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ABSTRACT

The rate and magnitude of emissons from prescribed burns and wildfires in wildland areas
throughout the world are related to biomassconsumption, which is controlled by total biomass
fuel moisture, fuel distribution (fuel size and arrangement), and ignition pattern. Consequently,
land-use pradices, which can affed many of these components, play a aucia role in determining
the rate and magnitude of smoke production from biomassburning. The variability of land-use

and its relation to the magnitude and rate of smoke production, however, usualy are not



considered when estimating biomassemissons. For example, much prescribed wildland burning
in the United States has changed from high-intensity slash burning associated with land cleaing
adivities, in which 20 hedare fires typicaly emit more than 10,000 gams/second of particles
within an hour or two, to low-intensity understory burning related to hedth management where
120hedare fires emit lessthan 2,000 gams/second of particles for several hoursto days. Tota
emissons may be similar but the duration of emissons and associated hed release rates are
significantly different, causing vastly different impads on visibility, human hedth, and climatic
forcing. Despite dhangesin land-use and fire, many regional and gobal estimates of biomass
emissons in the United States continue to assume that most emissons result from land-cleaing
type slash burns. Meawhile, in South America estimates of biomassemissons typicaly assime
dry fuels, yet most burning occurs within a few months of harvesting. The large logs remain wet,
reducing emisgons by more than 50%, which is unac®unted for in global emisson estimates.
Also, while land-cleaing remains vigorous in the tropics, a change toward using fire for hedth

management already has begun.

In this paper, an emisson production model is used to show the differences in emisson
magnitudes and rates for prescribed firesin rain forests of Washington State and the Braazlian
Amazon, and in dry forests of Oregon State and the Brazlian cerrado. In addition to emissons of
particles and carbon gases, the model estimates hed release rates that affed plume buoyancy.
These values are used to evaluate impads on human hedth, visibility, and components of climate

forcing.



INTRODUCTION

Biomassfires are asignificant cause of regiona air pollution and an important global source of
carbon to the amosphere. Because the magnitude of emissons from biomassfiresis  large,
many attempts have been made to assesstheir effeds on the global carbon budget. Efforts are
underway to reduce emissonsthat contribute to climate diange and affed hedth and welfare.
The dfedivenessof these dforts can be evaluated by assessng their influence on the number and
sizeof fires that occur, the mnsumption of biomassby those fires, and emisson charaderistics.
An Emisgon Production Model, EPM, is used here a& away to refine large-scde estimates of fire
emissons, tradk incremental changes in emissons over time, and to evaluate the dfed of land-use

and fire-management pradices.

Emissons from biomassburning contribute roughly 6% of the particulate enissons from all

global sources (Andreael991), but the regional contribution to the global budget is changing with
time due to changing land-use pradices. There has been significant recent emphasis on tropicd
areas becaise the rate of tropicd deforestation clea'ly dominates current global emissons from
fires (Laursen and Radke 1996. During the ayricultural revolution in the late 19th century,
however, northern latitude emissons were globally significant (Holdsworth et al. 1996. Also,
recent experiments uggest that current emissons from North American and bored fires may be
much greaer than some recent estimates (Hegg et a. 199Q Cofer et a. 1996. Predicting future

emissons from fires will depend significantly on how well changesin land use and climate ae



predicted, how well we model the dfeds those dhanges have on emissons, and how consistently

we ae ale to model changes acossthe world's biomes.

Changesin climate and land use ae incremental, so the methods we use to assessthe impad of
change must be dynamic enough to cgpture transient responses. Global estimates of fire
emissons, however, typicdly are based on static models that make simple cdculations about
biomassconsumption, and assume an average pre-burn loading and constant fradion of
consumption in eat iome. Seasondlity, climate variability, and differing burning charaderistics

often are simplified or ignored. Diurnal timing and buoyancy are not generally considered.

The Emisson Production Model (EPM: Sandberg and Peterson 1984 can addressmuch of the
variability currently lading in global biomassemisson estimates. It wasiinitially designed over a
decale ao to estimate eamissons and hed-release rates from individual prescribed fires, so that
management options to reduce emissons and their locd impad on air quality could be evaluated.
Development since then has incorporated more robust algorithms that addressa wide range of
burning styles, vegetation types, and fuel conditions (Sandberg and Ferguson, in preparation).
Use of the moddl is expanding from itsinitial locd applicaion to having greder utility in assessng

large-scde regional and gobal emissons as well as other fire dfeds.



CHARACTERISTICS of FIRES

Wildland fires are increasing in many parts of the world due to increased human presaure and an
apparent increase in the severity of climatic conditions leading to large cdastrophic fires.
Although attribution is difficult, the observed warming of the planet during the past two decales
has been coincident with an increase in fires in ecosystems ranging from the tropics to the bored
forests during the last two decales (e.g., Agee1993 Prins and Menzd 1994 Larsen 1996.
Partly as aresult of these natural disasters, policy makers and scientists are gaining appredation
for the values at risk from fire a well asthe eologicd importance of fire. The use of prescribed
fire to sustain ecosystems, prevent catastrophes, and manage natural resourcesis on the increase
in many countries of the world. Also, of course, the use of fire to clea forests for conversion to

agriculture, espedally in the tropics, continues at an alarming rate.

We use the term “fires’ to be inclusive of “prescribed biomassfires’ (i.e., those that are
intentionally used to accomplish resource and land-use management objedives) and “wildland
fires’ (i.e., al firesthat are unintentional). The term “wildland fuelbeds’ excludes agricultural
fuelbeds, but includes al of the live and dead biomassbetween the mineral soil and the top of the
dominant vegetation canopy of ecosytems. Fires vary widely in their intensity (hed release per
unit time) and severity (hea release per unit areg becaise of differencesin the physicd
charaderistics of wildland fuelbeds, the mndition of the fuel elements (espeaally fuel moisture),

the arrent weéaher, and the nature of ignition.



Fire intensity, which in part controls combustion efficiency and pume rise, varies over several
orders of magnitude acording to natural and managed variability in fuel condition, weaher
conditions, and ignition pattern. At one end of the spedrum are prescribed fires used for land-use
conversion or wildfires during periods of optimum conditions, with hea release rates sufficient to
loft plumes high into the troposphere. At the other end of the spedrum are smoldering ground
firesor firesin very light fuels, with hea release rates © low that plumes rarely exceel surface
boundary layer heights. Intensity islikely to vary dramaticdly with diurnal winds and humidity if
fires burn more than several hours. Fredy spreading fires also vary in intensity from minute-to-

minute & wind and other burn conditions change.

Differencesin fire severity cause ranges in fuel consumption from about 1,000to 500000 kg er
hedare. Firesused for land cleaing in converting forests to agriculture, grazng, or urban
development are intentionally high intensity and high severity with as much as 70% to 90% fuel
consumption. The highest consumption rates occur in dry fuels that are densely distributed or
piled then ignited aimost instantaneoudly. If burned ealy in adry season and soon after logging,
however, lessthan 25% of the fuels may be mnsumed because high fuel moistures reduce
combustion. Firesin the understory of forests or woodlands may consume lessthan 10% of
acawmulated biomassas fuels are sparsely scatered and ignition is gradual or spotty. In the same
biome, however, if fires involve the dominant vegetation of conneded canopies, as much as 60%
of total aboveground biomassmay be mnsumed. Fire severity can be controlled by medanicadly

manipulating the fuel bed, and/or scheduling intentional fires and controlli ng the ignition pattern.



Other policy options that can limit biomassconsumption include preventing wil dfires and

prohibiting prescribed fires when high severity is expeded.

Fire duration, typicdly ranging from an hour to several weeks, is another important variable.
Emissons and biomassconsumption can be minimized by nealy instantaneous ignition, creding a
short-duration convedion column that collapses on after flaming stops, followed by very little
smoldering. Firesthat last for many days promote smoldering combustion, higher emisson
fadors (i.e., massof emisgons per massof biomassconsumed), and serve a an ignition source
for wildfires. Generally spegking, management pradices that promote fires of shorter duration are

favored for reducing emisgons and for limiting the impad of non-buoyant plumes.

Despite the desire to reduce anissons by reducing fire duration, long-duration fires are becoming
increasingly common as land managers promote low intensity, meandering fires that remove fine
fuels but do not damage large trees. Thisis causing the diurnal cycle to play an increasingly
significant role in emisgon rates and related impads. During the night, emisson rates usually
deaease. At the same time, however, threas to human hedth increase. During the day, when
emisson rates usualy increase, greaer dispersion allows lower surface oncentrations but
contributions to regional haze ad itsimpad on visibility and radiative flux beame pronounced.
Figure 1 shows the light-scattering coefficient, which is proportional to particle mass from a
nephelometer that was placed approximately 4km down-valley from a 360 hedare, prescribed
under-story burn in northeastern Oregon. Ignition began at 1100Padfic Daylight Time (PDT) on

13 May 1997and flaming was complete by approximately 1600PDT the same day. Smoke



entered the valley from the smoldering fire @& on as radiative aoling at night diminished lofting.
Emissons continued for several days, barely noticeale during the day when emissons were
lofted away from the valley, but ead night smoke settled into the valley as snoldering from rotten
logs and old stumps continued. Total particulate emissons from this fire were estimated to be
nealy 20x 10° kg. Lessthan one half of this total was emitted during the first few hours of
ignition when hea release rates were relatively high and buoyant emissons were dispersed widely
by upper-level winds. The remaining smoke, with over 10 x 1 kg of particulate matter, was
emitted in the next several days after ignition while the fuel smoldered independently. The we&kly
buoyant emissons lingered close to the ground surfacewhere they were transported by
topographicaly controlled thermal winds. An estimate of impad based on total emissons would

have missed the diurnal variability in emisson rates and concentrations.

MODELING EMISSONS

The Emisson Production Model (EPM) provides a time-sequence of hed release rate, biomass
consumption, and emisson production from any fires in wildland fuelbeds (Sandberg and Peterson
1984). The principa purpose of EPM isto anticipate and manage ar quality problemsand it isa
principle source-strength estimator for a number of smoke dispersion models (Ferguson and
Hardy 1994 Breyfogle and Ferguson 1996. EPM has been in widespreal use for planning and
screening prescribed fires in the United States for fifteen yeas. The model development is

ongoing as sience progresses in fuel consumption and hed flux, and as new databases are



generated that describe the spatial distribution of biophysicd parameters, including vegetation
type, fuel charaderistics, and ambient weaher or climate. Details of the model physics are
explained by Sandberg and Ferguson (in preparation). The following describe primary feaures of

the model.

Theinputsto EPM are adescription of the fuelbed, the rate of fire ignition, and the amount of
biomassconsumed. EPM is designed to link with a biomassconsumption model* that provides
model estimates of fuel consumption in ead combustion stage (flaming and smoldering) for duff,
rotten logs and stumps, shrubs, grasss, ledy and needle canopies, and severa size dasss of
sound-dead woody material. Typicaly, the user inputsignition intervals for prescribed burns and
ignition rates are estimated from the source of ignition (e.g., helicopter dropped incendiaries,
hand-held torch, etc.). EPM is being linked with afire behavior model (FARSITE: Finney 1995,
however, so ignition rates can be astomaticaly caculated from the fire spread. Thisis espedaly
useful for ignition rates in wildfires. For regional and gobal applications, ignition rates are
estimated from the dominant land-use adivity. For example, piles usually are ignited within a few
minutes, dispersed harvest residue requires sveral minutes to about an hour for ignition, while the
ignition of understory burns usually continues for severa hours. In all applications, ignition rates

are ssumed to be constant during the ignition period.

! Currently algorithms from CONSUME (Ottmar et al. 1993 and SMS_INFO (Ottmar
1992 are ambedded into the EPM code. Modifications are being made, however, to remove
these internal algorithms and replacethem with a link to CONSUME v2.0 (in preparation) or
other fuel consumption models.



EPM cdculates the length of eat combustion stage & a point diredly from the dharaderistic
dimension of fuel reduction obtained from CONSUME or its substitute. For example, based on
laboratory experiments of Anderson (1969 EPM presumes that the flaming stage lasts dightly
over 3 minutes for ead centimeter of woody-fuel diameter reduction. Once afuel ceases flaming,
the duration of itsinitial smoldering stage is charaderized by an exponential-decay constant,
which is derived empiricaly from the estimates of massconsumed and their charaderistic
dimensions of reduction (e.g., diameter reduction of wood and height reduction of duff). For
example, field experiments have shown that the smoldering rate in short-needled conifer duff
(partialy decomposed litter) diminishes by afador of (1-1/€) every 6 minutes for ead centimeter
of duff consumed. Other fuelbed components can control the rate of initial smoldering as well, so
a set of heuristicsisincluded in EPM to choose the optimum method of estimating the

exponential decay constant in ead fuelbed type.

In addition to a dependent smoldering stage, which isrelated to the die-badk of flaming
combustion, there dso is an independent smoldering processthat occurs in porous fuels like
rotten wood, litter, duff (fermentation and humus layers), ped (organic soils), and moss
Independent smoldering rates diminish as a negative exponential, smilar to dependent smoldering
but with time constants of hours to days instead of minutes. The rate of independent smoldering
consumption isrelated to moisture content, porosity, and inorganic content. Currently asmple
Kinetic goproximation is used with empiricd time constants that are based on only afew

observations, but reseach is underway to sharpen this estimate.
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The rate of biomassconsumption in ead combustion stage is cadculated within EPM based on
fuel description, ignition pattern, duration of ead combustion stage, and the exponential time
constants. Emisson rates and hea fluxes are caculated every 3 minutes by assuming that the
flaming and smoldering stages of combustion are & their pe&k intensity as soon as the fuelbed
becomes fully involved in that combustion stage. This assumption has been verified in numerous

field studies, and allows the independent caculation of arate & any time.

An emisgon fador is derived from lookup tables (U.S. Environmental Protedion Agency 1991
acording to fuel type, and massweighted at ead time step acwrding to the ratio of smoldering-
to-flaming consumption. The emisson fador multiplied by the rate of biomassconsumption
yields the total emisson rate for ead pollutant, including several carbon compounds (carbon
monoxide [CQ], carbon dioxide [CO,], and methane [CH,]), particulate size dasses (particlesless
than 10 micrometersin diameter [PM10] and lessthan 2.5 micrometers in diameter [PM2.5]), and
hed release rates (BTU). The model is being upcited to include output of large particles and

gases that affed regional haze &ad ozone production, such as sulfur and nitrogen oxides.

The arrent version of EPM assumes that all of the generated hed is transferred to verticd flux
and entrained into a single cnvedive mlumn. It has long been known, however, only 40-80% of
the hed is conveded, the rest is radiated away from glowing embers and flames or conducted to
the ground (e.g., McCarter and Broido 1965. Also, Byram and Nelson (1974 speaulate that the
convedive pattern bregsinto separate cdls when burning rates are ow relative to the aeaof

burn. Although the assumptionsin EPM should overestimate plume rise, tests with a simple
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dispersion model indicae that modeled pumeriseis nealy equal or sightly lower than observed
over relatively intense slash burns in the northwestern United States (Hardy et a. 1993. Clealy,

more work on this asped of the model is needed.

The diagram in Figure 2 summerizes the data and computational flow of EPM. Inputs of fuel
charaderistics are measured fuel volumes or estimated loadings from photo inventories or tables
of fuel charaderistic dasses. Fuel moisture dso can be measured immediately precaling afire or
estimated from fire weaher or climate indices. These cmponents provide input to fuel
consumption algorithms. Currently, the only type of consumption model that distinguishes
between combustion phasesis CONSUME (Ottmar et al. 1993 but links to future models and
other algorithmsis possble. EPM then uses the ignition pattern and theoreticd equations of
combustion processes to cdculate rates of combustion from the massof ead fuel element
consumed duing flaming and smoldering. The ignition pattern is user defined, provided by fire
spread models (e.g., FARSITE), or estimated from land-use patterns. Emisson fadors from a
variety of published sources (e.g., Ward et a. 1989 are used to determine anisson rates for ead

pollutant.

Figure 3 shows the dharaderistics of atypica biomassburn measured over a 8.5 hedare fire

(Ferguson and Hardy 1994). Shortly after ignition a flaming phase @ntinues for several minutes

during which time maximum release rates of hed, particles, and gases occur. After flaming,
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sound woody material begins snoldering with smoldering emissons deaeasing exponentially.? In
places with deep layers of duff or rotten wood, an independent smoldering phase can continue for
several hoursto days. This squenceoccursin all types of fires, from stand-replacement and
forest cleaing to slash reduction and eaosystem restoration. The magnitude of fuel consumption,
and consequently emissons, depends on fuel loading, fuel condition, and ignition rate. The

duration of ead phase primarily is afunction of the size distribution of fuels and fuel moisture.

In addition to measured values of fuel consumption, Figure 3 shows modeled emisson rates from
EPM. The magnitude and duration of flaming and initial smoldering phases are successully
cgptured by the model. Because rotten wood was not inventoried in this case, EPM did not

predict an independent smoldering phase.

EFFECTS OF LAND USE

To show how differences in land-use may affed biomassemissons, several test cases were
derived for EPM. The caes consider typicd fuel loading, fuel condition, and ambient weaher in
broadcast dash, stand replacement, and understory burns. Fuel loading data were seleded from
measurements in Amazonian primary tropicd forest (Kauffman et al. 1994, western Washington

Douglasfir rain forest (Hobbs et a. 1996, eastern Oregon ponderosa pine (Ottmar et a., in

2 A sharp rise in emisson rate seen at about hour 1900is thought to be due to a pradice
of lowering the sample padkages over the smoldering fire & ©on as flaming ceaes. Other
variability is due to ambient wind and the mmplex fuel array.
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press, and cerrado sensu stricta-denso nea Brasilia (Kauffman et al. 1994), a savannaforest. It
should be noted that while EPM is being modified to accept data on rotten stumps and logs, live
standing and herbadous fuels, and grassand mosses, no data on these fuel types were available

for the seleded case studies. Table 1 summarizes the available pre-burn load of fuel elementsin

ead example.

Under dry, well-cured, conditions in the Amazon, Washington, and Oregon forest, fuel moistures
were asumed to be 25% for 1,000-hour fuels (7.6 cm to 15.2 cm diameter wood) and 10% for
10-hour fuels (0.6 cmto 2.5 cm diameter wood). Burning slash in the Amazon, however, can
occur before total drying within 3 months after harvest. In this case fuel moistures are dose to
70% in 1,000-hour fuelsand 1% in 10-hour fuels. Inthe cerado, which tendsto be drier than
elsawhere, fuel moistures were asumed to be 10% for 1,000-hour and 5% for 10-hour fuels.
Ignition of 20 hedare fires was assumed to require 1 hour, except in the ponderosa pine
understory burn where it is more usual to burn large aea more slowly so 120 hedares were

assumed to ignite in 6 hours. All cases were on flat terrain.
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Table 1. Pre-burn fuel loadings (Mg/ha) for ead size dassof woody fuels and duf depth. Data

for case examples from Kauffman et al. (1994, Hobbs et al. (1996, and Ottmar et al. (in press.

woody fuels Duff
0to 0.6to 25t0 7.6t0 228to Depth

0.6cm 25cm 7.6cm 228cm 50.8cm 50.8+cm (cm)

Amazon - dash 176 16.9 387 70.6 1450 0.0 13

Cerrado - stand 121 0.7 10 26.1 12 0.0 0.8
OregonPine - stand 0.2 3.9 10.2 5.1 7.0 114 20
Oregon Pine- dash 12 5.6 116 104 150 0.0 2.0
OregonPine - understory 0.2 3.9 10.2 5.1 7.0 114 20
Washington Fir - dry slash 6.3 104 174 529 1187 732 7.1

Figure 4 shows results of the EPM test-runs for threetypes of tropicd burns. 1nthe Amazon
primary forests, many trees are harvested duing land cleaing. This removes large logs and limits
smoldering. Usually burning takes placewithin 3 months of logging before the wood has
completely dried. Thiswet-sash type of burn emits nealy 7,000 gams per second (g/s) of
particles during its flaming phase, which is followed by a short smoldering phase. When fuels are
completely dry, usually one full yea after harvesting, nealy 11,000 ds are amitted in aflaming
fire and there is amost no smoldering component. Inthe cerado, where small trees and grasses
are burned prior to any working of the landscape, so-cdled stand-replacament fires emit about

4,500 dsduring the flaming stage and a short smoldering phase follows.

In the United States, emisson rates from four types of fires are shown in Figure 5. Slash burning
in the temperate rain forest of the Olympic Peninsulain Washington State is comparable to the
burning of dry slash in the Amazon rain forest, with over 11,000 ds emitted duing the pe&k
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flaming stage. A very long smoldering period continues becaise of deep duf layers that
acawmulate in old-growth Douglas fir forests and the large old stumps and rotten logs left over
from a bountiful harvest. Significantly less snoke is emitted from fires in the interior Padfic
Northwest. In the ponderosa pine forests of northeastern Oregon, the smoke from burning
harvest residue and stand-replacement fires both emit nealy the same rate of particles, about
3,500 gsduring the flaming stage. Thisrate is sgnificantly lower than emisson ratesin rain
forest dash and somewhat lower than savanna emisson rates because the fuel in pine forests are
much more sparsely distributed. Understory fires, which are typicd of frequent small firesin fire-
adapted ecosystems, and the style of prescribed fire used to restore anatural fire regime, show
very small rates of particle amissons (lessthan 400 ds from the 120 hedare plot) over along

period, refleding the slow and deliberate ignition rate.

In addition to gas and particles, EPM caculates hed release rates. Therefore, it is possble to
estimate the dfed on plume rise for ead fire. Thisisan important step in determining the
contribution of biomassemissons to the dimate system as well asitsimpad on human hedth and
visihbility. Buoyant plumes can carry emissons high into the amosphere where long residence
times are possble, furthering the potentia for chemicd changes that affed radiation and creae
ozone. Lessbuoyant plumes cause emissons to remain relatively close to the ground,
compounding human hedth issues and causing visibili ty problems that degrade transportation
safety and scenic vistas. In estimating the global impads of biomassburning, Lious d al.

(1996 showed that injedion height of aerosols sgnificantly affeds predicted concentrations.
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To show the variability that may be possble anong dfferent land-use examples, the very smple
approximation proposed by Manins (1985 is used to estimate plume rise in a stably stratified
atmosphere,

Z = 1434 x (P)Y4,
where Z = plume rise in meters and P = maximum power in gigaWatts (GW). Manins compared
this formula with observed plume heights and approximate power estimates ranging from 20 to
60,000 GW from natural fires, volcanic euptions, and wartime firestorms. The resulting mean
square aror was estimated at 30% (Harrison and Hardy 1992). Table 2 summerizes the
maximum power modeled by EPM and the estimated pume rise from Manin’s formula. From this
exerciseit isclea that burning dry dash in both the tropicd rainforests of the Amazon and
temperate rainforests of western Washington crede the greaest hea and therefore the highest
plumes, reading close to 3000meters. Often cumulus and cumulonimbus clouds develop over
these large fires and further turbulence and entrainment enhances their buoyancy. Modeled peek
power is sgnificantly lessfor Oregon pine understory burning but plumes from these fires can
exhibit reasonable buoyancy shortly after ignition, which usually coincides with maximum power
output. The smoldering phase of afire outputs afradion of the maximum power and by the time
the independent smoldering stage is readed, power is close to 0.1 GW or less causing plumesto

remain well below 800 meters above ground level.

17



Table 2. Modeled estimates of maximum power from EPM and estimated plume rise from

Manins formula (1985 for ead case example.

Fire Type Peak Power PlumeRise
(GW) (meters)

Amazon - dry dash 17.34 2926
Amazon - wet dash 9.37 2509
Cerrado - stand 4.56 2096
OregonPine - stand 417 2049
Oregon Pine- dash 5.09 2154
OregonPine - understory 0.61 1267
Washington Fir - dry dash 1591 2864

USING EPM FOR GLOBAL ESTIMATES OF BIOMASSEMISSONS

The locdly derived model, EPM, can ke used to estimate globa biomassemissons and gain a
more complete understanding of the impad of wildland fires. For example, Mad et al. (1996
estimated gobal biomassemissons by developing a global fire model that estimates burning
efficiencies from fine dead fuel moisture and by introducing some aility to model the dfeds of
climate and land-use dhanges over time. Components that significantly affed the rate and
magnitude of emissons, however, were not considered. These include ignition patterns, large
dead fuel moisture, and unnatural fuel distributions (e.g., piles and harvest dash), which are
explicitly resolved in EPM. Therefore, linking EPM with global models could provide more

acarate asesnents of the impads of biomasshburning on carbon budgets and the global climate.
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In addition to modeling, global emissons can ke estimated by remote sensing of smoke. Aircraft
or satellite based sensors, however, must make cetain assuumptions about the charader of
biomasshburnsto properly interpret sensed values. For example, Kaufman et al. (1996 asumed a
simple model of mixed energy when interpreting data from the 1.6 um radiation channel on
NASA’s ER-2 MODIS Airborne Smulator (MAS) over the SCAR-C Quinault prescribed fire,
which was the same fire for which we obtained fuel loadings in our idedized case of burning dry
harvest residue in afir rainforest. The MAS-derived mixed-energy results were compared with
another approacd that considered ead pixel as bladk body having homogeneous temperature.
Little disagreament was found and their conclusion was that the derived flux of radiative energy

was not very senditive to assumptions in the interpretation algorithms.

When comparing MAS-derived results with EPM output for the Quinault prescribed fire,
however, significant differences were found. For example, hed release rates in EPM rose steegoly
during the ignition phase of the fire whereas the derived values began instantaneoudly at about
75% of maximum. According to ground-based observers, ignition occurred in 10 stages over a
period of about an hour and build-up was rapid, like the EPM simulation, but not instantaneous.
Also, the maximum hea release rate from EPM was about 35% greder than the derived
maximum radiative energy. Because EPM models total hed at the source which includes
radiative energy as well as convedive energy, and the MAS derived values only consider radiative
energy, the differencein maximum hed release rates is expeded. Another asped of radiation
measurements affed cdculated fire size, which can be overestimated if horizontal fluxes are not

considered in the remote sensing algorithms.
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In their work, Kaufman et al. (1996 reported that the MAS-derived particle amisson rate was
about twice & gred asthe EPM values. Thisis not surprising becaise it appeasthat they used
the EPM PM2.5 output, which is only afradion of total particles. If compared against the EPM
total particle emisson rate, the maximum EPM rates were aout 80% of maximum MAS-derived

rates. Thisiswell withinthe eror bounds for both model and remote sensing data.

The MAS-derived radiative energy and perticle eamisgon rates reflea smilar patternsthat are
distinctly different than EPM patterns of hea release and particle emissons, espedally in the
ignition phase of the fire. This s1ggests problems in the timing and proportion of flaming to

smoldering combustion that are used in remote sensing algorithms. It isour belief that use of

ground-based observations and models like EPM can improve remote sensing cgpabili ties.

SUMMARY

The EPM test cases dow that land cleaing and burning of residue slash in dense rain forests
(whether temperate or tropicd) causes the highest rates of biomassparticulate enissons. Also,
with comparable hea-release rates (over 15 GW from the 20 hedare plots), plumes from these
types of fires are likely to read high levels of the amosphere and, therefore, be transported over
longer distances. Higher fuel moistures, however, can reduce anissons by 30% or more. Slash
burning and stand-replacement firesin dry pine and cerrado forests, where fuels typicdly are more

sparsely distributed, emit less snoke and are lesslikely to loft above typicd mixing heights. Long

20



duration, low magnitude emissons are common in understory burns like those intentionally

ignited for easystem management in ponderosa pine forests of the Padfic Northwest.

In this paper the EPM model was used to show the distinctive differences in ilomassemisson
rates caused by different land-use patterns. We believe that this type of modeling can provide
more acairate estimates of biomassemisgons by improving remote sensing algorithms and
coupling with global models. For example, errors occur when remote sensing algorithms
misrepresent hea release, timing of combustion phases, and the proportion of flaming to
smoldering. Likewise, models that negled ignition patterns, large fuel moisture, and unnetural

fuel distributions may produceinacairate results.

Some caition with these resultsis necessary. While EPM compares well with tower and aircraft
measurements of biomassemissons from broadcast slash burns, and qualitative cmmparisons
between EPM model output and emissons from wildfires, stand-replacament fires, and understory
burns appea promising, more quantitative verificaion is needed. Nevertheless the EPM model is
aviable toal for estimating biomassemisson charaderisticsin a variety of burning styles and fuel

structures.

Development of EPM is part of alarger strategy by the Fire and Environmental Reseach
Applicatiions (FERA) tean of USDA Forest Service Reseach to provide one information system
that supports; @) single-event risk assesaments in fuel management and fire management

dedsions, b) programmetic risk assessments in developing fire management strategies, and c)
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large-scde assessments of global change and land-use policy options. Along with EPM, we ae

developing:

(1) smple techniques (such as Photo Series) to inventory the charaderistics of wildland
fuelbeds,

(2) Fuel Charaderistic Classes to systematicadly classfy fuelbeds,

(3) algorithmsthat predict the moisture cntent of fuels based on ambient weabher,

(4) agorithmsthat predict fuel consumption during the flaming and smoldering,

(5) identification of fire severity thresholds (i.e., conditions of non-lineaity of fire dfeds),
and

(6) mesoscde dimate scenarios, based on historic data or modeled future dimates.

These tools are being developed primarily to support fuel management dedsions on federal lands,
as part of the U.S. Joint Fire Sciences Program. However, companion reseach is being done
along a pole-to-pole “Transed of the Americas’ to expand their applicability to al common
bored and tropicd emsystems. We ae aurrently revising the model to modernizeits user
interface improve itstechnicd performancerelative to long-smoldering fires and non-buoyant
plumes, and add dhta defaults and linkages. We propose use of EPM to develop more predse
estimates of global biomassemissons and improved understanding of the impad of biomass

emissons on global climate.
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FIGURES

Figure 1. Hourly light-scatering coefficient from measurements taken approximately 4 km down-

valley from a 360-hedare smoldering under-story burn in northeastern Oregon. Time s in Padfic

Daylight.

Figure 2. Input requirements and computational flow diagram for EPM.

Figure 3. Fuel consumption rate over 0.5 hedare of atypicd biomassburn. The thin line shows
measured data from sampling padkages elevated over the point of ignition. The thick line shows

modeled data from EPM.

Figure 4. Modeled emissons for typicd fuel loading, fuel condition, ambient weaher, and
ignition pattern in 20-hedare fires for broadcast dash burning and stand-replacement in two forest

types of Braal.

Figure 5. Modeled emissons for typicd fuel loading, fuel condition, ambient weaher, and

ignition pattern in 20-hedare fires for broadcast dash burning and stand-replacement, and for a

120-hedare understory burn in two forest types of the Padfic northwestern United States.
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