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ABSTRACT

Biomass and hydrocarbon fuel fires are two common sources of obscuring smoke which present
significant operational challenges over a broad range of possible viewing wavelengths. This is
especially true of very large fires where the primary smoke particles (~0.1 — 0.3 pm diameter) obscure
vision by both scattering and absorption (single scattering albedo 0.3 — 0.9) and fire lofted debris and
particle coagulation products reduces transmission in both the near and far IR.

Large fires also cause obscuration by atmospheric dynamics. More than 50% of the biomass
fires studies were capped with cumulus clouds, 3 or 4 of the largest fires produced precipitation, and
one fire generated heavy showers of small hail and repeated lightning discharges. While these fires'
smokes experienced efficient cloud and precipitation scavenging, the associated clouds and precipitation
itself produced widespread obscuration. _

1. INTRODUCTION

We have recently completed airborne studies of the smokes and related fire phenomenon of 17
biomass and 10 hydrocarbon fuel fires. The biomass fires were largely in forested lands and logging
debris and varied in areas burned from prescribed (intentional) fires of from 10-700 hectares (over a
few hours) to wild fires which ultimately consumed 20,000 hectares (over a period of weeks). The
hydrocarbon fuel tests were all much smaller fires ranging in area from 400—-700 m?2 and all consumed
aviation fuel grade JP-4 in quantities ranging up to 5 x 104 liters. The larger biomass tests produced
spectacular fires, towering columns of smoke, interacting capping cumulus clouds and other fire
phenomena. For perspective, these large test fires each consumed at least 100,000 metric tons of
biomass or the thermic equivalent of nearly a million barrels of oil! While the prescribed fires were
visible in the meteorological satellite imagery only as small features, one of the wildfires studied
produced a persistent, visible plume more than 1,000 km long. Details of these fires and fuels are given
in Table 1.

Our studies of these obscuring smokes focused on the issues which control their atmospheric
impact and residence times, namely:

« Smoke amount. What fraction of the fuel becomes smoke? What fire properties control the
smoke yield?

» Smoke particle size.
« Smoke optical properties.

e Smoke removal mechanisms.
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TABLE 1. FIRES EXAMINED IN PRESENT STUDY

Fire Date Location Size Type Fuel
(hectare) of Fire

Abee 22 Sept 86 - Montesano,WA 40 Prescribed Debris from Douglas Fire & Hemlock
Eagle 3 Dec 86 Ramona,CA 30 Prescribed Standing Black Sage, Sumac & Chamise
Lodi 1 12 Dec 86 Los Angeles, CA 40 Prescribed Standing Chaparral, Chamise
Lodl 2 22 June 87 Los Angeles, CA 150 Prescribed Standing Chaparral, Chamise
Hardiman 28 Aug 87 Chapleau, Ontario 325 Prescribed Debris from Jack Pine, Standing Aspen
and Paper Birch
Wheat 31 Aug 87 Rosalla, WA ~10 Prescribed Wheat stubble
Myrtie/Fall Creek 2 Sept 87 Roseburg, OR 2,000 Wiid Fire Standing Pine, brush & Douglas Fir
Siiver 17-19 Sept 87 Grants Pass, OR 20,000 WIid Fire Douglas Fire, True Fir and Hemlock
Satsop 19 Sept 87 Satsop, WA 40 Prescribed Debris from Dougias Fir and Hemiock
Troy 8 Oct 87 Troy, MT 70 Prescribed Debris from Pine, Douglas Fir and True Fir
" Tyndall 15-24 May 88 Tyndall AFB, FL 4102-
729 m* Pool Aviation Fuel (JP4

Battersby 12 Aug 88 Timmins, Ontario 718 Prescribed Jack Pine, Wh(lte arzd Black Spruce
g::;ro Lo:g g j\u'g g '[l_:'Immlns, Ontario 217 Prescribed Jack Pine, White and Biack Spruce

na uly numclaw, WA 40 Prescribed Debrls from Dougias Fir & He
Summit 1 Aug 89 Grangeville, ID 100 Wiid Fire g miock
Hill 10 Aug 89 Chapleau, Ontario 486 Prescribed “Chalned" & Herbicidal Paper Birch &

y |
Homepayne 12 Aug 89 Homepayne, Ontarlo 700 Prescribed “Chalned" & Herblcidal Blr?:?\ Poplar Poplar
A & Mixed Hardwoods

Mabel Lake 25 Sept.89 Kelowna, B.C. 29 Prescribed Debris from Hemlock, Deciduous, Douglas Fir

2. SMOKE AMOUNT

A key element in any discussion of smoke impact, regardless of whether the issue is obscuration
or global climate change, is how much smoke does a given fire produce? The traditional approach of
accurate fuel inventory and measured consumption rates which was developed for laboratory scale
research has proven difficult to apply in field studies. Our approach to measuring particle emission
factors (the mass of smoke per unit mass of fuel consumed) has been through the use of the carbon-
balance method (Ward et. al, 1982) as adapted for aircraft sampling (Radke et al., 1988). Briefly, the
method only requires prior determination of the carbon fraction of the fuel and in plume measurements
of all the carbon bearing components. Appropriate ratioing then yields the emission factor for any
smoke component regardless of whether it contains carbon.

The measurements were obtained with the University of Washington's Convair C-131A aircraft.
The aircraft is well instrumented for both in situ sampling and remote sensing (Radke, 1982 and Hegg
etal., 1987). A key ability of the facility is its capability to take large (~1.5 m3) "grab" samples over
sampling distances of a few hundred meters so that, on the scale of the fires, "point” whole air samples
can be taken for analysis. A period of a few minutes is required for processing each of these samples.

Biomass and JP-4 fires have rather different temporal characteristics. The biomass fires
characteristically begin with intense combustion and long flame lengths as the small dry fuels (leaves,
needles, twigs, etc.) burn. The particle emission factors are comparatively small and the smoke appears
rather dark at visible wavelengths. This period of flaming combustion is followed by a longer period of
less intense "smoldering” combustion with much higher emission factors and light gray to white
smokes. This progression is illustrated in Fig. 1 (Mabel Lake fire) where the particle emission factor
increases ~x4 as the smoldering combustion fraction of the fire increases (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). Typically the smokes from the biomass fires which we have studied were dominated by
smoldering phase combustion. These measurements are qualitatively in good accord with laboratory
and smaller field tests where samples were taken just above ground level (Patterson and McMahon,

1984 and Hardy and Ward, 1986).
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Figure 1. Emission factors for particle mass as a function of time after ignition for the
Mabel Lake fire.

On the other hand the JP-4 pool fires where characterized by intense flaming combustion for
almost the entire period of the fires, and their smokes were very black. These JP-4 fires showed no
clear cut temporal progression in emission factors.

In Table 2 we give the average particle emission factors for each of the fires. Since every fire
was sampled throughout the period when significant heat release lofted its plume to altitude, the average
emission factor of any given fire is representative of its total smoke production.

The three different columns of emission factors in Table 2 represent results derived from a
volume integrated size distribution for particles with diameters < 2 pm and an approximate particle
density, smoke particle mass on a weighed filter with an aerodynamic particle cut (<3.5 pm), and a
volume integrated size distribution for particles with diameters < 48 um. Of the three techniques, the
weighed filter approach contains the fewest computational uncertainties.

From Table 2 we see that the emission factor for biomass smoke particles <3.5 pm in diameter
averages 15.0 g per kilogram of fuel burned. Particles of this size have atmospheric residence times
ranging from a few days to weeks and account for almost all the smoke's visual obscuration impact.
The coarse and giant (>2 pm and < 48 pm) aerosol, which electron microscopy shows to be a mixture
of fuel and soil debris and coagulation products (mostly spheres), average about 20% of the emission
mass (an additional 6 g kg-1). Additional production of very large particles (some larger than 5 mm)
from the larger test fires is not well quantified but may be important to the obscuration issue in spite of
the short atmospheric residence time of these particles.

The large variance in our emission factors is not well understood except that it is related to the
combustion environment. Stith et al. (1981) noted an increase in emissions with increasing fuel
moisture. Cofer et al. (1989), Ward (1989) and Hegg et al. (1990) all suggest that combustion
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PARTICLE EMISSION FACTORS (IN GRAMS OF SMOKE PER KILOGRAM
OF FUEL BURNED) AND SINGLE-SCATTERING ALBEDO AND
SPECIFIC ABSORPTION FOR ALL FIRES STUDIED

TABLE 2.

Emission factor Emission factor Emisslon factor Mean value of Mean vaiues of
( derived from size ( from weighed fliters ( derived from size single-scattering speclfic absorption
distribution of particies containing particles distribution of particies  albedo o(=o0.g £) B, (m2 9-1)
< 2 um diameter) < 3.5 um diameter) < 48 um diameter) *
Standard Number Standard Number
Mean o Mean m Meoan, Standard Nur:'bﬂ
Deviation gamples Deviation gamples Deviation gampies
N) (N
( ) (N)
BIOMASS FUELS
Abee 351 203 7 37.4 9.8 3 445 23.1 7 ND ND
Eagle 79 57 8 113 48 2 10.8 6.0 8 0.85 (N = 2) 0.67(N=2)
Lodl 1 143 73 16 13.5 4.4 13 17.6 7.9 16 0.89 (N = 13) 0.74 (N = 13)
mﬁmn :gg 12:2 13 23.0 19.6 8 17.7 7.0 9 080(N=7) 068 (N=1)
10.5 3.0 9 21.7 14.6 1 087(N=9 0.
Wheat 438 — 1 ND e — 47.9 —_— 1 ¢ . NI;),9 M=%
Myrtie/FaliCreek* 19.5 12.1 10 6.1 3.1 8 29.3 18.5 10 084 (N=4 0.73
3 5 . LT3 (N = 16
Siiver* 264 13.6. 2 202 127 3 325 171 2 0.90 zN : 2; 0.36 gN : 2))
Satsop 246 7.1 2 120 — 1 343 108 2 0.86 (N = 1) 0.38(N=1)
Troy 171 12.4 5 9.7 3.0 5 302 19.5 5 0.82 (N =3) 0.82(N = 3)
Battersby 182 2141 1 209 10.6 1 20.3 20.7 1 0.84+0.05(N=7) 0.89(N = 4)
Peter Long ND ND ND 16.9 5.1 4 ND ND ND 0.84 + 0.05 (N = 4) 1.39(N= 2)
Hil 55 35 6 10.2 6.5 3 6.9 4.3 6 0.84
i 5 . .84+ 0.04(N=3 0.59+0.22(N=4
Hornepayne 12,9 9.1 10 10.8 4.7 5 13.3 9.1 10 0.60 + 0.21 zN = 8; 0.66 + 0.52 gN :S;
Carbonado 107 7.6 7 ND - . 11.1 7.9 7 0.89 (N=9) ND
Summbt 176 4.4 2 ND - — 18.33 4.4 2 0.82 (N = 5) ND
Mabel Lake 199 8.4 5 12.8 4.3 6 23.4 5.9 3 0.82 (N=12) 0.41+ 0.08 (N = 14)
Averages 16.4 13.2 112 15.0 10.6 81 21.2 15.4 110 0.83 £0.11 (N = 83) 0.6410.36(N=73)
FOSSIL FUELS
Tyndall (JP4) 0 [ 0 23.1 15.0 21 0 4 [4 0.32(N=11) 4.10 (N = 10)
* Wiid fires

0 Particle data suspect due
to particie composition

NA - Not analyzed

ND - No data

efficiency in open fires, also depends on turbulent airflows for oxygen. Thus some fires, especially
with increasing scale, may be characterized by periods of oxygen depletion or thermal quenching of
oxidation reactions prior to completion. The result should be a higher production of particulates. Many
of the fires studied showed pronounced increases in particle emission factors as the fire became
increasingly oxygen-limited. One example is the Battersby fire shown in Fig. 2. Here we use the ratio
of CO to CO» as the indicator of oxygen availability in the plume with high ratios suggesting limited

oxygen. _

The ten liquid hydrocarbon fuel fires, which varied only modestly in size and duration, and all
of which occurred at the same test pool facility (Tyndall AFB), had an average particle emission factor
(< 3.5 um) of 23 g of smoke per kilogram of JP-4 fuel burned. Despite these fire similarities the ratio
of the standard deviation to the mean is identical for the JP-4 and biomass fires (~0.65). Some of the
variance in the JP-4 fires appears to be related to wind shear in the boundary layer (emission factors
decreasing with increasing shear) and to fire size (as areal extent increased emission factors decreased;
see Radke et al. (1990)). Most of the variance, however, remains unexplained.

Thus, given our inability to account for all of the substantial variability of either the biomass or
hydrocarbon fires, it could be an error to assume that our studies have bounded the emission factor
variability possible for open fires. It seems likely that fires which are more intense or of greater areal
extent than the fires studied could have significantly larger smoke particle emission factors.

3. PARTICLE SIZE DISTRIBUTIONS

Consistent patterns of behavior are emerging in our studies of the size distributions of smoke
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Figure 2. Emission factor for particulates as a function of the CO/CO; concentration ratio
in the plume from the Battersby fire.

particles from biomass fires. The particle volume distributions in particular show comparatively little
variation in shape from one fire to another or during any one fire while near the source, although particle
concentrations vary widely. Shown in Fig. 3 are average number and volume distributions measured in
the smoke plumes near the sources of three fires. The particles are distributed with size much like other
pollution aerosols with a nucleation mode (< 0.1 pm), an accumulation mode (0.1 — 2 pm) and a coarse
mode (> 2 um diameter). For reasons no doubt related to different particle generation mechanisms for
the accumulation and coarse mode aerosols, there is a pronounced minimum in the particle volume
distributions between 1.0 and 3.0 um diameter between these two modes. Not only is this
characteristic of these fires, but it also seems to be generally true in the atmosphere. The accumulation
mode (0.1-2.0 pm) often dominates both the number and volume distributions and it always contributes
overwhelmingly to the visible light-scattering coefficient and obscuration. Particles in the accumulation
mode consist primarily of tarry, condensed hydrocarbons which are typically spherical in shape. They

also contain some water-soluble inorganics (primarily Sozand NOg; Hegg et al., 1987), however,

which accounts, in part, for their activity as very efficient cloud condensation nuclei (Radke et al., 1978;
Hallet et al., 1989).

The coarse particle mode (>2 ptm) shows considerable variations. For example in the Lodi 1
(Chaparral fuel type) fire there was a mode near 10 pm comprised mostly of condensed hydrocarbons
aggregated with a significant fraction of soil particles (Cofer et al., 1988). In addition to this mode, an
examination of the data from our laser hydrometeor cameras showed that ash and debris particles up to

and exceeding 1 mm in diameter were often found in concentrations greater than 10 m-3. While we see
large variations in the amount of this super giant aerosol, it is typical of all the large fires studied.
Lofting of soil and ash at Lodi 1 has also been reported by Einfeld et al., (1989). The amount of coarse
mode particles in biomass smoke is related to fire intensity, horizontal and verdcal wind velocities, fine
fuel fraction and the characteristics of the soil and biological surface layer. On occasion the mass in the
coarse mode exceeds that in the accumulation mode. The coarse mode and especially the super giant
aerosol are historically poorly counted and, despite our efforts, are probably underestimated here as
well. Near large fires the coarse mode contributes significantly to the smoke's obscuration in the near
and far infrared.

F-10
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Figure 3. Mean number and volume distributions of particles measured i
plumes near the sources of three fires, P ured in the smoke

The nucleation mode (<0.1 pm) is the most variable mode in biomass smokes. It is occasionally
the most prominent mode in the number distribution, but more often it is much smaller than the
accumulation mode. It seldom contains significant particle mass or has any role in obscuration. Its
mode concentration is largely driven by coagulation varying primarily with the accumulation mode
concentration (see Fuchs, 1964) and by continuing gas-to-particle conversion in the smoke plumes.

Coagulation also affects the mean size of the accumulation mode although particle concentrations
need to be rather large for a long period of time for definitive observation. The concentration
dependence on coagulation rate is illustrated in Fig. 4 where the smoke from a large multifire wild
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Figure 4. Geometric mean volume diameter of particles in the accumulation mode (0.2 — 2 pm diameter)
as a function of the age of the smoke in the plume of the Silver fire. The measurements are
differentated by the value of the light-scattering coefficient due to dry particles as follows:
Circles and solid lines : 2 x 104 m'! < 65p < 5x 104 m'1 (r = 0.81); triangles and dashed line
5x 104 m'! < o5p < 10-3 m-1 (r = 0.77); stars and dotted lines ogp > 103 m! (r = 0.89).

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 increased with
age for all samples. The rate of increase was positively correlated with the light-scattering coefficient
due to dry particles (Osp), which is generally proportional to the mass concentration of particles in the

accumulation mode (Waggoner et al., 1981). This result is as expected for a process dominated by
coagulation.

Intermode coagulation is also evident in the Silver fire data. Samples taken at various distances
downwind of the fire showed a general decline with age in the volume concentrations of particles in the
nucleation and accumulation modes, while the volume concentrations of particles in the coarse-particle
mode increased with age. This, presumably in large part, is the result of coagulation which is a sink for
smaller particles and a source for larger particles. These smoke samples were normalized by the CO
concentration (which we assumed was conserved in the plume) to eliminate the dilution effects of plume
dispersian (for details see Radke et al., 1990a).

The fossil fuel (JP-4) fires also produced prominent nucleation accumulation and coarse particle
modes (Fig. 5). However, because the smokes were relatively strong light absorbers and a large
fraction of the particles were chain aggregates, there is considerable sizing uncertainty between ~0.4 and
2 um (see Radke et al. 1990b for a more complete discussion). Electron microscopy showed that most
of the particles consisted of two types of chain aggregrates: one comprised of fairly uniform spheres
~0.03 um diameter and the other of spheres ~0.15 pm diameter. Chain aggregrates of the 0.03 pm
particles constituted a significant number of the particles in the accumulation mode, while aggregates of
the 0.15 um particles contributed to both the accumulation and coarse particle modes. Surprisingly,
only a few of the aggregates consisted of a combination of both large and small spheres. The size
distribution measurements in Fig. 5 reflect the small single or primary spheres (point 1 on curve A'), the
large primary spheres (point 2 on curves . ind A') and their aggregrates (points 3 and 4 on curve A).

F-10
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The size distribution of particles in the smoke at the top of the planetary boundary layer (PBL)
changed little from the beginning of our measurements (~4 min. after the fuel was ignited) to the end of
our measurements (~150 min.). Hence, the formation of the chain aggregates must have occurred rather
quickly (on the order on minutes or less) and did not change mu .1 the next two hours as the smoke
accumulated at the top of the PBL. This lack of further coagulations on time scales of a few hours is
consistent with the particle concentrations.
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Figure 5.. An example of the particle number (A') and volume (A) distributions measured
near the top of the planetary boundary layer (PBL) in the smoke from burning
aviation fuel. Also shown are particle volume distributions measured in the
background air within the PBL (B) and just above the top of the PBL (C). See
text for discussion of the uncertainties in sizing absorbing particles. The
measurements were made on 19 May 1988.
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4. OPTICAL PROPERTIES OF SMOKES

The optical properties are usually described by the volume optical extinction coefficients, Oe, Oy,
03, where the subscripts indicate the form of extinction, ‘e’ for total extinction, 's' for scattering and 'a’
for absorption; the specific (or mass normalized) extinction, Bj = 6j/p, where r is mass concentration and
'' represents any of the extinction coefficients; and the albedo for single scattering, ® where ® = 0s/Ce.
The extinction coefficients depend on the complex refractive index of the particles, their size distribution
and concentration. The specific extinction and the albedo for single scattering are normalized to
concentration,however, and thus depend only on the fundamental chemical and physical properties of the
particles. Specific scattering, Bg = 6¢/p, is not highly variable, normally ranging from about 3 to 4 m2/g
(Waggoner and Weiss, 1980) for submicron aerosol. Specific absorption, however, is dependent on the
relative content of elemental (or black) carbon comprising the particles and ranges from 0 m2/g for
particles without any absorption to about 10 m2/g for submicron size particles of pure soot. Qur
measurement wavelength is centered on 540 pm providing a good match for the human eye.

Knowing the spatial extent of these optical coefficients, particularly the absorption related
properties, for various stages of fire evolution and atmospheric conditions is important to understanding
the dynamic properties of the fire and the resulting impact of transported smoke on radiative transfer and
visibility.

The measurements were made using high resolution measurements of og, e and particle mass
remembering that Ge = Gg + Ga. For details see Weiss and Radke (1987) and Radke et al. (1988,
1990Db).

The optical properties of particles comprising smokes produced from biomass burning can be
highly variable and depend on many factors including the type of fuel burned, the intensity of the fire,
flame height, and the stage of combustion (McMahon, 1983; Patterson and McMahon, 1984). As fuel is
consumed, biomass fires evolve through several stages in which particles of very different optical
characteristics are produced. The chemical and physical description of these particles is that of a highly
complex mixture of organic and inorganic material with a majority of the lofted aerosol mass contained in
the submicron size range. In the early, flaming stages of combustion when 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 stages of combustion, smoke production is dominated by weakly or non absorbing liquid
(waxy) and solid particles consisting of organic materials with a range of volatility in addition to non-
sooty inorganic materials. Patterson and McMahon (1984) measured specific absorption on filter samples
taken from laboratory fires of pine needles at various stages of combustion. They found a substantial
increase in the production of elemental (or sooty) carbon in the flaming stage of combustion relative to the
smoldering stagc with the specific absorption coefficient ranging from 0.04 m2/g for the smoldering stage
to about 1 m%/g for the flaming stage. These were measurements on smokes in a laboratory environment
where burning conditions could be controlled. In large fires of several hectares or more the smokes often
consist of complex mixtures combining all combustion stages and domination by one or more phases at
any given time and location. However, we have two case studies where this progression of optical
properties is evident.

The two fires are the Troy, MT fire (October 8, 1987) and the Mabel Lake fire near Kelowna,
B.C. (September 25, 1..89). Both were small fires, 70 and 29 hectares respectively, of downed debris
consisting of mixed wood types in which there was intense burning in the initial stages of combustion
and relatively uncomplicated meteorological conditions. In both fires the aerosol was optically dark
during the early stages of intense burning and became less dark as the fires progressed to a predominantly
smoldering stage. This result is shown in the time series plots of ® (Fig. 6) where the single scattering
albedo measured at altitudes of 2 to 2.5 km was initially less than 0.7 in both fires and
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approached a relatively stable value in the smoke of about 0.9 during smoldering stages. Mean values of
specific absorption for both fires were approximately 0.4 m2/g which is similar to the average values
reported by Patterson and McMahon (1984).

Table 2 gives the mean values of @ and B4 for each of the biomass fires studied and for the entire
program. The program average albedo was 0.83 + (.11 and the specific absorption was 0.64 = 0.36

m2g-1 indicating that biomass smokes are typically grey-white in visual appearance to the human eye.

However, all of these fires produced periods (usually less than 10% of the fire's temporal extent)
of dark smokes. The largest planned fire in the program produced the darkest plume cross-section
average albedo of 0.37. As discussed in Section 1 there is reason to believe that exceptionally large fires
might be characterized by oxygen deficient flaming combustion with large particle emission factors and
low (dark) albedos. This possibility suggests that it would be desirable to take measurements in the
smokes from a larger fire than the largest in this study or in a blow up or mass wild fire.

In contrast to the highly variable optical properties of the biomass smokes, the average value of
the single-scattering albedo for all transects of all ten JP-4 fires at Tyndall AFB was remarkably stable at
® =0.32 £ 0.02. Since these results are direct measurements of the in situ aerosol, there should be no
dependence on particle morphology which is an area of concern for analysis techniques where the sample
particles are impacted on a substrate before analysis. Note that the accuracy of our albedo determination
is excellent. Its uncertainty in this case is only ~0.01 of the value of the albedo.

The specific absorption (Ba) of the smoke (defined as absorption per unit mass) was obtained
from Teflon filters that were exposed to the smoke. The filters were subsequently weighed and light
absorption by the particles on the filters was determined using the method described by Weiss et al.
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(1979). The average value B4 for the ten Tyndall fires was 4.1 £ 0.52 m2g-1. The absolute accuracy of
the B values for these complex aerosols is difficult to define, but since we used our in situ technique to
establish the error associated with the filter medium, the error in B is largely determined by the error
associated with weighing the filter. For these measurements the error in Bp is ~10%. Thus, although the
smoke particles were optically quite dark at visible wavelengths (@ = 0.32), they were not as highly
absorbing as elemental carbon "soot" which has a specific absorption, Ba, of ~8-10 m2g-1 (Pittock et al.,
1986). Turco et al. (1987) suggests this value might be appropriate for oil fires. Our data suggest that
only ~50% of the particle mass was elemental carbon, with condensed organic compounds (unburned
fuel) comprising a significant fraction of the remainder.

Finally, both JP-4 and biomass smokes have their visible wavelength albedo modified by cloud
interaction. Smokes which pass through a cumulus cloud typically experience an increase in albedo of a
few to 10% (smoke becomes whiter). Although the exact mechanism for increased albedo from cloud
detraining smoke is not known, gas to particle conversion, chain aggregate collapse, coagulation, dilution
and albedo dependent scavenging all may be factors.

5. CLOUD AND PRECIPITATION SCAVENGING OF SMOKES

In the present sequence of experiments we have examined 17 biomass fires or fire complexes. Of
the 17 experimental periods 10 featured fire capping cumulus clouds and four (Hardiman, Battersby, Hill
and Wicksteed) reached cumulonimbus proportions. Of these four, "Hardiman" produced only light to
modest precipitation and none may have reached the ground. At the other end of the intensity scale "Hill"
developed into a persistent, mature thunderstorm with heavy precipitation.

Our studies show both that large fires can produce capping cumulus clouds which can
substantially reduce total smoke emissions and that smokes, especially biomass smokes, are not resistant
to cloud and precipitation scavenging. Since scavenging is a pathway for smoke removal, the smoke's
ability to interact with cloud processes largely determines the smoke's residence time in the atmosphere.

Our approach to measuring scavenging efficiencies depends on a variety of sampling schemes all
of which face some difficulties for a single aircraft experiment. The choice of which approach to try.
depends on circumstances largely dependent on fire scale. The schemes which we have used are listed
below along with a brief critique:

1) Input—Qutput: This is potentially the simplest and most powerful approach which requires
measurement of an aerosol property (mass, size distribution, etc.) along with a conservative tracer
believed to be proportional to the aerosol emitted (e.g. CO ?) in the ascending smoke column and exiting
the capping cumulus cloud. The conservative tracer allows correction for dilution by the smoke mixing
with ambient air inside of the cloud.

*The method requires a period of steady state emission.

2) Emission Fgc;gr: We initially believed (based on ground observations) that the evolution of the
particulate 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 particles) in the cloud, and exiting the cloud would provide a useful measure of scavenging.
*Again, this requires a steady-state fire (something that we generally do not observe), however, unlike
1), a dilution correction is not required.

3) Interstitial: Measure the ratio of the smoke (or a surrogate for smoke) interstitial to the cloud droplets
and in the cloud droplets. After converting the amount in the cloud droplets to an equivalent air
concentration (see Heyg -t al., 1984) the ratio produces directly the scavenging fraction for the
accumulation mode aerosol.

*If a 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 similarly (we are).
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Figure 7. Percentage of the smoke removed by cloud and precipitation scavenging as a
function of smoke particle size over the Battersby biomass fire. The vertical
line marks the calculated lower size limit of a nucleation scavenging mechanism.

4) Cloud Water: Measure in close time proximity the smoke concentration going into the cloud and the
amount of smoke in the cloud water. Using volumetric and cloud liquid water content measurements to
yield equivalent air concentrations, the amount of accumulation mode aerosol scavenged is determined.
* The problems with 3) apply, in addition to the errors which will be introduced if precipitation has
begun.

Our initial efforts focused on 1) Input-Output and 2) Emission Factor methods and of these, only
our work with 1) remains active. Method 2) simply does not provide consistent results. Method 1) is
most valid using small cumulus because the brief amount of time needed to sample just below cloud base
and climb to measure the smoke escaping the cloud allows the period of required steady smoke emissions
to be very short.

Of the small cumulus cases examined, especially the several cumulus capped wild fires
(Myrtle/Fall Creek) and the Troy prescribed burn, no significant scavenging occurred in the accumulation
mode smokes. Significant removal of the supermicron aerosol was observed. '
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Battersby produced clear results by Method 1. The aerosol property examined was the size
distribution. Since the log-log presentation of the input and output smoke size distributions developed
by this method somewhat masks the extent of the scavenging, we present the percent removal of smoke
particles as a function of particle diameter for two sets of samples in Fig. 7. Here we see most of the
supermicron aerosol removed (95-100% in one case), a removal minimum at ~0.35 pm in diameter and
increased removal in the center of the smoke accumulation mode mass peak. Hardiman produced similar
results, using the same method, with ~80% supermicron removal, ~40% accumulation mode removal,
and a removal minimum at ~0.3 pm. We emphasize that these results are for scavenging by all
mechanisms. The vertical dashed line in Fig. 7 represents our theoretically predicted minimum particle
size for nucleation scavenging which was computed using the cloud droplet size distribution measured
just above cloud base. Interestingly, the result of this calculation falls in the region of minimum
scavenging efficiency. The mechanism which is responsible for the efficient removal from 0.1 to ~0.3
Hm is uncertain. However, it is clear that significant smoke scavenging occurs wnh the onset of only
slight precipitation and appears to grow with precipitation intensity.

The large Hill and Wicksteed biomass fires which produced considerable precipitation allowed
scavenging estimates by Methods 3 and 4 which are summarized in Table 3.

TABLE 3. SUBMICRON AEROSOL MASS SCAVENGING EFFICIENCIES USING CLOUD
BASE AEROSOL, CLOUD WATER, AND CLOUD INTERSTITIAL AEROSOL SAMPLES.

Fire Method 3 "Intersdtial” Method 4 "Cloud Water"
Hill 50 + 30%
40 +20%
Homepayne 75+ 20% 80 = 50%

The Hill experiment provided good data for a calculation by Method 4 yielding accumulation
mode scavenging efficiencies of 40-50%. The same method applied at Wicksteed showed ~80%
removal. Additional measurements obtained at Wicksteed allowed the use of Method 3 which produced
a nearly identical scavenging efficiency of 75% for accumulation mode particles. Obtaining identical
results by two different techniques is clearly a milestone in our scavenging work.

It is tempting to speculate that the difference between the scavenging efficiencies computed for
Hill and Wicksteed is related to the cloud's input smoke flux. The smoke flux at the times the samples
were taken was roughly three times greater for Hill's cumulus cloud. If the accumulation mode smoke
were being mostly nucleation scavenged, the theoretical studies of Jensen and Charlson (1984) suggest
that some scavenging limits could be reached that are 1nverscly proportional to the input concentration.
This would be in accord with our observations. However, since it is not clear that nucleation scavenging
is the primary route by which the accumulation mode smoke enters the liquid water phase (in fact,
Battersby data suggests it is not) our speculation is probably premature.

Regardless, the four large Canadian prescribed burns which produced cumulus complexes have
provided us with significant new experimental evidence indicating that scavenging of biomass smokes
"promptly"” by capping cumulus clouds can be quite efficient. This is not to say that the techniques and
data are free from flaws. We frankly recognize that our approach is crude and our data set quite limited
(additional valid data may yet be extracted from the 1989 data set). Nevertheless, the picture which
emerges from this work is:

»  Supermicron smoke aerosol is removed with considerable efficiency in all but the smallest
capping cumulus clouds. It is almost certain that these particles participate in early production of
precipitation sized particles.
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« Accumulation mode smoke aerosol (the bulk of the smoke with potentially great atmospheric
residence times) enters the cloud water with great efficiency (40-80%) and is removed from the
system with equal efficiency (30-90%) by precipitating cumulus with depths greater than 2 km.

From our JP-4 fire tests we have only a single case where the fire spawned a small capping
cumulus cloud. While there is some theoretical and laboratory data to suggest that these smokes would
not participate in cloud processes and should remain interstitial to the cloud drops (Hallet et al., 1989)
this fragment of data suggests the contrary. Electron micrographs of the chain aggregate smoke showed
a remarkable morphological change in the smokes which passed through the clouds. The chains were
collapsed into far more compact organization and their single scattering albedo increased slightly. Thus
we have reason to believe that hydrocarbon fuels do enter into cloud droplets and cloud processes with
ease and thus to suspect that they may be scavenged similarly to biomass smokes.

There is a critical need to resolve the question as to whether fossil fuel smokes will indeed by
cloud scavenged with high efficiency. Given the current uncertainties of laboratory studies, field scale
studies are needed.
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