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Abstract 

The information presented is directed to environmental scient ists and 
land managers concerned with the quantity of, and methods for reducing, 
criteria pollutants produced from open burning of forest r esidues . This 
report documents the first in a series of paired-unit demonstrations in 
which utilization levels and sources of pollution are measured. 
Ultimately, results will lead to technology and cost guidelines for 
reducing emissions of pollutants from prescribed fire s in the Pac i fic 
Northwest. 

Two clearcut units in the Willamette Nationa l Forest of wes tern Oregon 
were yarded to different specifications: 8" x 10' (20.3 cm x 3 m) and 6" 
x 6' (15.2 cm x 1.8 m). In conjunc tion with accura te monitoring of fue l 
consumption and fire behavior, particulate matter (TSP), CO, NOX, and 03 
emissions were sampled from an aircraft platform. A ground-based 
sampling system was used for sampling TSP, CO, and C02' Total fuel 
consumed was 650 metric tons and 450 metric tons for the two units. 
Weighted average emission factors from both units for TSP was 20.0 g 
kg-I. A reduction of 31% in TSP emissions was demonstrated as a result 
of decreasing the amount of fuel burned by 3.14 kg m-2 (14 short tons pe r 
acre) . 

NOTE TO EDITO RS 

Under the new federal copyright law, 

publication rights to this paper are 

retained by the author(s). 
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Introduction 

Forest burning is a substantial source of air pollutant emis s ions. To 
meet forest management objectives, it is necessary to burn unutilized 
residues ( slas h) left a f t er timber harvest. The trend is towar d an 
increased demand for slash as a source of fibe r and biomass for energy, 
which is gradually decreasing emis s ions from slash burning. An 
interagency research program of the Uni ted States Forest Service, 
Envi r onmental Pro tection Agency, and Department of Energy is evaluating 
the ef fect i venes s of increased utilization as an emission reduction 
t echnique. One of our ob jectives is to encourage utilization of residues 
by demons t rating the concomitant improvement in air quality. 

This report documents the first of a series of paired-uni t demonstrations 
in which util ization levels and pol lutant source strength are measured. 
I t r epr esents the first ef f ort i n t he Pacifi c Northwest in which aircraft 
sampl ing of emi ssions was supplemented by ground-ba sed samplers in 
conjunction with accurate monitoring of f uel consumption and f ire 
behavior . 

In the West, prescribed fires are primarily used for silviculture and 
wildfire prevention. It is important to protect forests from wildfire 
both for economic reasons and because wildfires produce nine times as 
much particulate matter nationally as do prescribed fires. Emissions 
from wildfires enter the atmosphere at an uncontrolled rate over an 
unspecified period of time. Cooper(l) reports that for the southeastern 
Unites States, t hrough pres cript ion burning, the severity of losses 
caused by wildfire s can be r educed while, at the same time, improving 
r egional air quality. Timber harvest residue consist i ng of woody and 
other vegetative material, both living and dead, adversely affects 
reforestation . There is a need to remove these materials to optimize the 
environmental conditions for regeneration. Prescribed fires are commonly 
used for this purpose. But adequate knowledge does not exist to 
manipula t e fires and fuel beds to minimize the production of pollutants. 

Prescribed fires contribute an estimated 0.4 million metric tons of 
particulate matter (TSP) pe r year in the United States, primarily in the 
West and Southeast.(2) Based on an emission factor of 32.5 g kg-l, an 
e stimate of annual TSP production from prescribed burning in Oregon and 
Washington is 0.1 million metric tons.(3) Emissions data from 
prescription burning are important because the smoke f r om these burns may 
be the major source of TSP. An example of this contribution can be 
realized by considering a source contributing 10% on an annual basis. If 
this were concentrated during 1 month, the contribution would be 57% of 
TSP during that month. 

To complicate matters, more than 95% of smoke generated by forest fires 
is in the fine-particle range (less than 2 pm in diameter). Most smoke 
management ac t ivities are directed toward optimizing the timing of 
prescribed fires to avo'id situations in which high concentrations of TSP 
may produce visual range impairment and/or levels of TSP that might 
adversely impact local air quality.(4) If additional gains in air 
quality are to be made, me thods wi ll be needed for controlling emissions 
at the source. 
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Obviously, reducing the mass of fuel consumed by increased utilization 
directly reduces emissions production. Secondary effects, such as a 
reduction in fuel-dependent duff consumption (duff consists of 
accumulations of decayed organic matter on the forest floor) and fire 
behavior changes, are not so obvious. To measure these effects requires 
that aircraft sampling be used for an integrated evaluation of emissions 
and that surface monitoring be used to sort out the direct and secondary 
effects. It is important, in assessing any control strategy, that the 
costs of performing that operation be weighed against the benefits 
derived. Our Forest Residues and Energy Program is performing that type 
of analysis. 

Prior Work 

Most of the emissions research for forest fires during the past decade 
has been accomplished for the purpose of defining emission factors for 
criteria pollutants from the burning of forest residues. (Emission 
factors, EF, are defined in terms of the mass of pollutant produced per 
unit mass of fuel consumed, usually expressed in pounds per ton, or g 
kg-l .) Sandberg(5) reports emission factors (1) to be approximately 
inversely proportional to fire intensity, (2) to average 12 g kg- l for 
fuel with needles burned in the laboratory, and (3) to be 14 g kg-l for 
similar fuels burned under field conditions. Stith et al.,(6) from an 
aircraft platform, sampled three prescribed fires in the State of 
Washington. They measured significant increases in 03 concentration in 
forest fire plumes, source strengths for TSP of up to 15 g kg- l , and 
EFTSP (emission factor for TSP) from 2 to 20 g kg- l • These emissions 
were measured without good fuel consumption quantification data. 

In Australia, Vines et al.(7) sampled emissions from bush fires and 
determined that the range of EFTSP is from 7 to 20 g kg-l of fuel 
consumed. In the Pacific Northwest, Sandberg et al.(8) measured EFTSP 
and EFCO values averaging 6 g kg-l and 98 g kg-l , respectively. For 
fuels in the Southeast, Ward et al.(2) and Ryan and McMahon(9) found 
EFTSP values ranging from 3 to 62 g kg-l where EFTSP is dependent on fuel 
type, fire type, and weather variables. 

Methods 
Description of Harvested Units 

Two timber harvest clearcut units approximately 90 km east of Eugene, 
Oregon, on the Willamette National Forest, were selected. The units were 
part of the Green Mountain Timber Sale Wood Utilization Study, which 
investigated harvest costs and utilization potential on paired units 
logged to different minimum size removal requirements. Sale layout and 
logging methods were typical of National Forest operations in old-growth 
forests. 
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The units were similar except for the amount of woody material removed 
(Table I). Unit A was YUM yarded (yarding unmerchantable material) to a 
minimum piece size of 8" x 10' (20.3 cm x 3 m). Unit B was yarded to a 
piece size of 6" x 6' (15.2 cm x 1.8 m). Pieces larger than 16" x 2' 
(40.6 cm x 0.6 m) were also removed from Unit B. Similar (+10%) volumes 
of merchantable (sold per net volume) and utility (sold per-acre) logs 
were removed; but removal of lower quality per-acre material was 42 tons 
per acre (9.42 kg m-2), or 45%, greater on Unit B. Preburn slash loading 
differences between Units A and B were significant only in the size class 
of pieces larger than 6 inches in diameter (15.2 cm). 

Table I. Description of Green Mountain Timber Sale, Units A and B, 
Willamette National Forest, Oregon 

Unit Characteristic Unit A Unit B 

Size, in acres 16 (6.5 ha) 17 (6.9 ha) 

Elevation, in feet 2000-2400 2300-2500 
(600-730 m) (700-760 m) 

Aspect E NE 

Percent Slope 20-50 10-50 

Yarding Specifications, 8" x 10' 6" x 6' & 16" x 2' 
minimum piece size (20.3cm x 3m) (15.2cm x 1.8m & 

0.4m x 0.6m) 

Timber Volume Removed, in tons/acrea 
Merchantable & Utility Logsb 324 (72.6 kg m-2) 292 (65.5 kg m-2) 
Other PAMc and Wood Fiber 94 (21 kg m-2) 136 (30.5 kg m-2) 

Preburn Slash Loadings (Ton/A) 
0" to 6" (15.2cm) diameter 11 (2.5 kg m-2) 10 (2.2 kg m-2) 
larger than 6" (15.2cm) 14 (3.1 kg m-2) 1 (.2 kg m-2) 

aSource: "Green Mountain Timber Sale Wood Utilization Study," report on 
file at the USDA Forest Service Willamette National Forest, Eugene, OR. 

b"Utility logs" includes both Special Cull and Utility (Pulp) grade logs. 
The tonnages removed are equivalent to 72 thousand board feet (MBF) per 
acre on Unit A and 66 MBF per acre on Unit B. 

cPer-acre material (per m2 material). 

5 



82-8.4 

Fuel Consumption 

Wires were wrapped around approximately 40 logs located in each unit. 
The preburn and postburn wire measurements allowed the calculation of a 
diameter reduction caused by the fire. The diameter reduction was 
converted to percent fuel consumed.(10) Prior to burning, two hundred 
iron spikes were driven flush with the top of the duff layer. After the 
fire, the exposed length of each spike was measured to the top of the 
remaining duff and to mineral soil. The amount of duff consumed for 
each burn was determined using this method.(ll) 

Fire behavior and the progress of ignition of each unit was recorded by a 
trained observer. These data were used to calculate the percent area of 
the Units in the flaming and smoldering stages of combustion for a 
specific time.(12) 

Emissions Sampling 

Emission sampling was done on both days from a twin-engine Beechcraft 
Queen Air airplane sampling platform. In addition, on Unit B, a tower 
and cable system was used to support sampling equipment over a portion of 
the burn area. Emission concentration data were used in calculating 
emission flux and emission factors. 

Aerial. The instruments aboard the aircraft during the sampling program 
are listed in Table II, along with response characteristics and the 
techniques of analysis. Sample line inlets are diagramed in figure 1. 
Further information regarding sampling manifold configuration is 
available in the final data report.(13) 

The aircraft sampling system was used to cross section the smoke plume 
approximately 2 km downwind from the burn areas. Several individual 
traverses were made along paths at right angles to the plume trajectory. 
Four cross sections consisting of 4 to 12 traverses were f10wn--1 for 
Unit A and 3 for Unit B. In addition, several plume orbits were flown at 
the 2- and 9-km downwind distance for plume-chemistry and nephelometer 
calibration purposes during times when cross sections were not being 
made. Along with the real-time observations of combustion product 
concentration in the smoke plume, samples of the gases were collected in 
teflon bags and particulate matter samples on stretched teflon filters 
for selected passes and orbits. 
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Table II. Queen air instrumentation. 

Sampler 
Manufacturer Time Response Approximate 

Parameter And Model Analysis Technique (to 90%) Resolution 

NO/NOx 	 Monitor Chemiluminescence 5 - 10 s 10 ppb 
Labs 8440 

MRI 1550 Integrating 5 s 
(heated) Nephelometer 

Monitor Chemiluminescence 5 s 5 ppb 
Labs 8410 

CO 	 Energetics Electro-chemical 15 s 0.1 ppm 
Science, Inc. cell 

Temperature YSI/MRI 	 Bead Thermister/ 5 s 
Vortex Housing 

Dew Point 	 Cambridge Cooled Mirror 0.5 s;o C 
Systems 137 

Altitude Validyne 	 Absolute Pressure 1 s 6 m 
Transducer 

Indicated 	 Validyne Differential Pres- 1 s 
Airspeed 	 sure Transducer 

Flux. To calculate emissions flux, it was necessary to determine the 
plume dimensions and windspeed for the time and altitude of each traverse. 
The depth, D, (in m) for each traverse was (1) the distance between the 
traverse above and below divided by 2, or (2) the total distance above or 
below if for a top- or bottom-of-plume traverse (see figure 2). The width 
of the plume, W, (in m) was determined to a minimum threshold measurement 
of the emission concentration above background. Winds peed , U, (in m s-l) 
was taken from PIBAL soundings made at hourly invervals. An incremental 
flux (g s-l) was computed by multiplying the dimensions of the plume 
represented by the traverse by the windspeed and emissions concentration at 
that altitude as given by the following equations: 

(1) 

FluxNOX DWU(NOX)k2 	 (2) 

FluxCO = DWU(CO)k3 	 (3) 

Where 
bscat ' NOX, and CO are instrument response factors; and kl' kZ' 
and k3 are sensitivity factors. 
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Surface. On Unit B, the equipment used for sampling the particulate 
matter and gases was supported by a tower and cable system. The cable 
formed a continuous loop which allowed the operator to extend a 2.5-cm 
diameter vacuum hose and umbilical electrical line approximately 70 m 
into the burn area at a height of 8 m or 16 m above the burn. 
Particulate matter samples were collected simultaneously with 4 gas 
samples which were taken immediately above the fire during sampling 
periods (figure 3). The 47-mm Gelman Type A glass fiber filter mats were 
operated at 10 liters per minute (lpm) flow by using flow-limiting 
orifices between the vacuum line and open-faced filter holders. Constant 
flow rate splitter valves were used on 6-volt diaphragm pumps to fill the 
grab sample bags. 

Gases. Gas grab samples were collected for the purpose of doing a carbon 
balance. By quantifying C02, CO, and THC (total hydrocarbons) gases and 
particulate matter; an accurate assessment of the fuel consumed in 
producing these emissions can be made.(14) The gas grab samples were 
analyzed on a Baseline Industries Model 1030A gas chromatograph which 
converts CO and C02 to methane through a catalytic process before 
quantification by a flame ionization detector. Quality assurance of all 
sampling and analytical systems was provided by an independent contractor. 

Results 

Sampling periods were dictated by weather factors that would be suitable 
for both aircraft sampling and prescribed burning operations. The two 
units were burned early in the morning, before upcanyon winds could make 
the fires uncontrollable. Unfortunately, a cloud layer developed which 
restricted sampling on the first day. While burning Unit A, the smoke 
plume mixed into a cloud layer at 1500 m altitude, with about 50% of the 
plume being sampled (Table III). On the second day, insufficient lift of 
the plume was obtained to safely traverse under the plume; hence, about 
70% of the smoke was measured. These percentages were estimated by the 
sampling crew. 

The units were burned on successive days in July 1981, beginning at 
0648. Preburn coarse woody-fuel moistures averaged 32% for Unit A and 
30% for Unit B. Fuels were hand lit in strips approximately 30 feet 
(9 m) wide, and each unit took approximately 3-1/2 hours to ignite. An 
attempt was made to produce identical firing times and fire intensities. 
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Table III. Fuel consumption rate 
sections were flown. 

for periods of time when plume cross 

Unit 

A 

Plume 
Cross 
Section Date 

07/13/811 

Sample Period 
Time 

Start End 

0758 0847 

Rate of 
Fuel 

Consumption 
(kg s-l) 

28.1 

B 2 07/14/81 0749 0804 23.5 

B 3 07/14/81 0904 0921 20.5 

B 4 07/14/81 1013 1025 41.3 

A & B Weighted Averagea 29.0 

B only Weighted Averagea 30.0 

aWeighted averages were calculated using the following formula: 

,1here, 
W weighted average 

Wi rate of fuel consumption for plume cross section i 

Wi fuel consumed during the ith plume 
sampling period, and 

cross section 

j number of cross sections. 

Fuel Consumption 

The total duff and woody fuels consumed, as determined from field 
observations, was 650 metric tons for Unit A and 450 metric tons for Unit 
B. The rate of fuel consumption averaged 29.0 kg s-l (based on a 
weighting procedure) during the four periods when emissions flux was 
measured (Table III). The fuel consumption rate on Unit A was similar to 
the average rate during the sampling periods on Unit B. Based on 
experience, it was estimated that half of the fuel consumption on each 
unit occurred during flaming combustion. This suggests that the emissions 
flux during the flaming stage for the two units should be about equal, and 
that an emission factor calculated by dividing the emissions flux by the 
fuel consumed should represent a midrange value between emission factors 
for the flaming and smoldering combustion processes. 
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Emissions Flux 

Emission flux data for the portion of the plume sampled were calculated 
by multiplying the average emission concentration at a given altitude by 
the area represented by that transect and the windspeed in that segment 
of the plume (Equations 1 to 3). These flux data were then summed in a 
given cross section to give the total emission flux for the fire during 
that period of time. Figure 4 illustrates a typical emission 
concentration profile for bscat NOX, NO, 03, and CO during 1 traverse of 
the plume flown at an altitude of 1311 m above mean sea level (msl), Z km 
downwind from Unit B at 0904 on July 14, 1981. Data for Z additional 
cross sections were collected on July 14 and for 1 cross section on July 
13. The concentration from each traverse was plotted and concentration 
isopleth drawings constructed for 1 cross section (figure 5). 

The period from 0904 to 09Zl is represented by the PIBAL observations 
taken at 0900 on July 14, 1981. Other PIBAL soundings were made at 
I-hour intervals, and the sounding made closest in time to that of the 
cross section was used in computing the downwind flux. 

On July 14, three orbits were flown in the plume Z kID from the source. 
During each orbit,TSP (without size segregation) was collected on 
preweighed Z5-mm stretched teflon filters. The average mass 
concentration for each filter was divided by the average scattering 
coefficient, as measured by the integrating nephelometer during the 
filter exposure period, which provided an average TSP mass concentration 
to scattering coefficient ratio (mass-to-bscat ) of 0.41 ~ O.lZ g m-Z (kl 
in equation 1). In addition, the TSP on the filters was subjected to 
particle-induced X-ray emission spectroscopy (PIXE) for determining the 
abundance of heavy elements (results presented 'on page 14). 

The individual plume flux values for each cross section for TSP, NOX 
(reported as NOZ), and CO are shown in Table IV. Average weighted TSP 
flux from Unit B was 647 g s-l, compared to 5Z6 g s-l from Unit A. 
Oxides of nitrogen flux was also similar from the two units. The flux 
values were corrected to account for estimated plume volumes not sampled 
because of clouds or terrain. Grab samples of gases along traverses did 
not produce adequate COZ concentration resolution for calculating COZ 
flux. 

Emission Factors 

Emission factors were calculated in two ways. The emission mass 
flux, as determined from the aircraft samplers, was divided by the rate 
of fuel consumption (flux method). The second method uses the data 
collected from the surface-based system (carbon-balance method). 
Similarity of calculated emission factors between methods would tend to 
verify our sampling and computational methods. 
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Table IV Sununary of emissions flux at 2 km downwind. 

Plume Est. of Correcteda 
Unit Cross Plume Emission Flux 

II Sect. Sampled TSP NOX CO 
(%) ---(g s-l) __ 

A 1 50-75 526 44 

B 2 70-80 637 60 2180 

B 3 70-80 417 24 1574 

B 4 70-80 767 84 5599 

A & B Weighted Averageb 579 51 
B only Weighted Averageb 647 58 3176 

aTabular values were calculated using the smaller estimate of 

percent of plume sampled. 


bweighted average flux. (See footnote a in Table III, where flux is 
substituted for Wi') 

Flux Method. Emission factors for TSP, NOX, and co (listed in Table V) 
were calculated by dividing plume emission flux (Table IV) by fuel 
consumption rate (Table III). The pooled emission factor for TSP from 
the four passes was 20 g kg-I. 

Carbon-Balance Method. Several previous investigations have relied 
heavily on subjective estimates of fuel consumption.(6) This can be 
circumvented if the carbonaceous gases are sampled and monitored 
reliably. The C02 contains approximately 90% of the carbon in the 
emissions from a typical prescribed fire of wildland fuels. The 
remainder of the carbon from the fuel can be partitioned between the CO, 
THC, and TSP in the appropriate ratios of 8.5%, 0.5%, and 1%, 
respectively. During the smoldering phase of a fire, the contribution of 
particulate matter, co and THC can be much larger--possibly as high as 
60-70%.(4) . 

The surface sampling system diagramed in figure 3, was used for 
collecting gaseous and TSP samples for Green Mt. Unit B and two other 
fires.(15) Averages for the composite data are presented in Table VI, 
from which comparisons between data for Unit B and other units are made. 
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Table V. Emission factors as determined by dividing the flux of 
emissions by the rate of fuel consumption. 

Plume 
Cross Emission Factors 

Unit Section TSP NOX CO 
------(g kg-l )--------

A 1 18.7 1.6 

B 2 27.2 2.6 92.8 

B 3 20.~ 1.2 76.8 

B 4 18.6 2.0 135.6 

Mean + Standard Deviationa 21.2+4.0 1.8+0.6 102+30 

A and B Weighted Averageb 20.0 1.8 
B only Weighted Averageb 21.6 1.9 105.9 

aMean and standard deviation for all 4 cross sections (3 cross 
sections for CO. 

bweighted average emission factors. (See Table III, where EF values 
are substituted for Wi') 

Heavy Elements 

Particulate matter and heavy element concentrations above background 
levels were determined from 9 stretched teflon filters (7 from the smoke 
plume and 2 background samples). These data were used in calculating 
emission factors for heavy elements (Table VII) by multiplying the ratio 
of heavy elements present per unit weight of particulate matter by the 
mean EFTSP of 20.0 g kg-l (weighted average from Table V). 

Plume Chemistry 

Figure 6 summarizes the gas and particle concentration data obtained for 
the plume chemistry orbits downwind from Unit B. The gaseous, bscat ' and 
filter weight data are averages of the sample observations made while 
circling in the smoke plume at 2 distances (2 and 9 km) from the source. 
The excess ozone concentrations at 2 km were quite low during the initial 
sampling when the NOX concentrations were high (figure 6). However, at 
9 km, elevated ozone concentrations were measured as NOX concentrations 
diminished. The ozone concentration in the plume 9 km downwind was 
roughly double the background concentration. Based on the data set from 
this program, no estimate of location or concentration of the ·maximum 
excess ozone is possible. 
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Table VI. Summary of Unit B surface-based emission factor data and the 
average emission factors for other units sampled in Oregon 
during 1981.(15) 

Stage Number of Emission Factorsa 
Test Area of Samples C02 CO TSP 

Combustion --------------(g kg-l )------------- 

Unit B Smoldering 1 1329 263 21 

Other Units Flaming 2 1760+ 46.2+ 12.0+0.6 
113.1 11.0

Smoldering 4 	 1504+ 154+ 28.5+11.6 
156 29 

aEF values for particulate matter are calculated using the following 
formula. The concentration of other gases can be substituted for TSP to 
calculate EFCO' EFC02, etc. 

EFTSP (TSP)F 
CCO + CC02 + CTHC + Cp 

TSP is the particulate matter concentration (mg m-3) 

F is the carbon ratio of fuel consumed ~0.497) 


CCO is the carbon fraction of CO (mg m- ) 

CC02 is the carbon fraction of C02 (mg m-3) 

CTHC is the carbon fraction of THC (mg m-3 ) 

Cp is the carbon fraction of particulate matter (mg m-3 ) 


Discussion 
Comparison of emission factors 

Emission factors calculated by dividing the flux of emissions by the fuel 
consumption rate are in agreement with other values.(5,6,15) Particulate 
matter emission factors from the 4 sample periods should be close to 20.3 
g kg-I, assuming a 50% flaming/50% smoldering weighted average from data 
in Table VI (e.g., EFTSP = 0.50(12.0) + 0.50(28.5) = 20.3 g kg-I). 
Actually, an average EFTSP of 20.0 g kg- l was measured for all sample 
periods (21.6 g kg-l for Unit B). 

The EFCO measured value 	of 105.9 g kg-l compares to the combustion stage 
weighted value of 100.1 	g kg-I. Our one surface observation of EFCO is 
263 g kg- l , which was taken during the nonconvective-lift stage of the 
fire. This value is about 70% higher than other observations made for 
other tests (Table VI). But it is well within the range, 250 to 400 g 
kg-I, observed by Sandberg et al.(8) More data are needed before good 
interpretation of this high EFCO can be made. 

13 
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Table VII. Emission factors for several heavy elements based on an 
emission factor for particulate matter of 20.0 g kg-I. 

Element EFXa 
(mg kg-I) 

Na 12.3 

Mg 162.4 

Al 41.6 

5i 74.0 

P 11.9 

5 21.4 

Cl 

K 57.9 

Ca 226.4 

Mn 17.6 

Fe 7.2 

Zn 7.0 

aEFX is the mass of the element per unit mass of fuel consumed (g kg-I) 
calculated by the formula (X/g T5P)(20.0 g T5P/kg fuel). 

Likewise, our observations of EFNOX, in terms of N02, range from 1.2 to 
2.6 g kg-l and compare favorably with the results of Clements and 
McMahon(16) of 0.4 to 2.2 g kg-l for samples of slash pine wood and 
needles pyrolyzed in a small-scale TG furnace. 

It is possible to back-calculate fuel consumption from the CO flux 
measurements made from Unit B. Although we were not able to accurately 
measure the flux of C02, we assume CO was conserved over distance from 
the surface sampling location to the location of the cross sections, 2 km 
downwind. The one observation of EFCO of 263 g kg-l was taken during the 
nonconvective lift stage at 1100 hours (Table VI). We think the weighted 
EFCO of 100.1 g kg-l is representative of the emissions for Unit B cross 
sections 2 to 4. By dividing the CO flux values by the weighted EFCO' 
fuel consumption rates of 21.8, 15.7, and 55.9 kg s-l result. These 
independent calculations of fuel consumption can be compared with 
Table III values of 23.5, 20.5, and 41.3 kg s-l. 

14 
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The reasonableness of the calculated emission factor values for TSP, CO, 
and NOX with each other; with other work; and the agreement of the 
calculated rate of fuel consumption with the measured rate tend to 
validate both the measured fuel consumption and the measured emission 
fluxes. Our intent was to provide an independent integrated measurement 
of fuel consumption by back calculation based on the carbon flux. We 
have only gone the first step in making this independent measurement. 
Our work this year will concentrate on providing additional plume flux 
observations and on real-time gas concentration profiling along with 
acquiring grab samples for gas concentration analysis. 

The integrating nephelometer measures the scattering of light resulting 
from particles in the gas stream. For this study, a nephelometer 
equipped with a heated inlet tube was used to reduce the effect of 
relative humidity variations on the mass-to-bsca~ ratio.(14) Our 
measured mass-to-bscat ratio of 0.41 ~ 0.12 g m- is higher than that 
determined by Vines et al.(7) and Ward et al.(14) Both used unheated 
nephelometers. 

A difference in total TSP emissions was measured between Units A and B by 
multi1lying the weighted EFTSP determined from the 4 cross sections (20.0 
g kg- ) by total fuel consumed for each unit. A total TSP emissions of 
13.0 and 9.0 metric tons was calculated for Units A and B. This 
demonstrates a 31% reduction in total TSP emissions as a result of 
decreasing the amount of available fuel from the site through yarding of 
woody materials with diameters larger than 15.2 cm. This year 2 to 4 
additional units will be sampled so that a more definitive relationship 
can be developed between the level of residue removal and emission 
production. 

Plume Chemistry Discussion 

Over the 7-km distance downwind, the ratio of NOx to 03 decreased by at 
least a factor of two; the NOX to NO ratio remained about constant. Our 
tests show the NOX-to-NO ratio to be 4 to 10, or about a factor of 2 
larger than reported by Stith et al.(6) and of comparable magnitude to 
the report of Westberg et al.(17) It should be noted that our samples 
were taken from OSOO to 1100 PDT which may have affected the intensity of 
ultraviolet light and the mixing of emissions through the potentially 
photochemically active top portion of the plume. 

Ratios of heavy elements have been used in a chemical mass balance 
analysis for allocating the contribution of various sources to the 
emissions affecting a given receptor site.(lS) The ratio between K and 
Fe is considered significant for forest fires, where the K component 
represents the impact of vegetative burning and Fe represents the soil 
component. Our ratio of S, (calculated by dividing EFK by EFFe from 
Table VII) as measured in the plume close to the source, is compared with 
ratios ranging from 0.2 to 57 for composite source contribution samples 
at receptor sites.(19) 
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Conclusions. 

Two timber harvest units on the Willamette National Forest in Oregon were 
yarded to different minimum size specifications for the removal of woody 
fuels as follows: 

Unit A 8" X 10' (20.3 cm x 3m) 
Unit B 6" x 6' (15.2 cm x 1.8 m) 

Aircraft and ground sampling measurements enabled the calculation of fuel 
consumption rates, emission fluxes, and emission factors. By removing an 
additional 14 tons of woody fuel from each acre burned (3.14 kg m-2), a 
31% reduction in TSP emissions was realized. For the unit with the 
highest amount of woody fuel removed, burnout occurred much more quickly 
during the smoldering combustion period. 

Cross sections of the smoke plumes from the 2 prescribed fires showed 
source strengths for TSP ranging from 0.42 to 0.77 kg s-l with mean 
emission factors for TSP, NOx , and CO of 2l.2~4.l, 1.8~0.6, and 102+30 g 
kg-I, respectively. 

The TSP emission factors measured compared favorably when determined 
using surface-based samplers and aircraft flux methods. The CO emission 
factor for Unit B was quite high (263 g kg-l ), but was measured for the 
nonconvective lift stage of the fire. 

Ozone formation occurred over the 7-km distance of measurement. Our 
tests show that the NOx-to-NO ratio increased over the same distance for 
the conditions of these tests. The NOx-to-03 ratio decreased by at least 
a factor of 2 over the 7-km distance. Analysis of heavy elements showed 
a K-to-Fe ratio of 8--the significance of this for source apportionment 
is not known. Tests will be conducted during the su~ner of 1982 and 1983 
to further examine the effect on emissions production of removing 
residues. 
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Figure 1. Traverse flight pattern for cross sectioning of smoke plume 
and for orbiting in smoke plume at two distances downwind 
from source (2 km and 9 km). 
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