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Daily rates and total mass ofPM2.5 production from 58 days of the 1987 Silver Fire 
in southwestern Oregon were estimated using a geographic information system (GIS) and 
compared with airborne measurements of smoke production from the same fire. The GIS 
analysis was performed using empirical data on the area burned daily, intensity of the fire, 
several vegetation classes, and PM2.5 emission factors modeled from previous in situ 
measurements of smoke emissions from prescribed burning of wildland fuel. The airborne 
emissions measurements were acquired from two separate aircraft at two different periods 
during the fire. The first measurements were during a time period with very high intensity 
fire behavior; the second measurements were made when smoldering conditions 
predominated. PM3. 0 emission factors for the period of flaming combustion ranged from 
7 to 13 g/kg and these data are consistent with previous in situ measurements of PM2.5 
dUling flaming combustion. Measurements made during the low-intensity smoldering 
combustion period were acquired 14-16 days later. PM3.5 emission factors reported for 
the smoldering-dominated combustion period were as high as 20 g/kg and do not fit either 
the GIS-modeled emissions or previous observations. The GIS model of emissions using 
knowledge of fuel conditions and fire behavior was effectively used to predict PM2.5 
emissions. An average PM2.5 emission factor of 13.5 g/kg was modeled. The fire 
produced over 2.3 X 107 kilograms ofPM2.5, or 617.5 kglha, in 58 days. 
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INTRODUCTION 

The direct and indirect effects of smoke emissions from biomass fires have 
received increasing scrutiny from both the political and scientific communities at the 
local, regional, and global levels. Direct air quality impacts such as degradation of 
ambient air quality, visibility impairment, exacerbation of regional haze, 3nd 
concerns for human health have focused attention on both planned (prescribed 
burning) and unplanned (wildfire) cOlnbustion of wildland fuels. Long-term or 
indirect effects of biomass burning may be important from the standpoint of 
contributions to the buildup of "greenhouse gases" and the effect those gases have 
on the chemistry of the atmosphere (Crutzen and Andreae 1990). Extrapolations of 
empirical data regarding particulate matter suggest that the increased levels of 
biomass burning (primarily in the tropics) tend to mitigate the "greenhouse effect" 
(Penn~r et al. 1992). This extrapolation is based on a limited database and a 
number of assumptions that may not be completely defensible. However, the 
concept suggests that a better method is needed to integrate the highly complex 
(and highly variable) interaction of fire and fuel variables. We have used a 
geographic information system (GIS) to provide this integration. 

Measurements of particulate matter emissions from biomass burning have 
generally been made using one of three configurations: combustion hood 
experiments; airborne samplin~ platforms; and near full-scale in situ nleasurements. 
While combustion hood expenments have provided fundamental understanding of 
combustion processes, the latter two methods are more frequently deployed to 
characterize the emission products and source strength of open biomass burning. 

The most extensive set of emissions data are from in situ measurements of 
smoke from prescribed burning of slash in harvested clearcuts in the temperate 
forest region of the Pacific Northwest (Ward et al. 1989; Ward and Hardy 1991). 
Emission factors were derived for discrete phases of cOinbustion (flaming and 
smoldering) on 38 tests, and a strong linear relationship was demonstrated between 
PM2.5 and combustion efficiency. 

Results from airborne sampling of smoke emissions from prescribed fires in 
log~ing slash as well as from wildfires include emission factors for trace gases and 
vanous size categories of particulate matter (Radke et al. 1991), but these data 
cannot be resolved temporally or spatially with respect to fire behavior (phase of 
combustion). Grab sampling methods necessary for gravimetric analyses of 
particulate matter concentrations from an airborne platform integrate a volume of 
smoke measured over a 500-1000 meter path length, making ground truthing of fire 
and fuel conditions at the time of sample collection difficult. Extrapolation of these 
results to other biomass burning scenarios must be qualified with descriptions of the 
type of combustion that produces the emissions. For example, Penner et al. (1992) 
have recognized from their analysis of the potential for a "counter-greenhouse" 
effect of smoke particles that tI •••values for flaming fires are typically at least a factor 
of 2 less than values for smoldering fires, so our global estimate is uncertain." The 
present paper shows how a GIS approach, checked against empirical data. can 
reduce this uncertainty. 
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A \V1LDFIRE CASE STUDY 

The present study uses a GIS to analyze the fire and fuel conditions present 
during several periods of a large wildfire when airborne sampling of emissions were 
performed. The Silver Fire in southwestern Oregon (Figure 1) was the largest and 
longest burning of over 1600 fires started by an extraordinary lightning episode on 
August 30, 1987. The fire burned more than 38,000 hectares in 72 days. Daily 
burned area for the first 58 days of the fire are plotted in Figure 2. Our analysis is 
confined to these first 58 days, and references to day number apply to the 
consecutive days in September, for example, Day 3 is September 3, 1987. 

Figure 1. TIle location of the 1987 Silver Fire in SW Oregon. 
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Figure 2. Daily burned area for 58 days of the fire. 
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Airborne Emissions Sampling 

Airborne measurements were made using sampling equipment deployed on 
two different aircraft. The two aircraft flew during periods of distinctly different fire 
behavior. The first airborne measurements, label1ed "Sandia" in Figure 2, are 
presented here for the first time. The Sandia flight was on September 3, during the 
period of most rapid perimeter growth and, consequently, the period of most active, 
flame-dominated combustion. Measurements made from the other airborne 
platform, labelled "UofW" on Figure 2, have been reported by Radke et al. (1991) 
and Hegg et al. (1990) and were acquired on September 17 and 19, 14-16 days later 
during a period of predominately smoldering combustion. 

Emissions Sampling on September 3, 1987. The fire dynamics on September 
3 were more extreme than during any other period of the Silver Fire. Reported 
flame lengths exceeded 50 meters. During the 12 hour burning period 0900-2100, 
two lightning-caused fires burned together to become one fire. Before the end of 
the 12 hour period, over 1600 hectares had been burned. An instrumented 
DeHavilland Twin Otter, deployed by Sandia National Laboratories, was equipped 
with a number of sampling systems, including real time gas analysis for CO and 
CO2, mobility and wing-mounted laser optical particle counters, and a particulate 
matter grab-sampling sys!em. Particles were collected through an external probe 
that terminated in a 1m capacity bag that was filled in about 5 seconds as the 
aircraft penetrated the smoke plume. The grab sample was immediately pumped 
through size-fractionating cyclones with a 3 micrometer aerodynamic diameter cut 
point (emission factors reported here are nonlinally for PM3.0) and deposited on 
filter media that subsequently underwent gravimetric analysis. 

Table I contains data on four sampling paths flown by Sandia on September 
3, 1987. The cross-section paths were flown between 1900 and 2000 hours, at two 
different altitudes. During sampling, observers on the aircraft noted crown fires and 
a turbulent plume; both conditions were consistent with flaming combustion. 

Table I. Data from four sample cross-sections flown by 
Sandia on September 3,1987. 

Combustion EF 
Time Ahitude Efficien~ PM3.0 
Local Meters Percent gfu 
1909 2438 87 11.3 
1920 2438 86 12.8 
1938 3810 90 7.5 
1956 3718 90 7.0 
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Emissions Sampling on September 17 and 19. 1987. By September 17, the 
fire behavior had stabilized and the growth rate was much lower than earlier days of 
the burn. The University of Washington's C-131A research aircraft was used to 
collect particle and gas samples during penetrations of the plume on September 17 
and again on September 19. These data have been reported by Hegg et al. (1990), 
and by Radke et al. (1991). Thev have reported a mean emission factor for PM3.5 
of 20.2 gjkg. Combustion efficiency, when derived from a C02 emission factor 
reported for the same period, was 89 percent. 

Combustion efficiency values pre~ented here were based on the ratio of 
measured-to-stoichiometricC02 emission factors. \Vard and Hardy (1984, 1991) 
have used this term to describe the completeness of combustion, and it can be used 
to represent the relative contributions of flaming and smoldering combustion to the 
characteristics of the smoke emissions. 

The emission factors discussed in this report were derived by both Uof\V and 
Sandia using the carbon mass-balance method as described by Ward et al. (1979) 
and Radke et al. (1988). Carbon balance accounts for the carbon fraction in the 
original fuel and is based on the principle of mass conservation. It must be noted 
when comparin~ emission factors that the aerodynamic cutpoints used by UofW and 
Sandia are not Identical (3.5 and 3.0 micrometers, respectIvely). However, the size 
distribution of particles from all types of biomass fires where measurements have 
been taken is bimodal. A very small percentage « 5%) of the mass of particles is 
between about 1 and 8 micrometers diameter (Radke et al. 1991). 

GIS l\fap-Iayer Data and Analysis 

Digital data ("map layers") were used in a raster-based GIS (GRASS 4.01) to 
derive daily PM2.5 emissions and ratios of flaming-to-smoldering combustion. The 
spatial resolution of each map layer \vas approximately 2.17 hectares per grid cell. 
Four empirically developed map layers formed the baseline data set: 1) Burn Day, 
developed from daily perimeter maps; 2) Ve~etation Classification, coded from 
pre-fire field examinations, photogrammetric Interpretation, and remote sensing 
prior to the fire; 3) Fire Intensity, a qualitative index (no burn, low, medium, and 
high) derived from photogrammetric interpretation of images acquired after the 
fire; and 4) Elevation Zone. 

Daily Fuel Consumption. The first component. daily fuel consumption, was 
calculated for each grid cell using data from three map layers: Vegetation 
Classification, Fire Intensity, and Burn Dav. The vegetation layer was first 
reclassified into six cate~ories: mature conifer, hardwoods and bnlsh, immature 
poles, seedlings and saplIngs, marginal ground. and bare ground. The mass of fuel 
for each vegetation class was estimated by using appropriate references and 

1 Geographical Resource Analysis Support System is a public domain product 
coordinated by the U.S. Army Corps of Engineer's Construction Engineering 
Research Laboratory. 
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guidelines for four fuel components: crOWDS, woody fuel larger than 7.62 cm. 
diameter, woody fuel smaller than 7.62 cm. diameter, and duff (decomposing forest 
floor organic layer). Both flaming and smoldering fuel consumption were then 
estimated for each vegetation class, by fuel component, on the basIS of values from 
the Fire Intensity map layer. 

Dailv PM2.5 Emissions. The sum of the products of fuel consumption for 
each combustion phase and respective emission factor is the total mass of emission 
produced. Emission factors for PM2.5 (EFpM2.5) have been shown to vary inversely 
as a function of combustion efficiency, where emission factors are low during 
efficient flaming combustion and high during inefficient smoldering combustion. 
Ward and Hardy (1991) have developed a predictive algorithm for EFpM2.5 from 
empirical measurements of emissions from 38 ground-based in situ tests (Figure 3). 
EFpM2.5 values for the Silver Fire were derived from these estimates of combustion 
efficiency for flaming and smoldering combustion. 

As shown in Figure 3, we estimated an average combustion efficiency of 90 
percent for flaming combustion, yielding an EFpM2.5 of 7.3 grams per kilogram 
(gjkg). A smoldering combustion efficiency of 75 percent yields an EFpM2.5 of 17.3 
g/kg. Secondary map layers were generated by using these combustion phase
specific emission factors and the fuel consumption data to calculate total mass of 
PM2.5 produced for each grid cell. 
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Figure 3. EFp~2.5 modeled from combustion efficiency. 
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F1aming-to-Smoldering Ratios. In the development of the fuel consumption 
data, it was necessary to estimate consumption for each phase of combustion. The 
phase-specific consumption information was then extended to represent the percent 
of fuel consumption occurring during each of flaming and smoldering combustion 
phases for each grid cell. Any cell having a percent flaming consumption value 
greater than 50 was considered to be in flaming combustion. For any point in time, 
it was thereby possible to query the GIS for the proportion of the total area burning 
that was considered to be in flaming combustion, that is, where the percent of 
consumption in flaming combustion was greater than 50%. Three separate time 
periods were of interest: the time period for the entire 58 days of the analysis, the 
day of the first airborne sampling (September 3), and the 2 days during which the 
second airborne sampling was done (September 17 and 19 cOITlbined). The percent 
of area in predominately flaming combustion for the three time periods are shown 
in Figure 4. Note that 68% of the area burned on Day 3 was consumed in flaming 
combustion, compared to only 38% for the entire fire. Flaming combustion during 
Days 17 and 19 occurred on an even smaller percentage of the area burned (26%), a 
difference from Day 3 of -42%. 
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Figure 4. Percent of area where flaming combustion predominates. 

The temporal resolution shown in Figure 4 is limited to 24 hour increments, 
which would offer little supporting information with respect to the precise times of 
the airborne acquisition of emissions data. Both the horizontal growth rate and fire 
behavior which occurred during the September 3 burning period were relatively 
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extreme, warranting a more intensive analysis of the data. We therefore modeled 
three 4-hour burning Eeriods for that day to improve the temporal comp,atibility 
with the aircraft data (Figure 5). The model interpolations represent time periods 
0900-1300, 1300-1700, and 1700-2100 (the airborne sampling occurred between 1900 
and 2000 hours). We used terrain data from the Elevation Zone map layer, 
knowledge of fire dynamics, and anecdotal evidence to model the fire growth over 
the 3 time periods. 

~1300 1300-1700 1700-2100 

; D i------- ay 3 ------ .. 

Figure 5. Day 3 of the fire broken into three 4 hour burning periods. 

The percent of each interpolated area where flaming combustion was 
dominant is illustrated on Figure 6, where the three time periods on Day 3 can be 
compared to all of Day 3 (September 3) and also to the entire 58 day analysis 
period. Additionally, the maximum percent area in flaming combustion was during 
the period 1700-2100, the time during which the first aircraft sampling was executed. 

Modeled Combustion Efficiencv. We have assumed that when the percent 
area in flaming approaches zero, the phase of combustion becomes entirely 
smoldering. Conversely, combustion is entirely flaming when percent area in 
flaming approaches one hundred. Given our selection of 90% and 75% as 
respective flaming and smoldering combustion efficiencies, we can interpolate 
combustion efficiency values for percent flaming proportions between 0% and 
100%. Values for EFpM2.5 during the periods presented in Figure 4 and Figure 6 
are then determined from combustion efficiency (Table II). These values are then 
used to evaluate respective measurements from the aircraft. 
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Figure 6. Percent area where flaming combustion predominated 
during the three periods on Day 3. 

Table II. Values for percent of area flaming, interpolated 
combustion efficiency, and EFpM2.5 predicted from 
combustion efficiency. 

Percent Area Combustion EF 
in Flaming Efficiencv PM2.5 

Percent Percent gfu 

0 75 17.3 
26 79 14.7 
38 81 13.5 
44 82 12.9 
69 85 lOA 
84 88 8.9 

100 90 7.3 
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RESULTS 

The GIS-modeled percentage of flaming combustion for the entire 58 day 
period of analysis was 38%; this relates to a combustion efficiency of 81%, and a. 
respective EFp~2.5 of 13.5 gjk~ (Table II). The fire produced over 2.3 X 10 I 
kilograms of PM2.5, or 617.5 kgjha, in 58 days. Similar analyses for Day3 resulted 
in an EFpM2.5 of 10.4 g/kg, while EFpM2.5 for Days 17&19 is 14.7 g/kg. These data 
are plotted with additional results from the three 4-hour time periods during Day3 
on Figure 7. It is evident from the data shown on Figure 7 that the modeled 
combustion efficiency increased throughout the 12 hour burning period on Day3, 
with a concomitant decrease in EFpM2.5. 

The four observations of EFpM3.0 from the Sandia platform on September 3 
have a mean of 9.7 gjkg (Table 1). The combustion efficiency calculated from 
concurrent CD2 measurements is 88%. These observed data are also plotted on 
Figure 7. 

Radke et al. (1991) report a mean EFpM3.5 of 20.2 g/kg. While they report a 
sample size of 3, we have assumed the mean value to represent observations from 
both Day17 and Day19. Combustion efficiency calculated from their EFcOz of 1664 
gjkg (Radke et al. 1991) is 89%. The average value is plotted on Figure 7. 
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Figure 7. Modeled and observed data for EFp~t2.5 and combustion 
efficiency. 
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DISCUSSION 

The EFpM3.5 of 20.2 g/kg reported by Radke et al. (1991) is a factor of 2 
greater than the Sandia mean EFpM3.0 of 9.7, and is 35% higher than our model 
estimate. The difference could potentially be explained by the distinctly different 
fire dynamics and combustion efficiency observed for the two sampling periods. 
However, we would expect a significantly lower combustion efficiency during the 
period of the fire when the U ofW observations were made. Instead, we see a 
relatively high combustion efficiency value of 89%. Figure 7 clearly illustrates the 
deviation of the UofW values from either our modeled data or the Sandia 
observations. 

The S':llldia observations on September 3 fit our modeled data remarkably 
well. Our hypothesis regarding the existence of highly dominant flaming 
combustion during the rapid growth of the fire on September 3 is fully supported by 
these results as well as by visual observations during samplin~. A previous 
comparison between EFpM2.5 measurements made with the Sandia platform and 
on-the-ground observations of fire behavior during a prescribed bum demonstrated 
similar strong agreement (Einfeld et al. 1991). 

We cannot support the hypothesis of Radke et ale (1991) that large values for 
particulate matter emission factors are linked to size of fire. Rather, this paper 
provides new evidence that fire size makes only a minor (if any) contribution to the 
magnitude of emission factors. Further examination of the UofW data may be 
warranted. For example, we have not explored other ancillary data (crew 
observations, organic and elemental carbon content, CO-to-C02 ratios) that may 
help to explain the concurrently high EFpM3.5 and combustion efficiency values. 

The results from this study demonstrate the stron~ influence fire dynamics 
and fire behavior have on the source strength of fme partlculate matter production 
from wildfires. The observed and modeled data presented in, Figure 7 provide 
strong support for consideration of combustion efficiency and fIre behavior in the 
determination of an appropriate emission factor to represent biomass burning. 

CONCLUSIONS 

1) A mean EFpM2.5 of 13.5 g/kg (weighted by fuel consumption and percent 
flaming area in each grid cell) was modeled for the 58 day analysis period of 
the 1987 Silver Fire~ Over 2.3 X 107 kilograms of PM2.5 were produced--an 
average of 617.5 kg/ha. 

2) The approach we have used to model EFpM2.5 from combustion efficiency 
estimates is very well supported by empirical observations made from the 
Sandia airborne sampling platform. 
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3) The EFpM3.5 presented by Radke et ale (1991) for the Silver Fire is nearly 
35% higher than our model estimates, and concurrently-derived emission 
factors for C02 represent unrealistically high combustion efficiencies for 
the period during which the samples were acquired. 

4) Global estimates of the effects of PM2.5 production must recognize the 
strong relation between particulate matter production and fire dynamics. 

5) The differences between our modeled estimates, the Sandia data, and the 
results reported by Radke et ale (1991) must be further examined. 
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