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In this chapter we describe the results of airborne 
studies of smokes from 17 biomass fuel fires. includ
ing 14 prescribed fires and 3 wildfires. burned primar
ily in the temperate zone of North America between 
34° and 49°N latitude. The prescribed fires were in 
forested lands and logging debris and varied in areas 
burned from 10 to 700 hectares (ha) (over a few 
hours). One of the wildfires ultimately consumed 
20.000 ha and burned over a period of weeks. The 
larger fires produced towering columns of smoke and 
capping water clouds. As an indication of scale. the 
prescribed fires were visible only as small features in 
meteorological satellite imagery, but one of the wild
fires studied produced a persistent, visible plume 
more than 1000 kilometers (km) long. Details of these 
fires and their fuels are given in Table 28.1. 

The measurements were made aboard the Univer
sity of Washington 's C-131A research aircraft. This 
twin-engined. 20.000 kilogram (kg), propeller-driven 
airplane carries instrumentation for measuring the 
size :and nature of aerosol particles. trace gas concen
trations. and meteorological parameters. Major por
tions of the aerosol system have been described by 
Radke (1983) and the trace gas instrumentation has 
been described by Hegg et al. (1987). Details con
cerning the analysis of data. in addition to those pre
sented in subsequent sections. can be found in Radke 
et a1. (19KR) and Hcgg et al. (l990). 

Our ~tudies have focused on factors that could im
pact global climate through alteration of the earth's 
radiation balance. These include emissions of trace 
gases and smoke particles from biomass burning. the 
optical properties of the smoke. and the interaction of 
the smoke particles with water clouds. 

Particle Emission Factors 

Particle (and other) emission factors for the fires were 
computed using the carbon-balance method of Ward 
et a1. (1982) as adapted for aircraft sampling by 
Radke et al. (1988). This method requires in-plume 
measurements of all major carbon-containing prod

ucts of combustion. These include CO2 and CO, 
which are of primary importance. a less important 
subset of hydrocarbons (CH4 • C2H 2 , C2H6 , C3H". 
C)HIj, and Col isomers), and the smoke particles (ap
proximately 60O/C carbon). We assumed that all of the 
carbon in the fuel was released into the plume during 
the fire after being converted to the different car
bonaceous products of combustion listed above. We 
further assumed that the concentration of particulate 
mass remained proportionally constant with refer
ence to the concentrations of the gaseous products of 
combustion listed above for every Lagrangian parcel 
in the plume throughout the period of our measure
ments. This assumption is valid for particles with 
aerodynamic diameters less than 3.5 t-Lm (a 3.5 t-Lm 
cutpoint cyclone was used to remove larger particles 
before sampling on Teflon filters). The ratio of the 
mass concentration of carbon in the plume to the mass 
fraction of carbon in the fuel gives a measure of the 
mass of fuel required to produce the emissions con
tained in '3 unit volume of air in the plume after 
combustion. The reciprocal of this quantity, when 
multiplied by the corresponding concentration of par
ticle mass. gives the particle emission factor (EF). 
This is summarized in the following equation: 

PC r
EF = -=----==-----==----==--

(PC,,) + (CO:CC02) + (THCCTHd + (COCco) 

(28.1 ) 

where P. CO2• CO. and THC are the excess (i.e .• 
above background) mass concentrations of aerosol 
particles. CO2 , CO. and total hydrocarbons. respec
tively; and C" C:,. Cco Ceo, and CTHe are the frac

2
, 

tional masses of carbon in the fuel. smoke particles, 
CO2 • CO. and total hydrocarbons. respectively. The 
derivation of equation (28.1) is given by Radke et al. 
(1988). For the current study we assumed a fuel car
bon fraction (e,) of 0.5 (Bryam. 1959: Susott et aI., 
this volume. Chapter 32). Cp is measured using pro
grammed ramped temperature heating of quartz fil
ters exposed to smoke. and analysis of the carbon 
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Table 28.1 Fires examined in present study 

Size 
Date Location (ha) Type of fire FuelFire 

Abee 22, Sept. 1986 
Eagle 3 Dec. 1986 
Lodi 1 12 Dec. 1986 
Lodi 2 22 June 1987 
Hardiman 28 Aug. 1987 

Wheat 31 Aug. 1987 
Myrde/Fall Creek 2 Sept. 1987 
Silver 17-19 Sept. ' 1987 
Satsop 19 Sept. 1987 
Troy 8 Oct. 1987 

Battersby 12 Aug. 1988 
Peterlong 22 Aug. 1988 
Carbonado 27 July 1989 
Summit 1 Aug. 1989 

Hill 10 Aug. 1989 

Wicksteed 12 Aug. 1989 

Mabel Lake 25 Sept. 1989 

Montesano, Wash. 

Ramona, Calif. 

Los Angeles. Calif. 

Los Angeles, Calif. 

Chapleau, Ont. 


Rosalia, Wash. 

Roseburg, Ore. 

Grants Pass, Ore. 

Satsop. Wash. 

Troy. Mont. 


TlIIlIIliils, Ont. 

Timmins, Onto 

Enumclaw, Wash. 

Grangeville, Idaho 


Chapleau, Ont. 


Homepayne, Onto 


Kelowna, B.C. 


40 
30 
40 

150 
325 

-10 
2.000 

20.000 
40 
70 

718 
217 

40 
100 

486 

700 

29 

Prescribed 
Prescribed 
Prescrihed 
Prescribed 
Prescribed 

. 	Prescribed 
Wildfire 
Wildfire 
Prescribed 
Prescribed 

Prescribed 
Prescribed 
Prescribed 
Wildfire 

Prescribed 

Prescribed 

Prescribed 

Debris from Douglas fir and hemlock 
Standing black sage, sumac. and chamise 
Standing chaparral. chamisc 
Standing chaparral, chamisc 
Debris from jack pine, standing aspen, 
and paper birch 

Wheat stubble 
Standing pine, brush, and Douglas fir 
Douglas fir, true fir, and hemlock 
Debris from Douglas fir and hemlock 
Debris from pine, Douglas fir, and true 
fir 

Jack pine, white and black spruce 
Jack pine, white and black spruce 
Debris from Douglas fir and hemlock 
Debris from pine, Douglas fir, and true 
fir 

"Chained" and herbicidal paper birch 
and poplar 
"Chained" and herbicidal birch, 
poplar, and mixed hardwoods 
Debris from hemlock, deciduous, 
Douglas fir 

released with the pyrolysis products (Johnson et aI., 
1981). 

The derived emission factor is strictly valid only at 
the point of measurement. Any process that adds or 
removes a pollutant between the source and the loca
tion of the measurement will change the derived emis
sion factor for that pollutant. Such changes are 
negligible if the measurements are made close to the 
fire, but at high altitudes or at long distances down
wind, mechanisms such as cloud scavenging and gas
to-particle conversion may significantly change the 
measured values of the emission factors. The emission 
factors for particle mass given below were derived 
from measurements in smoke columns above the fire 
or at short distances downwind in stabilized smoke 
plumes. In some cases, however, the plume had been 
scavenged by capping cumulus clouds. 

Many of the prescribed biomass fires studied exhib
ited marked temporal characteristics. Most of the 
fires began with intense combustion and long flame 
lengths as the small, dry fuels (leaves, needles, twigs, 
etc.) burned. Particle emission factors during this pe
riod were comparatively small and the smoke ap
peared rather dark (in some cases very dark) at visible 
wavelengths. Some of the smaller fires (those which 
ignited rapidly) then evolved naturally into a state 
characterized by combustion of the predominantly 

"smoldering" type. Compared with the initial 
"flaming" phase of combustion, the "smoldering" 
phase was marked by higher emission factors and light 
gray to white smokes. This type of progression was 
observed at the Mabel Lake fire (Figure 28.1), where 
the particle emission factor increased by a factor of 
almost three as the fraction of the total fire charac
terized by smoldering combustion increased (it took 
most of the first 18 minutes after ignition for the 
smoke to rise from the surface to the 3 km sampling 
altitude of the aircraft). 

A similar temporal progression was observed at the 
Abee prescribed bum (Figure 28.2), except that the 
particle emission factor decreased again near the end 
of the fire. Here, the fuels were similar to those at 
Mabel Lake, the most notable difference being that 
the Abee fire Was in the Pacific coastal region of 
Washington while the Mabel Lake fire was in the 
interior of British Columbia. In spite of the fuel sim
ilarities, the emission factors measured at the Abee 
fire were much greater than those measured at Mabel 
Lake. The Abee fire had the highest emission factors, 
for a sustained period, of any fire in this study. The 
emission factor increased rapidly over the first 25 
minutes of combustion. However, during the initial 10 
to 15 minutes the smoke column was capped by a vig
orous cumulus cloud (about1.5 km in depth) that may 
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Figure 28.1 Emission factors for particle mass as a function of 
time after ignition for the Mabel Lake fire. 
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Figure 28.2 Emission factors for particle mass as a function of 
time from the beginning of observations on the Abee fire. A 
vigorous cumulus cloud capped the smoke column for the first 
10 to 15 min. The measurements were made downwind of this 
capping cumulus in the stabilized plume of smoke (from Radke 
et aI., 1988). 
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Figure 28.3 Emission factors for particle mass as a function of 
time after ignition for the Lodi 1 fire (from Radke et aI., 
1988). 

have significantly scavenged the smokes (we have no 
quantitative estimates of scavenging by this cloud; how
ever, as we will discuss in a later section, we observed no 
significant scavenging of accumulation mode smoke 
particles by any other cumulus cloud with a vertical 
depth less than 2 kilometers. Thus, we interpret this 
period of relatively low emission factors as being caused 
by some combination of efficient, predominantly flam
ing combustion and cloud scavenging. 

Other temporal responses of this type were ob
served in an earlier study of smaller «5 hectares) 
fires in Oregon (Radke et aI., 1990) and by Ward and 
Hardy (in press) in their study of 38 prescribed test 
fires where the products of combustion (CO, CO2, 

Cll., nonmethane hydrocarbons, and particles less 
than 2.5 ~m) were found to produce a continuum of 
data as a function of combustion efficiency. They 
define combustion efficiency as the percent of the 
carbon contained in the fuel that is completely oxi
dized to CO2 during combustion. Combustion effi
ciency was found to be 90% to 95% for the flaming 
phase and 60% to 90% for the smoldering combustion 
phase in their study. 

Most of the remaining fires listed in Table 28.1, 
particularly the larger ones, were characterized by 
multiple periods of ignition that produced complex 
temporal patterns. Lodi 1 (Figure 28.3) was such a 
fire. 

Average particle emission factors for each of the 
fires are listed in Table 28.2. The three sets of values 
shown represent results derived from volume inte
grated size distributions for particles with diameters 
<2 ~m and an assumed particle density, from smoke 
particle masses on weighed filters that were preceded 
by a centrifuge with an aerodynamic particle cut <3.5 



Table 28.2 Particle emission factors (in grams of smoke per kilogram of biomass fuel burned) and single-scattering albedo and specific absorption 
for all fires studied 

Emission factor (derived from 
size distribution of particles) 

« 2 ~m diameter) 

Emission factor (from weighted 
filters containing particles) 

«3.5 ~m diameter) 

Emission factor (derived from 
size distribution of particles) 

«48 ~m diameter) 

Mean 
Standard 
deviation 

Number of 
samples 
(N) Mean 

Standard 
deviation 

Number of 
samples 
(N) Mean 

Standard 
deviation 

Number of 
samples 
(N) 

Mean value of single
scattering albedo 
(cAl "" a,/ad 

Mean values of 
specific ahsorption 
BA (m2 g - I) 

Abee 35.1 20.3 7 37.4 9.8 3 44.5 23.1 7 NO NO 

Eagle 7.9 5.7 8 11.3 4.8 2 10.8 6.0 8 0.85 (N = 2) 0.67 (N = 2) 

Lodi 1 14.3 7.3 16 13.5 4.4 13 17.6 7.9 16 0.89 (N = 13) 0.74 (N = 13) 

Lodi 2 15.5 6.5 9 23.0 19.6 8 17.7 7.0 9 0.80 (N = 7) 0.68 (N = 1) 

Hardiman 16.2 12.4 11 10.5 3.0 9 21.7 14.6 11 0.87 (N = 9) 0.79 (N = 5) 

Wheat 43.8 NO 47.9 NA NO 

MyrtlelFallCreek· 19.5 12.1 10 6.1 3.1 8 29.3 16.5 10 0.84 (N = 4) 0.73 (N = 16) 

Silver. 26.4 13.6 2 20.2 12.7 3 32.5 17.1 2 0.90 (N =2) 0.36 (N = 2) 

Satsop 24.6 7.1 2 12.0 34.3 10.8 2 0.86 (N = 1) 0 .38 (N = 1) 

Troy 17.1 12.4 5 9.7 3.0 5 30.2 19.5 5 0 .82 (N "" 3) 0.82 (N = 3) 

Battersby 18.2 21.1 11 20.9 10.6 11 20.3 20.7 11 0.84 (N = 7) 0.89 (N = 4) 

Peterlong NO NO NO 16.9 5.1 4 NO NO NO 0 .84 (N = 4) 1.39 (N = 2) 

HiU 5.5 3.5 6 10.2 6.5 3 6.9 4.3 6 0.84 (N = 3) 0.59 (N = 4) n 
:r 

Wicksteed 12.9 9.1 10 10.8 4.7 5 13 .3 9.1 10 0.60 (N = 6) n.M (N = 5) III 
'S~ 

Carbonado 10.7 7.6 7 NO 11.1 7.9 7 0.89 (N = 9) NO ~ N 

Summit· 17.6 4.1 2 NO 18.33 4.4 2 0.82 (N = 5) NO N 
(Xl 

Mabel Lake 19.9 M -2 12.8 ~ ~ 23.4 ~ -1 0.82 (N = 12) 0.41 (N = 14) 

Averages 16.4 13.2 112 15.0 10.6 81 21.2 15.4 110 0.83 ± 0.11 (N = 83) 0.64 ± 0.36 (N = 73) 

a. Wildfires. 
NA = not analyzed. 
NO = no data. 
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J.l.m, and from volume integrated size distributions for 
particles with diameters <48 J.l.m. The weighed filter 
approach is the simplest and most accurate. 

As shown in Table 28.2, the emission factor for 
biomass smoke particles with aerodynamic diameters 
<3.5 J.l.m averaged 15.0 grams per kilogram of fuel 
burned. Particles of this size contribute over
whelmingly to the light-scattering coefficient and vi
sual light produced by smokes. They also have 
atmospheric residence times of a few days to weeks 
depending on the altitude to which they are lofted and 
whether they are scavenged by a capping cumulus 
cloud. During the flaming phase of combustion. a 
high rate of heat release can generate a very strong 
central convection column capable of lofting smoke 
particles to high altitudes (>6 km) . However, lifting 
of this magnitude also has the potential to produce 
large cumulus clouds that are capable of scavenging 
substantial portions of the lofted smoke (see the sec
tion on cloud and precipitation scavenging of 
smokes). The net effect is still uncertain and needs 
further study. 

Coarse and giant particles, which have diameters 
between 2.0 and 48 J.l.m, averaged about 20% of the 
particulate mass. Electron microscopy showed these 
particles to be a mixture of coagulation products and 
fuel and soil debris. 

It is presumed that much of the variance in the 
particle emission factors that we measured is due to 
the changing proportional contributions from differ
ent phases of combustion typical of biomass fires, 
although this is difficult to quantify from an airborne 
perspective. Because of this difficulty, it is not clear 
how much of the total variance remains unexplained. 
However, additional factors influencing particle emis
sions have been uncovered. 

Stith et al. (1981) noted an increase in emissions 
with increasing fuel moisture. Cofer et al. (1989), 
Ward (1989), and Hegg et al. (1990) suggest that 
combustion efficiency in open fires also depends on 
the amount of oxygen delivered to the combustion 
zone by turbulent airflows. Thus, some fires, espe
cially large ones, may be characterized by periods of 
oxygen depletion or perhaps by "thermal quenching" 
of oxidation reactioris. In many of the fires studied the 
particle emission factor increased as the supply of 
oxygen to the combustion zone decreased. An exam
ple is the Battersby fire (Figure 28.4). Here we use the 
ratio of CO to CO2 , which gives a measure of the 
extent of oxidation in the plume, as an indicator of 
oxygen availability, with high ratios suggesting lim

0.2 0.3 0.4 0.5 

Figure 28.4 Emission factors for particles as a function of the 
CO/C02 concentration ratio in the plume from the Battersby 
fire. The CO/C02 ratio is a measure of the extent of oxidation 
in the plume, with higher values indicating less oxidation (from 
Hegg et aI., 1990). 

ited oxygen (further discussion of this phenomenon is 
presented in the section on trace gas emissions). 

In view of the difficulty of accounting for all of the 
variability in particle emissions from biomass fires, 
our studies may not have bounded the full range of 
emission factors possible from open fires of biomass 
fuels. Fires with greater areal extent than those stud
ied here could have significantly larger smoke particle 
emission factors. It should also be noted that the 
prescribed fires studied here occurred within a re
stricted set of meteorological and fuel moisture condi
tions designed to prevent fire escape yet still allow an 
acceptable fraction of the fuel to burn. Extreme con
ditions that give rise to rapidly moving wildfires may 
produce different smoke emission factors. 

Particle Size Distributions 

The size distributions of particles in the smokes dis
played a high degree of consistency. The particle vol
ume distributions in particular showed comparatively 
little variation in shape from one fire to another or 
during anyone fire while near the source, although 
particle concentrations varied widely. Shown in 
Figure 28.5 are average number and volume distribu
tions measured in the smoke plumes at distances 
about or <5 km from three fires. These size distribu
tions are much like those of other urban/industrial 
pollution aerosol, with three distinguishable modes: a 
nucleation mode (diameters <0.1 J.l.m), an accumula
tion mode (diameters from 0.1 to 2.0 J.l.m), and a 
coarse mode (diameters >2.0 J.l.m). For reasons prob
ably related to different particle generation mecha
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Figure 28.5 Average number and volume distributions of par
. ticles measured in the smoke plumes near «5 km from) the 

sources of three fires (from Radke et aI., 1988). 

nisms for the accumulation and coarse mode aerosol, 
there is a pronounced minimum in the particle vol
ume distributions in the region between 1.0 and 3.0 
....m diameter that separates these two modes. Not 
only was this characteristic of the smoke from these 
fires, but it also seems to be generally true in the 
atmosphere. The accumulation mode often domi
nated both the number and volume distributions, Par
ticles in the accumulation mode consisted primarily of 
tarry, condensed hydrocarbons that were typically 
spherical in shape. The fraction of accumulation 
mode particles that were nonspherical aggregates was 
rather small, especially when compared to smokes 
from fossil fuel fires (Radke et aI., 1990b). The bio
mass smoke particles also contained some water-sol
uble inorganics (primarily S04 = and N03 -; Hegg et 
aI., 1987), which accounts, in part, for their activity as 
very efficient cloud condensation nuclei (Radke et aI., 
1978; Hallet et aI., 1989). 

The magnitude of the coarse particle mode showed 
considerable variation. For example, in the Lodi 1 fire 
(chaparral fuel type), there was a mode near 10 ....m 
comprised mostly of condensed hydrocarbons aggre
gated with a significant fraction of soil particles (Cofer 
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Figure 28.6 Mean number and volume distributions of parti
cles measured in the ascending column at the Lodi 1 fire . Data 
points representing large, giant, and supergiant particles were 
measured with laser hydrometer cameras. 

et aI., 1988). In addition to this mode, an examination 
of the data from our laser hydrometer cameras 
showed that particles of ash and soil debris up to and 
exceeding 1 millimeter (mm) in diameter were often 
present in concentrations greater than 10 m- 3 (Figure 
28.6). Although there were large variations in the 
concentrations of these supergiant particles, their 
presence was typical of all the large fires studied. 
Lofting of soil and ash at Lodi 1 has also been re
ported by Einfeld et a1. (1989). The amount of coarse 
mode particles from fires of biomass fuels may be 
related to the rate of heat release and to horizontal 
and vertical wind velocities (Ward, 1990; Susott et aI., 
this volume). On occasion, the mass in the coarse 
mode exceeded that in the accumulation mode. It is 
i~portant t~ remember that coarse mode and espe
Cially supergiant particles are generally undercounted 
a~d, ~espite our efforts to improve the sampling effi
ClenCles of these particles, were probably underesti
mated here as well. 

The nucleation mode was the most variable mode 
in these smokes. It was occasionally the most promi
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Figure 28.7 Geometric mean volume diameter of particles in 
the accumulation mode (0.2 to 2 ~m diameter) as a function of 
the age of the smoke in the plume of the Silver fire. The mea
surements are grouped according to the value of the light
scattering coefficient due to dry particles as foUows: stars and 
dotted lines: 2 x 10-" m- I <asp <5 x 10- 4 m- I (r = 0.89); 
triangles and dashed lines: 5 x 10-4 m- I <asp <5 x 10- 3 m- I 

(r = 0.77); circles and solid lines: asp >5 x 10- 3 m- I 

(r = 0.81). 

nent mode in the number distribution, but more often 
it was much smaller than the accumulation mode, and 
it seldom contained significant particle mass. Its 
mode concentration is largely driven down by coagu
lation very near the fire (Fuchs, 1964) and up by 
continuing gas-to-particle conversion in the smoke 
plumes. 

Coagulation also affects the mean size of the accu
mulation mode, although particle concentrations 
need to be rather large for a long period of time to 
obtain definitive measurements. The dependence of 
the coagulation rate on particle concentration is illus
trated in Figure 28.7, where the smoke from a large 
multi-wildfire conflagration (Silver) was tracked for 
more than 1000 km (about 48 hours downwind from 
the source). The geometric mean volume diameter of 
the particles in the accumulation mode generally in
creased with age for all samples. The rate of increase 
was positively correlated with the light-scattering co
efficient due to dry particles (O's), which is generally 
proportional to the mass concentration of particles in 
the accumulation mode (Waggoner et ai., 1981). This 
result is to be expected for a process dominated by 
coagulation. 

Intermode coagulation is also evident in the Silver 
fire data. Samples taken at various distances down
wind of the fire showed a general decline with age in 
the volume concentrations of particles in the nuclea
tion and accumulation modes, while the volume con
centrations of particles in the coarse-particle mode 

increased with age. This was, presumably in large 
part, due to coagulation, which is a sink for smaller 
particles and a source for larger particles, with mass 
being added to the small size end of the coarse mode 
faster than sedimentation can remove particles from 
the larger end. These smoke samples were nor
malized by the CO concentration (which we assumed 
was conserved in the plume) to compensate for the 
dilution effects of plume dispersion (for details, see 
Radke et al., 1990a). 

Optical Properties 

The optical properties of smoke particles are often 
described by the volume optical extinction coeffi
cients (O'e, O's and 0'0' where the subscripts indicate the 
form of extinction-e for total extinction, s for scatter
ing, and a for absorption), the specific or mass nor
malized extinction (Bi = O'i/p, where p is the mass 
concentration and i again represents the form of the 
extinction coefficient), and the albedo for single scat
tering (w = O's 10'e). The extinction coefficients depend 
on the complex refractive index of the particles, their 
size distribution and concentration. The specific ex
tinction and the albedo for single scattering are nor
malized to concentration and therefore depend only 
on the fundamental chemical and physical properties 
of the particles. 

Direct, in-situ measurements of O'e and O's over a 
range of wavelengths centered on 540 nm yielded 0'0 

by the relation 0'0 = O'e - O's (Weiss and Radke, 1990). 
This permitted real-time measurements with a time 
resolution of about 1 second (about 80 meters of flight 
path). O'e is measured with an optical extinction cell 
(OEC). The OEe is an enclosed, 6.4 meter path 
length photometer designed to measure the change in 
brightness of a regulated light source over a single 
pass of the cell. For smoke plume studies, an initial 
brightness measurement (10) was taken of back
ground air prior to entering the plume and this was 
compared continuously to brightness of the light 
source (I) with plume air flowing through the cell. A 
reference light path was used to normalize all light 
measurements to constant lamp brightness. O'e was 
calculated continuously from 

0'" = (1/L)ln[/o/1] (28.2) 

where L is the length of the cell. In the aircraft, 
sample flow was supplied by ram air through a nearly 
isokinetic probe protruding ahead of the aircraft 
through the forward cabin wall. Near the entrance to 
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the OEe. the sample flow was split to provide parallel 
flow to the nephelometer and the OEe. 

Preflight calibration of the OEe/nephelometer sys
tem was accomplished by ensuring that w did not 
deviate from unity for laboratory generated nonab
sorbing particles (such as polyethylene glycol, NaCI, 
or (N~)2S04) with an appropriate and known size 
distribution. This system has been used by us since 
December 1986 beginning with the Lodi 1 prescribed 
burn near Los Angeles. 

The optical properties of smoke particles from bio
mass burning can be highly variable. They appear to 
depend on a number of factors, including the type of 
fuel burned, the intensity of the fire, flame height, 
and the phase of combustion (McMahon, 1983; Pat
terson and McMahon, 1984). In the early, flaming 
phase of combustion, when both high temperatures 
and oxygen deprivation prevail, conditions support 
pyrolytic production of particles consisting of high 
concentrations of both single spheres and sooty 
chains that are optically very absorbing. In the later, 
smoldering phase of combustion, smoke production is 
dominated by weaklY 'or nonabsorbing liquid (waxy) 
and solid particles, consisting of organic materials 
with a range of volatility, and nonsooty inorganic 
materials. 

Patterson and McMahon (1984) measured specific 
absorption of smoke particles collected on filters ex
posed to laboratory fires of pine needles. They found 
a substantial increase in the production of elemental 
(or sooty) carbon in the flaming phase of combustion 
relative to the smoldering phase, with the specific 
absorption coefficient ranging from 0.04 m2 g-I for 
the smoldering phase to 1.0 m2 g -1 for the flaming 
phase. These were measurements on smokes in a 
laboratory environment where burning conditions 
were controlled. In larger fires of over 100 ha the 
smokes often consist of mixtures of particles from all 
combustion stages. However, we studied two pre
scribed fires where the transition from a mostly flam
ing phase to the smoldering phase was evident in the 
optical properties. 

The two fires were the Troy fire (8 October 1987) 
and the Mabel Lake fire (25 September 1989). Both 
were small fires (70 and 29 ha, respectively) of 
downed debris consisting of mixed wood types in 
which there was intense burning in the initial stages of 
combustion and relatively uncomplicated meteoro
logical conditions. In both fires the aerosol was op
tically dark during the early stages of intense burning 
and became less dark as the fires progressed to a 
predominantly smoldering phase. This result is shown 
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Figure 28.8 The time evolution of the single-scattering albedo 
Ii> for smoke from the Troy (solid triangles) and Mabel Lake 
(hollow triangles) prescribed bums. 

in Figure 28.8, where it can be seen that the single
scattering albedo (measured at altitudes of i to 2.5 
km) was initially less than 0.7 in both fires and ap
proached a relatively stable value of about 0.9 during 
the smoldering phase. Mean values of specific absorp
tion for both fires were approximately 0.4 m2g- 1

, 

which is similar to the laboratory average values re
ported by Patterson and' McMahon (1984). 

Mean values of wand Ba for each of the 17 biomass 
fires in this study are listed in Table 28.2. The average 
albedo was 0.83 ± 0.11 and the specific absorption 
was 0.64 ± 0.36 m2 g-I, indicating that biomass 
smokes are typically grey-white in visual appearance. 

All of these fires produced periods (usually less 
than 10% of the fire's temporal extent) of dark 
smokes. One of the largest prescribed fires in the 
program (Wicksteed) produced the darkest plume 
cross-section (average albedo = 0.37). Since there is 
reason to believe that exceptionally large fires might 
be characterized by oxygen deficient flaming combus
tion, with large particle emission factors and low al
bedos, this result suggests that it would be desirable to 
take measurements in the smokes from fires larger 
than the largest in this study, or in a "blow up" or mass 
wildfire. 

Finally, the visible wavelength albedo of biomass 
smokes appears to be modified by interactions with 
clouds. Smokes that pass through a cumulus cloud 
typically experience an increase in albedo of as much 
as 10% (smokes become whiter). Although the exact 
mechanism for increased albedo from cloud detrain
ing smoke is not known, gas-to-particle conversion, 
chain aggregate collapse, coagulation, dilution and 
albedo-dependent scavenging may all playa role. 
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Biomass Smokes as a Source 
of Cloud Condensation Nuclei 

Warner and Twomey (1967) and Hobbs and Radke 
(1969) noted (with some surprise) that agricultural 
and forestry biomass burning produced copious quan
tities of rather efficient cloud condensation nuclei 
(CCN). Further, it was found that these particles af
fected cloud droplet concentrations and size distribu
tions, even for cumulus clouds with "continental" 
droplet concentrations. See, for example, the obser
vations of Eagan et ai. (1974) downwind of a small 
wildfire in coniferous forest lands in Washington 
state. Such measurements indicate the power of bio
mass combustion CCN to have a major impact on 
cloud microphysics (for further discussion see Radke, 
1989). 

Recent attempts to quantify the amounts of bio
mass burned globally (NAS, 1984, 1986) together 
with more quantitative work on smoke particle size, 
smoke mass yield per mass of biomass burned, and 
the ratio of CCN to total smoke particles (Radke et 
aI., 1988; Hallett et aI., 1989) encourage an estimate 
of the global CCN production from this source. Such 
estimates are important to the global change issue 
since global burning is far more extensive in the 
tropics and the production of CCN by industrial pollu
tion may be less prominent. 

There are a number of ways to estimate the CCN 
source strength, but, in keeping with the measure
ment uncertainties, a simple approach seems justi

1012fied. If it is assumed that about 5 x CCN are 
produced for every gram of biomass burned (Warner 

1012and Twomey, 1967), and that about 7 x kg of 
biomass are burned every year (Seiler and Crutzen, 
1980), then an annual average estimated global pro
duction of about 3.5 x IOZS CCN per year or about 
1021 CCN s - I from biomass burning is the result. An 
alternative estimate is obtained by observing that 
about 30%-100% of submicron biomass smoke parti
cles serve as CCN (Hallett et ai. 1(89), that such 
submicron smoke is produced with an efficiency of 
about 15 g kg - I of biomass burned (from Table 28.2), 
and that the particle mass median diameter of such 
smoke is about 0.3 J.Lm (from Figure 28.5). Assuming 
that the density of a 0.3 J.Lm diameter smoke particle 
averages 1.0 g cm- 3 (Stith et aI., 1981; Radke et aI.. 
1990), one finds a production rate of about 1-3 x 102 

l) 

CCN s - I. The uncertainties in both of these calcula
tions are at least an order of magnitude. Thus, the 
result of this simple analysis is that the direct emission 
of particles from global biomass burning produces 

about 101
')-1022CCN s - I. This rate is similar to esti

mates of global CCN production from oceanic 
(Radke. 1989; Twomey and Wojciechowski, 1969) 
and industrial (Radke and Hobbs, 1976) sources of 
CCN. CCN production must have a seasonally mag
nified impact, especially in the tropics because of the 
dominance of biomass burning as a source of CCN 
and the seasonal nature of biomass consumption by 
fires. The same may apply to CCN production from 
biomass fires in the boreal and temperate regions. 
Here. however, the anthropogenic sources for CCN 
would be comparable to that from biomass fires. 

Cloud and Precipitation Scavenging of Smokes 

In the present sequence of experiments we have ex
amined 17 biomass fires or fire complexes. Of these, 
10 (Abee, Battersby, Carbonado, Hardiman. Hill, 
Myrtle/Fall Creek, Satsop, Troy, and Wickstee~) 
featured fire capping cumulus clouds and four (HardI
man. Battersby, Hill, and Wicksteed) reached cu
mulonimbus proportions. Of these four, the Hardi
man fire produced only light to moderate 
precipitation and none may have reached the gr.ou~d. 
At the other end of the intensity scale, the Hill fue 
produced a persistent, mature thunderstorm with 
heavy precipitation. 

Our studies show that large fires can produce cap
ping cumulus clouds that can substantially reduce 
total smoke emissions and that, contrary to the sug
gestion of Cotton (1985), biomass smokes ar~ ?ot 
resistant to prompt and efficient cloud and preCIpIta
tion scavenging. Indeed, interactions with and .re
moval by cloud processes appear to largely detemune 
the residence time of smoke particles in the atmo
sphere since, for the accumulation mode ~~ least, 
sedimentation and other forms of dry depOSItIon are 
slow (Jaenicke. 1981). 

Our approach to measuring scavenging efficiencies 
depends on a variety of sampling schemes. all of 
which face some difficulties for a single aircraft exper
iment. The choice of which. approach to use is largely 
dependent on the size of the fire. The sc?emes t~at w~ 
have used are listed below, together WIth a bnef CrI

tique of each: 

t. Aerosol deficit. In principle, this is the simplest 
and most powerful approach. It requires measure
ments of an aerosol property (mass. size distribution. 
etc.) along with a conservative tracer believed ~o be 
proportional to the aerosol emitted (and largely Insol
uble in cloud water. e.g., CO) in the ascending smoke 
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column below cloud base and in the smoke exiting the 
capping cumulus cloud. The conservative tracer is 
used to correct smoke concentrations for dilution due 
to mixing with ambient air inside the cloud. The diffi
culty is that this method requires a period of steady
state emission. 

2. Emission factor. We initially believed (based on 
ground observations) that the evolution of the partic
ulate emission factor would be relatively slow as the 
phase of the fire moved from flaming to smoldering. 
Thus, a combination of emission factors measured 
below cloud base, interstitially (between cloud drop
lets) in the cloud, and exiting the cloud. would pro
vide a useful measure of scavenging. Again, this 
requires a steady-state fire (which is uncommon); 
however, unlike the "aerosol deficit" method, a dilu
tion correction is not required. 

3. Interstitial. This requires measuring the ratio of the 
mass of smoke (or a surrogate for the smoke) intersti
tial to the cloud droplets and in the cloud droplets. 
After converting the amount in the cloud droplets to 
an equivalent air concentration (see Hegg et aI., 
1984), the ratio produces directly the scavenging frac
tion for the accumulation mode aerosol. Ifa surrogate 
for smoke is used (we used the sulfate accumulation 
mode aerosol co emitted integrally with the smoke), 
one must be satisfied that smoke is scavenged sim
ilarly, and that the surrogate is inert (i.e., it has no 
sources or sinks different or in addition to those for 
smoke). 

4. Cloud water. This requires measuring in close time 
proximity the concentration of smoke particles going 
into the cloud and the amount of smoke in the cloud 
water. Using volumetric and cloud liquid water con
tent measurements to yield equivalent air concentra
tions, the amount of accumulation mode aerosol 
scavenged is determined. This method suffers from 
the same problems as 3 above. In addition, errors will 
be introduced if the cloud is precipitating. 

Our initial efforts focused on the "aerosol deficit" 
and the "emission factor" methods. Of these, only 
our work with "aerosol deficit" remains active since 
the "emission factor" method did not provide consis
tent results. The "aerosol deficit" method is most 
valid for small cumulus clouds (cloud depths <2 km), 
because the short time needed to sample just below 
cloud base and climb to measure the smoke escaping 
the cloud allows the period of required steady-state 
smoke emissions to be rather short. 

Of the small cumulus cases examined, especially 
the cumulus capped wildfires (Myrtle/Fall Creek) and 

the Troy prescribed burn, no significant scavenging of 
accumulation mode particles occurred. Significant re
moval of the supermicron aerosol was observed. For 
the large cumulus, the Battersby fire produced clear 
results by the "aerosol deficit" method. The aerosol 
property examined was the particle size·distribution. 
Shown in Figure 28.9 are the percentage removal of 
smoke particles as a function of particle diameter for 
two sets of measurements. Here we see most of the 
supermicron aerosol removed (95% to 100% in one 
case), a removal minimum at about 0.35 f.1m in parti
cle diameter, and increased removal in the center of 
the smoke accumulation mode mass peak near 0.2 
f.1m. Using the same method, the Hardiman fire pro
duced similar results, with about 80% supermicron 
removal, about 40% accumulation mode removal, 
and a removal minimum at about 0.3 f.1m diameter 
(Figure 28.10). These results are for scavenging by all 
mechanisms. The vertical dashed line in Figures 28.9 
and 28.10 represents our theoretically predicted mim
imum particle size for nucleation scavenging, which 
was computed using the cloud droplet size distribu
tion measured just above cloud base. Interestingly, 
the result of this calculation falls in the region of 
minimum scavenging efficiency. The mechanism re
sponsible for the efficient removal from 0.1 to about 
0.3 f.1m is uncertain. However, it is clear that signifi
cant smoke scavenging occurs with the onset of only 
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Figure 28.9 Two measurements of the percentage of the mass 
of smoke removed by cloud and precipitation scavenging as a 
function of smoke particle size for the Battersby biomass fire. 
The vertical line marks the calculated lower size limit of a 
nucleation scavenging mechanism. 
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Figure 28.10 As for Figure 28.9 but for the Hardiman biomass 
fire. 

Table 28.3 Mass scavenging efficiencies by cloud and 
precipitation processes for submicron diameter smoke 
particles 

Method 3 Method 4 

Fire ("interstitial") ("cloud water") 


Hill 50 ± 30% 
40 ± 20% 

Wicksteed 75 ± 20% 80 ± 50% 

Note: See text for description of these two methods. 

slight precipitation and it appears to increase with 
precipitation intensity. 

The large Hill and Wicksteed biomass fires, which 
produced considerable precipitation, allowed scav
enging estimates by the "interstitial" and "cloud wa
ter" methods; the results are summarized in Table 
28.3. The Hill fire, which provided good data for a 
calculation by the "cloud water" method, yielded 
scavenging efficiencies of 40% to 50% for accumula
tion mode particles. The same method applied to the 
Wicksteed fire showed about 80% removal. Addi
tional measurements obtained at Wicksteed allowed 
the use of the "interstitial" method, which produced a 
nearly identical scavenging efficiency of 75 % for accu
mulation mode particles. 

The difference between the scavenging efficiencies 
computed for the Hill and Wicks teed fires may be 
related to the concentration of smoke particles within 
the smoke plumes. The rate of release of smoke parti

cles at the Hill fire was approximately three times 
greater than that for the Wicksteed fire during the 
times when measurements were taken. If the accu
mulation mode particles were being mostly cloud nu
cleation scavenged, the theoretical studies of Jensen 
and Charlson (1984) suggest that some scavenging 
limits could be reached that are inversely propor
tional to the concentrations of the inputted aerosol. 
This is in accord with our observations. However, 
since it is not clear that nucleation scavenging was the 
primary route by which the accumulation mode 
smoke entered the liquid water phase (in fact, the 
Battersby data suggests that it is not), speculations on 
the issue are premature. 

The four large Canadian prescribed fires that pro
duced cumulus clouds have provided us with signifi
cant new experimental evidence suggesting that 
scavenging of biomass smokes by capping cumulus 
clouds can be quite efficient. The cloud scavenging 
picture which emerges is: 

• Supermicron smoke particles are removed with con
siderable efficiency in all but the smallest capping 
cumulus clouds. These particles no doubt participate 
in the early production of precipitation-sized drops. 

• Accumulation mode smoke particles (which repre
sent the bulk of the smoke particles with potentially 
great atmospheric residence times) can enter cloud 
water with significant efficiency (40% to 80%) and 
are removed from the cloud with equal efficiency 
(30% to 90%) by precipitating cumulus with depths 
greater than 2 km. 

Trace Gas Emissions 

Emissions of trace gases from biomass burning are 
known to be an important source of several trace 
gases (such as CO2, CO, and C~) in the atmosphere 
(Crutzen et al. 1985). In addition, local and regional 
air quality can be greatly affected by the emissions 
from fires (Radke et aI., 1978). Nevertheless, quan
titative assessments of the contributions of these 
emissions to the global budgets of certain trace gases 
are difficult to make. Biomass burning worldwide is 
not well quantified, either as to the area burned or to 
the proportion of the total mass of biomass consumed 
for a given area. In addition, emissions of trace gases 
are dependent on the fuel's chemical and physical 
properties. (Work is in progress at the Intermountain 
Fire Sciences Laboratory of the U.S. Forest Service to 
develop models that can be used for predicting the 
release of trace gases from biomass fires in fuels ex
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hibiting different chemical and physical properties) 
(Ward, 1990). Despite these shortcomings, the emis
sions from various temperate zone biomass fires show 
considerable consistency. 

The trace gas data gathered in our measurements 
on the smokes from biomass burning not only war
rants attention in its own right but encourages its use 
for extrapolation to global scales. The contributions 
of emissions from fires to global trace gas fluxes can 
be most simply calculated using available estimates of 
the amounts of CO and CO2 produced annually from 
biomass burning (e.g., Crutzen et aI., 1985; Mooney 
et aI., 1987). To make use of this information. the 
relative emission ratio of each of the trace gases we 
measured to CO (or CO2) was calculated using the 
data listed in Table 28.4. This value was then multi
plied by the estimated worldwide emission flux of CO 
(or CO2) from biomass burning, to yield an estimate 
of the contribution of biomass fires to the global flux 
of each trace gas measured. Since our estimates for 
CO2emissions (see Table 28.4) are, in general, some
what higher than published values, CO has been used 
as the "ratio species" in our estimations of global 
fluxes. 

Table 28.5 lists the mean emission factor ratios for 
certain trace gas species, as well as the estimated 
fluxes from global biomass burning found using these 
ratios. The value for worldwide CO emissions due to 
biomass burning used in calculating the fluxes was 800 
teragrams per year (Tg yr- 1

) (Crutzen et aI., 1985). 
By way of comparison. a calculation using Radke's 
(1989) estimate of about 10" Tg yr- 1 of biomass 
burned globally and our emission factor for CO, 
yields an essentially identical global flux of 910 Tg 
yr- 1 of CO. 

Ozone, the first species listed in Table 28.5, is not 
emitted directly during combustion of biomass but is 
instead the product of the chemical interaction of 
reactive hydrocarbons and NOx in the smoke plume 
(Evans et aI., 1974; Radke et aI., 1978). The correla
tion between available NOx and the production of 0 3 
can be examined by studying the relationship between 
our emission factors for 0 3and NOx ' A linear regres
sion of the 0 3emission factor onto the NOx emission 
factor (based on the data in Table 28.5) results in an 
intercept of -2.2 Tg yr- 1

, a slope of 1.4, and a 
correlation coefficient (r) of 0.8 significant at the 98% 
confidence level. This suggests that 0 3is produced in 
smoke plumes in a process similar to that involved in 
photochemical smog production. As has been dis- , 
cussed previously (see Dismitriodes and Dodge, 
1983), the mechanism responsible for 0 3production 

is apparently regulated by the availability of NOx ' If 
the amount of NO, in the plume is insufficient to react 
with the available reactive hydrocarbons, 0 3 will not 
be produced. Correspondingly, the production of 0 3 

increases with increasing NOx ' 

The contribution of emissions from biomass burn
ing to global ozone fluxes can also be assessed using 
our results. Total tropospheric 0 3 production has 
been estimated to be on the order of about 4,000 Tg 
yr- 1 (Hegg et al.. 1990). This is two orders of magni
tude greater than the value for the global flux of 0 3 
listed in Table 28.5 (32 Tg yr- 1

). Consequently. bio
mass burning is a minor source of tropospheric ozone. 

Based on our data, the estimated flux of NH3 from 
global biomass burning is on the order of about 8 Tg 
yr- l

. This value represents roughly 50% of the total 
worldwide flux of the species, thereby substantiating 
a previous assertion (see Hegg et al., 1988) that emis
sions from biomass burning are a significant source of 
atmospheric NH3. 

A study of biomass fires in the Amazon Basin by 
Andreae et al (1988) yielded measurements of signifi
cant fluxes of particulate N~+. The authors postu
lated that if these emissions also contained large 
amounts of gaseous NH3 (which they did not mea
sure), the contribution of biomass' burning to the 
global flux of NH3 would be quite substantial. Our 
global flux estimate for NH3 of 8 Tg yr- l is approx
imately twice the flux of NH4 + from biomass fires (as 
estimated by Andreae et al.). If the fluxes of NlL + 

and NH~ are assumed to be additive, one obtains a 
combined flux of about 10 Tg yr- l

. This flux would 
then be the most significant contributor to the atmo
spheric NH3 reservoir (see Galbally, 1985) . 

The estimated worldwide flux of ClL listed in Table 
28.5 (32 Tg yr- 1

) agrees favorably with previously 
calculated values (for example, Crutzen et al.. 1985, 
obtained a global flux of 40 Tg CH4 yr- 1

). Further
more. measurements of C~ emissions from the 10 
fires illustrate an important characteristic of biomass 
fires. As is discussed by Hegg et al. (1990), the ratio of 
CO to CO2 in a smoke plume serves as an indicator of 
the extent of oxidation in a plume, with high ratios 
indicating only limited oxygen availability. In such an 
oxygen-limited environment, the amount of CH.l pro
duced would be expected to be higher due to greatly 
increased H2 levels (the relationships between con
centrations of O2, H2, and ratios of CO to CO2 mea
sured close to the ground at the Battersby fire are 
shown in Figure 28.11). This correlation between CO 
to CO2 ratios and C~ emissions is illustrated by a 
linear regression of the CH4emission factor onto the 



Table 28.4 Average emission factors (and standard deviations) for various trace gases from 10 biomass fires in North America 

Fire CO CO2 0 3 NHJ CH4 CJH6 C2H6 CJHH C2H2 N·Cl NP FI2b ~O,c 

Lodi I 74 ± 16 1664 ± 44 14 ± 13 1.7 ± 0.8 2.4 ± O. T5 0.58 ± 0.05 0 .35 ± 0.12 0.21 ± 0. 12 0.32 ± 0.05 0.11 ± 0.07 0.31 ± 0.14 0.045 ± 0.010 8.l) :: 3.5 

Lodi 2 75 :: 14 1650 ± 31 0.19 ± 0.36 0.09 ± 0.04 3.6 ± 0.25 0.46 ± 0.03 0 .55 ± 0.15 0.32 ± 0.12 0.21 ± 0.03 0.10 ± 0.05 0.27 ± 0.31 0.009 ± 0 .003 3.3 :: 0.8 

Myrtle 106 :: 20 1626 ± 39 -0.5 ± 0.2 2.0 ± 0.9 3.0 ± 0.8 0.7 ± 0.04 0.60 ± 0.13 0.25 ± 0.05 0.22 ± 0.04 0 .02 ± 0.04 0.0025 ± 0.0015 2.54 ± 0.70 
Fall Creek 

Silv\!r 89 :: 50 1637 :: 103 4.7 ± 4.0 0.6 ± 0.5 2.6 ± 1.6 0.08 ± 0.01 0.56 ± 0.33 0.42 ± 0.13 0 .19 ± 0.09 0.2 ± 0. 1 0.27 ± 0.39 0.0 O . ~I :: 0 .69 

Hardiman 82 :: 36 1664 ± 62 -0.5 ± 0.4 0.1 ± 0.07 1.9 ± 0.5 0.58 ± 0.09 0.45 ± 0 .26 0.18 ± 0.13 0.31 ± 0.35 0.02 ± 0.04 0.41 ± 0.52 0.0004 :: 0 .0003 3.3 :: 2.3 

Eagle 34 ± 6 1748 ± 11 6 .5 i 2.9 0.9 ± 0.2 0.25 ± 0.06 0.18 ± 0.05 0.05 ± 0 .02 0.08 ± 0 .02 0.2 ± 0.08 0.16 ± 0.013 0.008 ± 0.003 7.2 :: 3.8 

Battersby d5 ± 91 1508 ± 161 -0.9 ± 0.6 5.6 ± 1.7 0.9 ± 0.15 0.57 ± 0.45 0.27 ± 0.12 0.33 ± 0.06 0.07 ± 0.06 \.05 :: \.33 

Hill 90 ± 21 1646 ± 50 -0.29 ± 0.12 4.2 ± 1.3 0.65 ± 0.19 0.48 ± 0.17 0.15 ± 0.06 0.25 ± 0.05 0.04 ± 0,0) 0.18 ± 0.06 0.0 

Wicksteed 55 ± 41 1700 ± 82 - 1.25 ± 1.16 3.8 ± 2.8 0.62 ± 0.40 0.51 ± 0.34 0.17 ± 0.12 0.22 ± 0.12 0.04 ± 0 .03 0.22 ± 0.14 0.0017 ± 0.0022 

Mabel Lake 83 ± 37 1660 ± 70 -0.3 ± 0.4 3.5 ± 1.9 0.46 ± 0.21 0.38 :: 0 .21 0 . 11 ± 0.07 0.22 ± 0.06 0.03 ± 0.01 0.04 ± 0.05 0.0 

Overall average 83 ± 16 1650 ± 29 2.2 ± 1.6 0.90 ± 0.43 3.2 ± 0.5 0.53 ± 0.08 0.46 ± 0.08 0.21 ± 0.05 0.24 ± 0 .04 0.083 ± 0.028 0.23 ± 0.05 0.0074 ± 0 .0051 3.9 :: 16 
emission factor 

Note: With the exception of OJ and NHJ. for which values are based on continuous measurements and filters, respectively. all values shown are based on the analyses of samples collected in steel canisters. 
Units are g kg-I. From Hcgg et al. (1990) . 
a. Straight chain paraffin with carbon number of 4. 
b. CF2Ci2 

c. NO, = NO + NO~ 
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Table 28.5 Mean values of EFJEFco for biomass burning (where EF, is the emission factor of trace 
gas species x and EFco the emission factor of CO) calculated from the data listed in Table 28.48 

Estimated contribution 
Estimated flux from of biomass burning to 
biomass burning worldwide worldwide flux of species 

Species EFJEFco (Tg yr- I
) (%) 

0.04 ± 0.03 32 10 3 
NH3 0.01 ± 0.008 8 50 
CH4 0.04 ± 0.008 32 -7 
C3H6 0.007 ± 0.001 6 ? 

0.006 ± 0.001 5 ?~H6 
0.003 ± 0.0007 2.4 ?~H8 
0.003 ± 0.0006 2.4 ? 

N-C4 0.001 ± 0.0007 0.8 ? 
N20 0.003 ± 0.001 2.4 16 
F12 0.0001 ± 0.00007 0.08 20 

(0.00005 ± 0.00003t (O.04)b (lO)b 
NO,t 0.07 ± 0.04 56 40 

~H2 

Note: Also shown are estimates of the global fluxes of various trace gases from biomass burning based on the EFJEFco ratios and 
estimates of worldwide CO emissions from biomass burning from Crutzen et aI. (1985). From Hegg et al. (1990). 
a. The mean values of EF J EF co wete obtained by first ratioing the values of EFx to EFco for each of the fires listed in Table 28.4 
and then averaging these 10 r:atios. 
b. A more conservative estimate obtained by eliminating results from t"e Lodi 1 fire. 
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Figure 28.11 Concentration ratio of CO/COl (circles) and Hl 
concentration (triangles) versus O 2 in the plume from the Bat
tersby fire. The data were obtained at or within 100 m of the 
ground. The lines shown are linear regressions (from Hegg et 
aI., 1990). 

ratio of CO to CO2emission factors using the data in 
Table 28.4. Such a calculation yields a correlation 
coefficient (r) of 0.75 significant at >98% confidence 
level, thus suggesting that biomass fires are often 
oxygen limited. A graphical presentation of this re'
gression analysis is given in Figure 28.12. 

Based on the data listed in Table 28.5, we obtain an 
estimated global flux of nonmethane hydrocarbons 
(NMHC) from fire emissions of about 15 Tg yr- 1

• In 
view of the fact that only a portion of all the NMHCs 
have been incorporated into our data set, together 
with the uncertainties in the calculations. this value is 
in reasonable agreement with the result of about 30 
Tg yr- 1 obtained by Crutzen et al. (1985). 

Measurements of N20 emissions from combustion 
sources have recently come under scrutiny due to the 
discovery of an artifact i.n the use of sampling con
tainers. Muzio and Kramlich (1988) have found that 
the storage of moist combustion products containing 
S02 and NO for relatively short periods can stimulate 
the production of high concentrations (on the order of 
several hundred parts per million, ppm) of N20 in 
containers that previously contained no N20. Many 
of our trace gas measurements are based on steel 
canister samples. We do not, however, feel our N20 
measurements are artifacts. The concentrations of 
S02 required for N20 formation in the containers are 
at least three orders of magnitude larger than the S02 
concentrations we measured in the plumes from the 
fires in this study (Muzio and Kramlich stated that 
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Fiaure 28.12 CH4 emission factor versus the ratio of CO to 
CO2 emission factors for ten of the seventeen fires studied. r is 
the correlation coefficient, and the line shown is a linear regres
sion. Data is taken from Table 28.4. 

S02 concentrations below 600 ppm resulted in neglig
ible production ofN20; typical S02 concentrations we 
have measured are only on the order of 1 to 15 ppb). 

The estimated global flux of N20 shown in Table 
28.5 (2.4 T g yr - 1) corresponds to an emission of abou t 
1.5 Tg N yr- 1

• This value is essentially the same as the 
estimate of 1.6 Tg N yr- 1 by Crutzen et ai. (1985). 
Our emission flux of 2.4 Tg N20 yr- 1 represents 
approximately 16% of the total worldwide flux of the 
species, thereby strengthening the contention that 
biomass burning contributes significantly to the atmo
spheric N20 reservoir. 

One persistent, unexpected, and not completely 
explained feature of our biomass fires is the presence 
of freons in the smoke. Because F12 cannot be pro
duced by fires, the presence of this trace gas in the 
smoke plume must be due to the resuspension of F12 
that had been previously deposited onto the fuel bed 
(Hegg et aI., 1990). 

Our estimated flux of F12 from biomass burning 
(0.08 Tg yr - 1

) represents a significant fraction (abou~ 
20%) of the annual global emission of this species 
(this percentage value was calculated using the Na
tional Research Council (1983) emission estimate of 
0.4 Tg yr- 1 ofF12). This suggests that the deposition 
of F12 may be significant globally. This hypothesis is 
contrary to the current belief that the only sink for 
F12 that is important in atmospheric budget calcula
tions is loss by photodisassociation in the strato

sphere. While the actual method by which freons 
could be sequestered in biomass or soils is uncertain, 
we are confident that this result is not an artifact. We 
do, however, have some concern about the results 
from Lodi 1, which may be anomalous (see Table 
28.4). These elevated emissions heavily influenced 
the average value of the F12/CO ratio used in calculat
ing the flux of F12 due to biomass burning (for a 
detailed discussion of our concerns with the F12 emis
sions from the Lodi 1 fire, the reader is referred to the 
paper by Hegg et al.. 1990). However, a calculation of 
the global flux of F12 that omits the Lodi 1 fire emis
sion measurements yields a value of 0.04 Tgyr- 1

. This 
result is still a significant fraction (about 10%) of the 
total global flux of F12, thus suggesting that surface 
deposition may indeed be an important sink for 
tropospheric F12. 

Our estimated flux of NOx from fire emissions is 56 
Tg yr- 1 (Table 28.5). This value corresponds to about 
19 Tg N yr- 1 (Hegg et aI., 1990). By comparison, a 
previous estimate of the global flux of NOx due to 
biomass burning yielded a value of 12 Tg N yr -1 with a 
range of 4 to 24 Tg N yr- 1 (Logan, 1983). Even 
though our estimate of 19 Tg N yr- 1 falls within 
Logan's wide range, our emission value suggests that 
the flux of NOx from fire emissions may be more 
important than has been assumed previously. Further 
evidence for the impact of biomass burning on the 
worldwide flux of NOx arises from the fact that our 
estimated flux value is about 40% of total NOx emis
sions. This indicates that NOx emissions from fires are 
comparable to emissions of this species from fossil 
fuel combustion (c.f. Crutzen et aI., 1979; Logan, 
1983). 

A fraction of the high emission of NOx from bio
mass burning is evidently due to the revolatilization of 
NOx that had been previously deposited on the fuel 
bed (for further discussion of this process, the reader 
is referred to Hegg et aI., 1988, 1990.) It appears 
therefore that resuspension by biomass burning of 
previously deposited urban/industrial NOx should be 
included in global flux estimates. 

Summary and Conclusions 

Our field studies of biomass burning indicate that 
rather different amounts of particles and trace gases 
are produced as a result of a complex interplay be
tween fuel types (including surface and soil organics), 
fuel conditions (primarily moisture content), and 
combustion physics (meteorology, spatial distribution 
of the fuels, and the scale and character of the fire). In 
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view of the variances generated by these poorly de
fined interactions, we hesitate to extrapolate our mea
surements and observations beyond the temperate 
zone in which they were obtained. Nevertheless, with 
respect to global change implications, the main fea
tures of our work may be summarized as follows: 

• The particle emission factor (for particles <3.5 ~m 
diameter) for all of the fires studied averaged 15 
grams per kilogram of fuel burned. 

• Biomass smoke particles have a size distribution 
characterized by prominent nucleation «0.1 ~m), 
accumulation (0.1 to 2 ~m) and coarse (>2 ~m) 
modes. The accumulation mode generally dominates 
smoke mass and visible light optical properties. 

• The single scattering albedo of the smokes at visible 
wavelengths averaged 0.83 ± 0.11 and the specific 
absorption averaged 0.64 ± 0.36 m2 g-1. 

• A large fraction (30% to 100%) by mass of the 
smoke particles produced in biomass burning are effi
cient cloud condensation nuclei (CCN). 

• Estimates of the global production of CCN by 
biomass burning suggest a flux of about 1019 to 1022 

CCN S -1. This is similar to other globally important 
sources of CCN. 

• Large biomass fires are often capped by cumulus 
clouds. When the cloud depth exceeds 2 km, a large 
fraction of the smoke particles are scavenged by the 
capping cloud. 

• Biomass burning may account for as much as 50% of 
global emissions of NH3. 

• The combination of NH3 and NH4 + emissions from 
biomass burning may dominate the global NH3 cycle. 

• Pollutants such as NOx and S02, which have been 
previously deposited on biomass fuels, may be vol
atilized and resuspended in the atmosphere by bio
mass burning. This effect is likely most important in 
urban regions. 

• Resuspension of F12 during biomass burning sug
gests that surface deposition may be an important, 
and previously unrecognized, sink for F12. 

• As fires increase in size, the combustion process 
may become oxygen deficient causing a more prolific 
production of smoke particles and saturated hydro
carbons (such as C~) than might otherwise be 
expected. 
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