacts of smoke on
urban and residential areas, heavily-used recreation areas, Class | areas, and other sensitive areas.
Smoke management techniques do not reduce the amount of emissions created.

Meteorological scheduling involves scheduling burns for periods of good
atmospheric dispersion, when prevailing winds will blow the smoke away from
sensitive aress;

Pre-ignition modeling predicts downwind particul ate concentrations (although the
accuracy of these estimates may be low, it may be appropriate to require such
modeling if thereis alack of trained smoke management meteorologists at the
state or local level) which can be used to inform burn decisions; and

Active-phase smoke monitoring allows burn managers to discontinue ignition
and/or extinguish the fire if the winds change, or if the smoke begins to behave in
an unexpected way, or if particulate concentrations in sensitive areas build to
unacceptable levels.

Choosing conditions that encourage cloud scavenging: With the right
atmospheric conditions, a portion of smoke particles can be removed from the
atmosphere through cloud processing of smoke, where the smoke particles are
incorporated into cloud droplets. This processis also known as nucleation
scavenging. Thereis evidence that approximately 50% of emissions can be
removed if the fire is capped by, or the smoke introduced into, a modest-sized
cumulus cloud. To enhance this process, the moisture content of the atmosphere
must be adequate, the winds must be correct, and there must be enough energy
provided by thefireitself. Because this option requires heat from thefire, it can
be an alternative to using emission reduction techniques that rely heavily on
reducing biomass consumption. Fire prescriptions which call for burning into
coastal stratus or strato-cumulus overcast conditions, or into slow moving storms,
could also result in improved removal efficiencies.’
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