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[1] In the boreal forest, high-intensity crown fires account for an overwhelming proportion of the 
area burned yearly. Quantifying the amount of black carbon (BC) from boreal crown fires in 
Canada is essential for assessing the effect on regional climate from natural wildfire aerosol 
emissions versus that from anthropogenic activities. This is particularly relevant because climate 
change will likely lead to increased wildfire activity in northern Canada. During 4-5 July 1998, 
two controlled fires in Northwest Territories, Canada, were conducted as part of the International 
Crown Fire Modeling Experiment. We report here the BC and organic carbon (OC) compositions of 
aerosols produced during the flaming and smoldering stages of burning. Particles were collected on 
back-to-back quartz-fiber filters by helicopter with a hi-vol sampler and at ground level with a 
dichotomous sampler to separate the fine (≤2.5 µm diameter) and coarse (2.5-10 µm diameter) 
particle fractions. An analysis of the back filter in relation to the front filter from the dichot sampler 
for both the fine and coarse fractions provided a means to correct for the adsorption of gas-phase 
organic compounds on filters (positive artifact) and for the loss of particulate carbon from filters by 
volatilization (negative artifact). BC and OC masses, which combine here to give total carbon (TC), 
were determined by the thermal-optical method. The BC to TC ratio for the flaming stage was 0.085 
± 0.032 (x̄  ± ksn-1/2, k = 2, n = 2), based on aerial sampling of the dark plume 300-500 m above the 
flame front. BC/TC for the smoldering stage was 0.0087 ± 0.0046 from ground-based sampling. 
Uncertainties consist of the combined variances in measurement and sampling and in emissions 
from different fires. These averages and uncertainties serve as important aerosol data input for 
predictions of climate change on both global and regional scales. INDEX TERMS: 0305 
Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0345 Atmospheric 
Composition and Structure: Pollution—urban and regional (0305); 0360 Atmospheric Composition 
and Structure: Transmission and scattering of radiation; KEYWORDS: atmospheric particles, boreal 
forest fires, biomass burning, climate change, black carbon, elemental carbon 

1. Introduction 

[2] The last 2 decades have revealed the major impact on Earth's 
atmosphere from large-scale biomass burning, in particular, burning 
caused by humans [Crutzen et al, 1979; Crutzen and Andreae, 
1990; Levine, 1990]. CH3C1 and CH 3Br from fires lead to strato­
spheric 0 3 depletion. NO, CO, CH 4 , and nonmethane hydrocarbon 
emissions lead to an increase in tropospheric O3. CO 2 , CH 4 , and 
N2O from global biomass burning contribute to climate change. 
Aerosols from biomass burning also affect climate but in complex 
ways. Atmospheric warming occurs when the black carbon (BC) 
component (also known as elemental carbon, graphitic carbon, or 
light-absorbing carbon) in aerosols absorbs solar radiation and then 
reradiates in the infrared (shortwave heating) or when surface-
released heat is trapped by atmospheric aerosols (longwave heat­
ing). Cooling occurs when particles scatter solar radiation or when 
particles provide condensation nuclei for solar-scattering clouds 
(indirect radiative forcing). Direct radiative forcing includes effects 
of both the absorption and scattering of solar radiation. 

Copyright 2002 by the American Geophysical Union. 
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[3] Aerosol radiative forcing depends upon a number of 
aerosol parameters such as optical depth (thickness), aerosol size, 
single-scattering albedo, fraction of light scattered upward, aero­
sol layer height, and surface reflectance [Chylek and Coakley, 
1974; Haywood and Shine, 1995; Hansen et al, 1997, 1980]. 
Single-scattering albedo, i.e., the ratio of the scattering coefficient 
to the sum of the scattering and absorption coefficients, depends 
to a large extent on aerosol composition. The absorption coef­
ficient, in particular, is approximately proportional to the BC 
content of aerosols [Reid et al, 1998]. Estimates of the single-
scattering albedo of carbonaceous aerosols range from 0.85 to 
0.95 [Lionsse et al, 1996; Penner et al, 1992]. Above surfaces 
with equal reflectances the warming affect of aerosols increases 
as the single-scattering albedo decreases. Hansen et al [1997] 
determined that the critical single-scattering albedo at which the 
temperature forcing effect of aerosols shifts from cooling to 
warming occurs between ~0.86 and 0.91. 

[4] Outside of the arctic zone it has been assumed that aerosols 
generally cause a negative forcing of the global mean temperature, 
including the largely carbonaceous aerosols from biomass burning. 
Recent estimates, however, have shown a decrease in the size of 
direct radiative forcing (W m - 2 ) from biomass burning aerosols. 
An initial estimate of the direct radiative forcing reported by Hobbs 
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et al. [1997] was —0.8 W m - 2 , based on work by Penner et al. 
[1992], while an estimate based on more recent measurements 
was —0.3 W m - 2 [Hobbs et al, 1997]. More recently, Haywood 
and Ramaswamy [1998] estimated the direct forcing from BC 
alone at 0.4 W m - 2 . Thus aerosols may not mitigate the effect 
of global warming due to greenhouse gases as much as originally 
thought. For the past decade, aerosols have been known to be the 
main source of uncertainty in models that predict global warming 
[Hansen and Lacis, 1990]. This uncertainty in the forcing 
estimates has remained high, by a factor of 2-3 times the 
estimated value [Penner et al, 1992; Hobbs et al, 1997; Hay­
wood and Ramaswamy, 1998], much higher than uncertainty in 
the radiative forcing by CO 2. 

[5] Most studies on global effects of biomass burning have 
focused on human-caused burning in the tropics. However, large-
scale lightning-ignited wildfires are common in the boreal zone 
(45°N-75°N) of Canada and Siberia. In contrast to radiative forcing 
by CO 2 the effect of aerosols on climate varies greatly by region 
[Kiel and Briegleb, 1993; Taylor and Penner, 1994]. Even though 
very little (1 -2%) of the total carbon (TC) in the global atmosphere 
is released from burning in boreal regions, models of the BC 
distribution suggest that burning in the boreal forest may contribute 
20-50% of the BC observed in the Arctic in July [Cooke and 
Wilson, 1996]. Thus BC emissions from boreal burning likely affect 
radiative forcing in the Arctic and sub-Arctic quite differently than 
burning in other regions. Global climate models may also not 
represent burning in the boreal forest adequately. In a model of 
the distribution of aerosols from biomass burning by Liousse et al. 
[1996], calculated aerosol concentrations at key sites in Greenland 
and Barrow, Alaska, failed to match observations possibly because 
boreal wildfires were not included in the model. 

[6] Of mounting concern is the increase in burn activity in the 
boreal zone. During 1930-1960, ~6000 fires were detected in 
Canada, while almost 10,000 fires were detected during the 1980s 
[Stocks, 1991]. Fire statistics also suggest a yearly increase in the 
burn area and the number of fires in the Canadian territories for 
1970-1995 (National Forest Database Program, Canadian Council 
of Forest Ministers, Natural Resources Canada, 2000, available at 
http://nfdp.ccfm.org). These increases certainly reflect expanded 
fire protection capability, growing population, and increased forest 
use. Nevertheless, increased boreal fire incidence is likely linked to 
climate change. Climate models suggest that if global C 0 2 dou­
bles, the area of Canadian forest subjected to wildfires each year 
could increase by ~40% [Flannigan and Van Wagner, 1991], and 
the average fire season in Canada could increase by 22% [Wotton 
and Flannigan, 1993]. 

[7] The quantity and composition of biomass combustion 
particles depend upon several factors including the composition 
and size of the fuel, terrain, and weather. In addition, the duration 
of flaming versus smoldering must be considered [Lobert and 
Warnatz, 1993]. Thus different amounts of BC and organic carbon 
(OC) in particles from different fire environments are expected 
(boreal forest versus the tropical savanna). Burning in the tropics 
produces relatively low BC/TC ratios (0.04-0.06) compared to 
fossil fuel combustion [Cachier et al., 1989a]. However, the 
Cachier et al. data suggest that BC/TC ratios for savanna burning 
are higher than for forest burning, which is consistent with the fact 
that savanna fires produce copious black smoke during a more 
predominant flaming stage compared to forest burning. A compar­
ison of BC/TC ratios and the 1 3 C content of biomass burning 
aerosols by Cachier et al. suggests that combustion properties of 
tropical savanna burning (i.e., duration of flaming versus smolder­
ing) may be distinctive and distinguishable from the combustion 
properties of forest burning. 

[8] In the boreal forest, high-intensity fires that reach into the 
forest crown account for an overwhelming proportion of the area 
burned each year. During 4-5 July 1998, two controlled burns in a 
primarily jack pine forest near Fort Providence, Northwest Terri-

tories, Canada, were conducted by the Canadian Forest Service and 
the Northwest Territories Department of Natural Resources. The 
burns were part of the International Crown Fire Modeling Experi­
ment, an ongoing summertime experiment designed to study the 
properties of high-intensity crown fires. We report here the BC and 
OC content of combustion particles from the experiment, along 
with BC/TC ratios, and we include critical uncertainties from 
measurement error, sampling error, and variation in fire emissions. 
Corrections were also made for artifacts that arose from the 
adsorption of gas-phase organic compounds on the sample sub­
strate and from the volatilization or reentrainment of the collected 
particles. 

2. Methods 
[9] During the burn experiment, combustion particles were 

collected at ground level and by aircraft. For the two burn events 
we used an MSP Model 310 Virtual Impactor (dichot) for ground-
level sampling of fine (≤2.5 µm aerodynamic diameter) and coarse 
(>2.5-10 µm aerodynamic diameter) particles. (Certain commer­
cial products are identified here to specify the means by which 
experiments were conducted. Such identification is not intended to 
imply recommendation or endorsement by the National Institute of 
Standards and Technology, nor is it intended to imply that the 
identified product is necessarily the best available for the purpose.) 
As we discuss in section 3.1, substantial carbonaceous material 
was collected on the coarse-particle filters during both burn events. 
Thus the coarse fraction was necessarily included in our mass 
determinations. 

[10] Figure 1 is a simplified diagram of the dicot. Air flowing at 
300 L min - 1 enters the PM10 classifier where particles >10 µm are 
discarded. Then, the PM2.5 classifier separates the fine and 
coarse particles. The fine-particle stream is 270 L min - 1 , while 
the coarse-particle stream is 15 L min - 1 . In our study, fine 

Figure 1. Schematic diagram of the virtual impactor (dichot) 
used for particle sampling at ground level. The PM10 classifier 
discards particles >10 µm. Particles smaller than 10 µm are further 
separated into the fine and coarse fractions by the PM2.5 classifier. 
For each fraction the front quartz-fiber filter is stacked directly on 
top of the back quartz-fiber filter. The textured side of the filter is 
upstream. 

http://nfdp.ccfm.org
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Table 1. Types of Samples and Sampling Conditions for Aerosols Collected During the 1998 International Crown Fire Modeling 

Experimenta 

Date Sample Type Equipment Sampler Height Duration of Sampling Additional Details 

1 July background air dichot 5 m above ground 22.5 hours no fires observed in the vicinity 

2 July field blank dichot 5 m above ground 1 min 

4 July burn, flaming stage dichot ground level 15 min 

field blank dichot ground level 1 min blank for loading of the sampler at the site 

between the flaming stage and the smoldering stage 

burn, smoldering stage dichot ground level 99 min 

field blank, aircraft hi-vol ground level 1 min blank for loading of the sampler, power not 

supplied to the sampler 

burn, aircraft hi-vol 500 m above ground 75-100 s 7 -9 passes made through dark plume 

directly above site 

burn, aircraft hi-vol 500 m above ground 45–55 s 4 5 passes made through light plume 

directly above site 

5 July burn, flaming stage dichot ground level 21 min 

field blank dichot ground level 1 min blank for loading of the sampler at the site between 

the flaming stage and the smoldering stage 

burn, smoldering stage dichot ground level 85 min 

field blank hi-vol ground level 1 min sampler operated in the helicopter at 

ground level prior to ignition 

burn, aircraft hi-vol 300 320 m above ground 34 s three passes made through dark plume 

directly above burn site 

burn, aircraft hi-vol 1600 m above ground 35 s plume followed downwind for ~1.5 km 

burn, aircraft hi-vol 1600 m above ground 19 s plume followed downwind for ~1.5 km 

a Dichot is the MSP Model 310 Virtual Impactor. Fine particles (≤2 .5 µm) were collected on 200 mm x 250 mm quartz-fiber filters placed back to back 
in the sampler. Coarse particles (2.5–10 µm) were collected on 62 mm x 165 mm back-to-back quartz-fiber filters. Hi-vol is the Staplex Model TFIA-4 Ai r 
Sampler. Particles were not size-segregated. Particles were collected on 102 mm diameter back-to-back quartz-fiber filters. 

particles were collected on 200 mm x 250 mm quartz-fiber filters 
(Pall-Gellman, TISSUQUARTZ 2500QAT-UP), which were heat 
treated by the manufacturer for 1 hour at 700°C. Each filter for 
the fine particles was backed by an identical filter in the dichot 
(Figure 1). Coarse particles were collected on 62 mm x 165 mm 
heat-treated quartz-fiber filters and backed by an identical filter in 
the dichot. Backing filters were installed to account for the 
condensing of semivolatile compounds on the filter substrate 
[Cadle et al, 1983; McDow and Huntzicker, 1990; Fitz, 1990] 
and for particles from the front filter that may have become 
volatilized or reentrained and then redeposited on the back filter 
[Kdnig et al, 1980; Eatoiigh et al, 1990]. Prior to traveling to 
the sampling location, filters were preweighed and packaged in 
envelopes of aluminum foil. The foil was heated at 500°C for 
18 hours prior to packaging. 

[l i] For aircraft sampling a Bell 204 helicopter was outfitted 
with a Staplex TFIA-4 Air Sampler (hi-vol) rated to draw 400 L 
m i n - 1 . We used 102 mm diameter quartz-fiber filters that were also 
heat treated by the manufacturer. Fine and coarse particles were 
collected on the same filter. As with the ground-based dichot 
sampler, back-to-back filters were installed. 

2.1. Ground-Based Sampling 
[12] Table 1 shows the types of samples and collection con­

ditions. For ground-based sampling, separate samples were col­
lected during the flaming stage and the smoldering stage that 
followed. The dichot was placed in the predicted path of the smoke 
plume in a cleared tract ~50 m from the end of the experimental 
plots. During the 4 July experiment, burning advanced slowly at 
first but eventually developed into a full crown fire. Flames 
reached the end of the plot in ~10 min. During the next 15 min, 
sooty black smoke moved out of the plot and into the clearing, as 
shown in Figure 2, blanketing the dichot, which is barely visible on 
the right side of the fireguard in the photograph. As flaming 
subsided on 4 July, the sampler filter holder assembly was brought 
to a clearing away from the densest smoke where we acquired field 
blanks by briefly inserting clean filters in the filter holder assembly. 
Next, we reloaded the sampler and ran it for 99 min to collect 
particles from the smoldering stage (Figure 3). On 5 July, burning 

ensued rapidly, with flames reaching the end of the plot in ~3 min. 
The flaming and smoldering stages were sampled for 21 min and 
85 min, respectively. 

2.2. Aircraft-Based Sampling 
[13] During each burn event, two distinct plumes formed above 

the bum site: one dark in color and the other light. The dark plume 
clearly formed directly above the flame front. It contained sub­
stantial black smoke and a high proportion of particles from the 
flame front as it moved through the plot. Thus the dark plume 
represented the flaming stage of combustion. The light-colored 
plume clearly formed behind the flame front. It contained a high 
proportion of particles from smoldering that followed the flame 
front. Thus the light plume represented the smoldering stage. As 
indicated in Table 1, each type of plume was sampled by making 
multiple passes through each plume above the bum site. In addition 
to above-site sampling, two additional samples were taken on 
5 July by passing through the darker plume as the helicopter 
"chased" the plume from above the bum site to ~1.5 km down­
wind of the bum site. 

2.3. Analysis of BC and OC 
[14] To determine the OC and BC masses on filters that would 

best represent carbon emitted during the course of a crown fire, 
portions of filter were taken from the center and from the edge of 
the filter. In this study, most filter samples were analyzed in 
duplicate (i.e., one section from the center and one from the 
edge). Exceptions were the background air sample and the two 
"plume chase" samples where four replicate analyses were made: 
two sections from the center and two from the opposite edges of 
the filter. 

[15] OC and BC fractions in the particles were analyzed at the 
National Institute of Standards and Technology by the thermal-
optical method [Birch and Cary, 1996] employing a Sunset 
Laboratories' Thermal/Optical Carbon Analyzer. Figure 4 shows 
a typical thermogram with temperature set points for each step. In 
this case the sample is fine-particulate matter from the smoldering 
stage. Sections of particle-laden filters are placed in the sample 
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Figure 2. View of the 4 July burn as the flame front reaches the end of the plot and sooty smoke extends through the 
fireguard. Sampling equipment, located on the right side of the fireguard (arrow), is positioned to collect particles 
from the black plume near ground level shown in the photograph. See color version of this figure at back of this issue. 

oven where they are exposed to an inert or an oxidizing atmosphere 
and heated in two phases to a maximum temperature of 900°C each 
time. First, OC and carbonate carbon are volatilized in a He 
atmosphere as the sample oven temperature rises stepwise to 
900°C. Carbonate was not detected in our samples. The OC 
evolved during this phase is defined operationally as volatile 
OC. In addition, during this phase, pyrolyzed carbon (char) forms 
on the filter. Next, the oven temperature is reduced to 600°C, the 
sample is exposed to a 1% O2 in He atmosphere, and the temper­
ature is again ramped in stages to 900°C. Carbon evolved at the 
start of this phase is defined operationally as pyrolyzed OC. The 

gas streams of first the volatile OC and then the pyrolyzed OC 
enter an adjacent oven containing MnO 2 at 875°C where the 
material that has evolved up to this point is stoichiometrically 
oxidized to C0 2 . Farther along in the gas stream, the CO 2 is 
catalytically reduced to CH 4 . C H 4 is then detected by a flame 
ionization detector (FID). 

[16] During the process the laser transmission (proportional to 
transmittance) through the filter at 670 nm is monitored. The 
largest reduction in transmittance occurs during the charring of 
OC. As this pyrolyzed OC is removed from the filter, the trans­
mittance rises to its initial value. At this point all OC, volatile and 

Figure 3. View of the plot burning on 4 July during the smoldering stage. See color version of this figure at back of 
this issue. 
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Figure 4. A representative thermogram for organic carbon (OC) 
and black (BC) from the thermal-optical method. The red dashed 
line is laser transmission (proportional to transmittance) at 670 nm; 
the blue dashed-dotted line is temperature (with set points); the 
green solid line is flame ionization detector (FID) response. The 
sample is fme-particulate matter collected with the dichot during 
smoldering on 4 July. OC is first volatilized by heating in steps to 
900°C in a He atmosphere. Carbonate carbon is also volatilized if 
present; however, none was detected. Volatilized carbon (VC) is 
oxidized to CO 2 then reduced downstream to methane where it is 
detected by flame ionization, as are all carbon compounds that 
follow. Pyrolized OC (PC) that formed on the filter in the He 
atmosphere is removed from the filter in a 1% O2 in He atmosphere 
as the temperature is first lowered and then ramped again in steps 
to 900°C. BC is quantified when the laser transmission rises above 
the initial transmission of the filter at the split point (424 s). See 
color version of this figure at back of this issue. 

pyrolyzed, has been removed from the filter. As the sample oven 
temperature continues rising to 900°C, any additional carbon 
evolving from the filter that causes the transmittance to rise above 
the initial value is considered the BC component. Thus char from 
the pyrolysis of OC in the instrument is not included as BC. BC is 
stoichiometrically oxidized to CO 2 and farther in the stream 
reduced to C H 4 in the same manner as for the OC. 

[17] In this method the standard deviation for a blank containing 
no known carbon is 0.2 µg C c m - 2 (R. A. Cary, Sunset Labo­
ratories, Inc., personal communication, 1998). Since the instrument 
uses filter sections of ≥1.0 cm2, the minimum detectable carbon 
(OC or BC) is above 0.2 µg. To maximize the amount of carbon 
detected by the instrument, we used 1.5 cm2 filter sections. For all 
samples taken during burning (except the backup filters as dis­
cussed in section 3.1), thermograms exhibited measurable FID area 
even at low carbon levels. For example, in Figure 4 the FID area 
for BC is quite evident, yet BC was rather low at 0.39 µg cm - 2 . 

2.4. Correction for Adventitious Carbon 
[18] Even though we used heat-purified filters for both ground-

based and aircraft-based sampling, adventitious OC was still 
present on the filters. To correct for this blank carbon, we measured 
OC on center and edge sections from unused filters. Averages and 
uncertainties in OC mass are shown in Figure 5. Uncertainly bars 
terminated with narrow caps are the standard deviations for 
individual OC measurements. Uncertainly bars terminated with 
wide caps are standard deviations for repeated samplings of the 
filter blank (n = 4). Pnull indicates the probability that there is no 
difference for the OC measurements between the filter center and 
the edge based on the t test for paired analyses. 

[19] For the 200 mm x 250 mm filters in foil envelopes the 
relatively high levels of OC were likely due to residual carbon on 
the aluminum foil that remained after heat treatment. Owing to 
large uncertainties in this case, there was no significant difference 

in adventitious OC between the center and edge of the filters 
(Pnull

 = 0.62). The 62 mm x 165 mm filters and the 102 mm 
diameter filters in foil envelopes do, however, show significant 
differences between the filter center and edge (P n u l l = 0.011 and 
0.001, respectively). For both types of filters, OC was higher at 
the filter edge. Determinations of adventitious OC on filters from 
the manufacturer's packages are comparable to values reported 
previously (0.8-1.2 µg cm - 2 ) for quartz-fiber filters that were 
heated for several hours at 500°C [Cadle et al., 1983]. Thus heat 
purifying the filters in our lab in preparation for field sampling, in 
addition to the manufacturer's heat treatment, would likely not 
have reduced adventitious OC significantly. 

3. Results and Discussion 
3.1. Filter Artifacts: Ground-Based Sampling 

[20] In a comparison of sampling methods for ambient aerosols, 
Hering et al. [1990] found that different sampling methods often 
produce greater variation in OC results than different carbon 
measurement methodologies. To a great extent this is due to two 
sampling artifacts. The adsorption of gas-phase organic matter on 
the filter substrate leads to an erroneously high OC measurement 
and is thus a positive artifact. The loss of particles from the filter 
substrate during sampling, because of volatilization of particulate 
carbon or perhaps of reentrainment of particles, leads to an 
erroneously low OC measurement and is thus a negative artifact. 
Studies have shown that the negative artifact is commonly larger 
than the positive artifact in ambient aerosols [Appel et al., 1983; 
Eatough et al., 1990]. One study reported losses averaging 50% of 
the particulate carbon collected on a hi-vol filter [Appel et al., 
1983]. One approach is to employ a backing filter in a hi-vol 
sampler and to use the OC mass on the back filter to correct for the 
adsorption of gas-phase organic matter. However, the drawback to 
measuring carbon on a backing filter to correct for the positive OC 
artifact is that the backing filter may contain more particulate OC 
than gas-phase OC. 

[21] To assess and correct for both the positive and negative 
sampling artifacts in this study, we employed information from the 

Figure 5. Analysis of OC on center sections and edge sections of 
filter blanks. The 200 mm x 250 mm filters were used to collect 
fine particles in the dichot; the 62 mm x 165 mm filters were used 
to collect coarse particles. All filters were heated at 700°C for 
1 hour by the manufacturer. Aluminum foil was heated at 500°C 
for 18 hours. Uncertainly bars with narrow end caps are standard 
deviations for individual OC measurements. Uncertainly bars with 
wide end caps are the standard deviations for repeated samplings 
of the filter blank (n = 4). Pnull is the probability at the 5% 
significance level that no difference in OC exists between the filter 
center and edge. 
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Table 2. Ratios of the Pyrolyzed OC Peak Area to the Volatile OC Peak Area and Initial Filter Absorbances at λ = 670 nm From 

Thermograms 

Flaming Stage Smoldering Stage 

July 4 July 5 July 4 July 5 

Ratio Absorbance Ratio Absorbance Ratio Absorbance Ratio Absorbance 

Front Filters 

fine particles 0.16 0.202 0.12 0.066 0.12 0.167 0.11 0.178 

coarse particles 0.001 0.062 <0.001 0.021 0.034 0.063 0.035 0.064 

Back Filters 

fine particles 0.035 O.001 0.019 0 0.11 0.018 0.15 0.009 

coarse particles <0.001 <0.001 <0.001 0.001 0.028 <0.001 0.028 0.003 

front and back filters of the fine-particle stage as well as informa-
tion from the front and back filters of the coarse-particle stage 
(Figure 1). Specifically, we looked at the amounts of volatile OC 
and pyrolyzed OC from the thermal-optical method (Figure 4) and 
the initial optical absorbances from the thermograms for each filter. 
Pyrolyzed OC from this method does not directly indicate partic-
ulate mass. However, a filter containing only gas-phase OC would 
produce only minimal, if any, pyrolyzed OC from the thermal-
optical method. The initial filter absorbance from the method does 
correlate with particulate mass. In Table 2 we show the ratios of the 
amount of pyrolyzed OC to volatile OC (as area ratios) and the 
initial filter absorbances at 670 nm from the thermograms. Large 
OC ratios in Table 2 for the front fine-particle filters (0.16, 0.12, 
0.12, and 0.11) indicate substantial particulate OC, as expected. 
These data are consistent with the corresponding filter absorbances 
(0.202, 0.066, 0.167, and 0.178), indicating substantial particulate 
OC. The highest OC ratio (0.16) and the highest absorbance 
(0.202) are for the front fine-particle filter from the flaming stage 
on 4 July. The back fine-particle filters for the flaming stage on 4 
and 5 July contain small but measurable OC area ratios (0.035 and 
0.019); however, these filters did not absorb. Thus, while OC ratios 
indicate that some particulate carbon may exist on the back fine-
particle filters, the amount is negligible. We conclude here that for 
the flaming stage, loss of particulate carbon (negative artifact) was 
not significant. However, measurable OC exists on the back fine-
particle filter; therefore we must assume that the OC is gas-phase 
and that it is present on the front filter. Thus a correction for the 
positive artifact is required in this case. 
[22] We can further understand the magnitude of the filter 

artifacts by assessing the OC mass on the back filters with respect 
to the OC mass on the front filters. Figure 6 shows the ratios of 
OC mass on the back filter to OC mass on the front filter. We 
focus here on the ground-based burn samples. Ratios for the 
background air sample and the aircraft-based burn samples are 
shown for comparison. During the flaming stage the amount of 
OC on the back filter for fine particles was ̃10% of that on the 
front filter (solid bars in Figure 6). In contrast, the amount of OC 
on the back filter for coarse particles from the flaming phase was 
much larger, up to 30%, relative to the front filter (shaded bars in 
Figure 6). As we discuss below, the amount of particulate matter 
from combustion in the coarse fraction was approximately one 
third of the particulate matter in the fine fraction. Now, if loss of 
particulate carbon was the main effect, we would not expect the 
coarse-fraction filters to have a higher back OC to front OC ratio 
than the fine fraction. This is because the coarse fraction has much 
less particulate mass than the fine fraction. We might, on the other 
hand, expect a higher back OC/front OC ratio for the coarse-
fraction filters if the effect is mainly the adsorption of gas-phase 
OC. This is because there is less particulate mass on the front 
filter of the coarse fraction to lower the back/front ratio compared 
to the fine fraction. Thus back/front ratios for the flaming stage in 
Figure 6 suggest that the gas-phase OC adsorbed significantly on 
filters during the flaming phase of burning. 

[23] In contrast to flaming, the amount of fine-particulate OC on 
the back filter for the smoldering stage was ̃20% of that on the 
front filter (Figure 6), twice the ratio for the flaming stage. 
However, OC on the back coarse-particle filter was only ̃10% 
of that on the front filter, nearly one third the ratio for the coarse-
particle filter from the flaming stage. Thus the fine versus coarse 
pattern for the smoldering stage shown in Figure 6 is the reverse of 
that for the flaming stage. This suggests that there are substantial 
differences in the relative magnitudes of the positive and negative 
artifacts between the flaming stage and the smoldering stage. 
[24] For the smoldering stage the back fine-particle filters for 

4 and 5 July also have high OC ratios (0.11 and 0.15, respectively) 
in Table 2. However, these filters have measurable (albeit low) 
absorbances (0.018 and 0.009), indicating that these back fine-
particle filters contain small but nonnegligible particulate OC. Thus 
the fine-particle filters from the smoldering stage must be corrected 
for loss of particulate carbon as well as adsorbed gas-phase OC. It 
is important to note that the back coarse-particle filters show 
essentially no absorbance in Table 2, indicating that particulate 
OC there is negligible. We used the back coarse-particle OC mass 
to correct for the artifacts from sampling during the smoldering 
phase. 
[25] The equations used for sampling corrections are shown in 

Appendix A. Table 3 shows the magnitudes of the positive and 
negative artifacts as well as the fraction of particulate OC that was 
collected on the coarse-particle filters from the dichot. The positive 
artifact was, in fact, a small percentage of the total particulate OC, 

Figure 6. Ratio of the blank-corrected OC mass per unit area on 
the back filter (C b a c k) to the blank-corrected OC mass per unit area 
on the front filter (C f r o n t). Uncertainty bars show the standard 
deviation as the combined uncertainty for a ratio involving 
uncertainty in the respective blank (Figure 5) and uncertainty in 
an individual OC determination. 
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Table 3. Size of the Positive and Negative Artifacts and the Amount of OC Collected on the 
Coarse-Particle Filters as a Percentage of the Total Particulate OC 

Flaming Stage Smoldering Stage 
July 4 July 5 July 4 July 5 

Positive artifact 4.5 1.1 3.6 2.8 
Negative artifact ... ... 8.9 6.4 
Coarse fraction 25 26 34 38 

ranging from 1.1 to 4.5% for both burn stages. The negative 
artifact was also rather small, 6.4% and 8.9% for the smoldering 
stage; however, the magnitude of the negative artifact for the 
smoldering stage on both burn days was more than twice the size 
of the positive artifact. The importance of the negative artifact 
relative to the positive artifact is consistent with studies of particles 
in ambient air [Eatough et al, 1990]. 

[26] While our focus in correcting for the loss of particulate 
carbon was on OC, we observed that the amount of BC on the back 
filters was statistically insignificant. Thus the loss of particulate 
OC was proportionately greater than the loss of particulate BC. 
This suggests that the volatilization of particles, particularly of 
those particles consisting largely of OC, is a more likely mecha­
nism for the negative artifact than the reentrainment of particles, 
which would likely affect both OC and BC particles equally. 

[27] In contrast to the size of the artifacts the percent of the total 
carbon in the coarse-particle fraction is relatively large, around 
25% for the flaming stage and 34-38% for the smoldering stage. 
However, this is consistent with results of Appel et al. [1983], who 
reported that 34–44% of the total carbon was in the coarse fraction 
for ambient air collected with a dichot. In the case of sampling 
biomass burning aerosols, particles much larger than 2.5 µm that 
are nonspherical clusters or aggregates of spherical particles <1 µm 
have been observed in smoke from biomass burning from Brazil 

[Martins et al, 1998a] and North America [Cofer et al, 1988]. 
Particle size modes of 1–4 µm, 9–14 µm [Reid and Hobbs, 1998], 
and 20-30 µm [Andreae et al, 1988] from biomass buring in the 
tropics have been observed. Our results indicate a larger percentage 
of coarse particles in the smoldering stage. 

3.2. Filter Artifacts: Aircraft-Based Sampling 
[28] Aircraft-based sampling in our study did not separate the 

fine particles from coarse particles. Therefore we necessarily based 
the correction for the positive and negative artifacts on information 
from the analysis of the fine- and coarse-particle fractions from the 
dichot (Appendix A). For sampling the dark plume representing 
the flaming stage, we assumed that only the positive artifact was 
significant. 

3.3. BC/TC Ratios for the Flaming and Smoldering Stages 
[29] Uncertainties in our determinations of OC and BC and the 

BC/TC ratio consist of variance due to sampling uncertainly and 
measurement uncertainty. We have assumed that uncertainties were 
independent; thus covariance in the data was not considered. The 
propagation of these uncertainties was carried out in a robust 
manner. First, the variance in an individual thermal-optical meas­
urement was combined with the variance in replicate measure­
ments of the appropriate blank (Figure 5). Further, the variance was 

Figure 7. OC and BC compositions of blanks from the 1998 International Crown Fire Modeling Experiment 
(ICFME). Uncertainly bars show the standard deviation of combined uncertainties as described in the text. The 
loading blanks provided a control for the change of filters in both the ground-based sampler and the aircraft-based 
sampler. For the operation field blanks the samplers were operated for 1 min. Background air was sampled for 22.5 
hours when no fires were observed. 
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Figure 8. (a) OC and BC filter deposition rates and (b) BC/TC 
ratios of aerosol particles sampled at ground level during the 1998 
ICFME. Uncertainty bars show the standard deviation of combined 
uncertainties as described in text. The total measured OC for the 
flaming and smoldering stages on 4 July was 23 ± 4 µg and 87 ± 4 µg, 
respectively; on 5 July the total measured OC for the two burn stages 
was 18 ± 4 µg and 121 ± 5 µg, respectively. The total measured BC 
for the flaming and smoldering stages on 4 July was 0.70 ± 0.37 µg 
and 0.82 ± 0.32 µg, respectively; on 5 July the total measured BC for 
the two burn stages was 0.28 ± 0.32 µg and 1.01 ± 0.36 µg, 
respectively. The fraction of OC from coarse particles was 25-26% 
of the total particulate OC from the flaming stage and 34-38% of 
the total particulate OC from the smoldering stage. The fraction 
of BC from coarse particles was 19-23% from the flaming stage 
and 18-25%) from the smoldering stage. Note the different scales 
in Figure 8a for OC and BC deposition rates; the OC scale is a 
factor 30 greater than the BC scale. 

sequentially propagated as the replicate measurements (two or 
four) from the same filter were combined, then artifact-corrected 
measurements of the front and back filters were combined, finally 
measurements of the fine and coarse fractions were combined. 

[30] OC and BC compositions of field and measurement blanks 
for both the ground-based and aircraft-based sampling are shown 
in Figure 7. For comparison, we also show the OC and BC 
composition in the background air sample. OC levels in the blanks 
were below the level in the background air sample, and they 
generally exhibited large relative uncertainties. BC in the blanks 
was far below the level of reliable quantification. 

[31] Figure 8 shows the levels of OC and BC and BC/TC ratios 
for the ground-level samples. We present the OC and BC levels in 
Figure 8a based on the quantity of carbon measured from the filter. 
The vertical bars in Figure 8a show the average rate of carbon 
deposition on the filters (µg carbon c m - 2 min - 1 ) . This deposition 
rate is proportional to the average air concentration of the respec­
tive carbon component in air. Average air concentrations in this 
case are irrelevant because smoke plumes are transient and poorly 
mixed. However, owing to poor mixing and the fact that air flow 
through the sampler may have varied during sampling, deposition 
on the filters was not uniform over the sampling period, partic­
ularly during the flaming stage. Smoke from the smoldering stage, 
in contrast, tended to blanket the sampler for longer periods. 
Sampling in this manner was thus not ideal. However, OC and 
BC levels reported as average deposition rates allow us to 
minimize the dependence of these levels on the sampling duration 
alone. For example, on both burn days the total BC loading on the 
dichot filters during the smoldering stage was actually higher than 
the total BC loading during the flaming stage because the dichot 
ran 4-7 times longer during the smoldering stage than during the 
flaming stage (Table 1). 

[32] There is an additional advantage to reporting average rates 
of carbon deposition on filters. Figure 8 allows us to compare the 
relative uncertainties in OC and BC levels for the two burn stages 

on different burn days to uncertainties in the BC/TC ratios. Use of 
the filter deposition rate allows us to include only those uncertain­
ties that are relevant to determining uncertainties in BC/TC ratios. 
For example, the determination of OC mass or BC mass per total 
particulate mass (TPM) would have an inflated uncertainly from 
the TPM determination alone and would have no relevance to the 
BC/TC ratio. 

[33] OC levels and BC levels are shown in Figure 8a on 
different scales. The OC scale is a factor of 30 greater than the 
BC scale. The intention here is not to compare OC with BC for a 
particular burn stage but rather to compare the burn stages for a 
particular carbon component. Because OC levels varied substan­
tially between the two fires, we cannot distinguish a difference in 
OC emissions between the flaming and smoldering stages. 

[34] In contrast to OC levels, BC levels appear higher for the 
flaming stage than for the smoldering stage, as we would expect. 
The problem with the BC levels from ground-based sampling 
during the flaming stage is the large uncertainly. The relative 
standard deviation in the BC level for the flaming stage on 4 July 
was 53%, while the BC determination for the flaming stage on 
5 July was overshadowed by the uncertainly. These large relative 
uncertainties are reflected in the BC/TC ratios for the flaming stage 
in Figure 8b. By comparison, the relative standard deviation in the 
BC determinations for the smoldering stage during the 4 and 5 July 
burns are smaller: 40% and 35%, respectively. Moreover, the 
relative uncertainties in the BC/TC ratios for the smoldering phase, 
while sizable, are manageable because the relative standard devia­
tions in the OC determinations during the smoldering stage are 
small (5.1% and 4.3%, respectively). Therefore we conclude that 
owing to the relative uncertainties our ground-based sampling for a 
representative BC/TC ratio was successful for the smoldering stage 
but not for the flaming stage. For the smoldering stage the larger 
BC/TC ratio (0.0094) was from the 4 July burn. The TPM for this 
sample was 24 mg, which corresponds to a mass concentration of 
0.86 mg m - 3 and a BC/TPM ratio of 0.0057. However, the 
percentage of TC to TPM in this sample (60%) is relatively low, 
as it is in our other samples, owing perhaps to residual water on the 

Figure 9. (a) OC and BC filter deposition rates and (b) BC/TC 
ratios of aerosol particles sampled by aircraft during the 1998 
ICFME. Uncertainty bars show the standard deviation of combined 
uncertainties as described in text. The total measured OC for the 
dark and light plumes on 4 July was 25 ± 1 µg and 19 ± 3 µg, 
respectively; on July 5 the total measured OC was 2.8 ± 0.7 µg 
for the dark plume and 9.9 ± 8.8 µg for the downwind sample. 
The total measured BC for the dark and light plumes on 4 July 
was 2.1 ± 0.4 µg and 0.11 ± 0.21 µg, respectively. On 5 July 
the total measured BC was 1.6 ± 0.3 µg for the dark plume and 
0.32 ± 0.26 µg for the downwind sample. Note the different 
scales in Figure 9a for OC and BC deposition rates; the OC 
scale is a factor 6 greater than the BC scale. 
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filter, and thus the 4 July BC/TPM ratio for smoldering may be 
low. 

[35] Levels of OC and BC and the corresponding BC/TC ratios 
for the elevated plume samples are shown in Figure 9. We find 
widely varying levels of OC in the darker plume (representing the 
flaming stage) on 4 and 5 July; however, the OC level in the lighter 
plume from the 4 July burn was higher than for the darker plume 
on either day. As expected, BC levels for the darker plume from 
both burn days are higher than the level for the lighter plume, as 
well as the downwind sample. Sampling of the dark plume on both 
days resulted in rather widely varying BC/TC ratios; however, the 
relative uncertainties are not excessive (21% and 27%, respec­
tively). In contrast to the dark plume samples the BC/TC ratio for 
the 4 July light plume, representing the smoldering stage, was 
below reliable quantification, owing to the low and highly uncer­
tain level of BC in this sample. In addition, levels of both BC and 
OC from the downwind sample on 5 July were too uncertain for a 
reliable BC/TC estimate. Therefore we conclude that we success­
fully sampled the flaming stage by aircraft but not the smoldering 
stage. 

[36] Our analysis shows that aircraft-based and ground-based 
sampling provided complementary means to represent the flaming 
stage and smoldering stage, respectively, from boreal wildfires. For 
each burn stage we calculate a variance-weighted mean and a 
variance-weighed standard deviation for BC/TC. These values are 
0.085 ± 0.023 for the flaming stage from aircraft-based sampling 
and 0.0087 ± 0.0033 for the smoldering stage from ground-based 
sampling. We also report these ratios with expanded uncertainties 
U [Taylor and Kuyatt, 1994] as follows: 0.085 ± 0.032 for the 
flaming stage and 0.0087 ± 0.0046 for the smoldering stage, where 

U= ksn-1/2 with k, the coverage factor (analogous to the t statistic), 
and n both equal to 2. 

[37] Since the correction for the negative sampling artifact was 
based on the analysis of the back filter, it is possible that additional 
particulate OC was lost from the back filter. Additional OC loss 
would further lower BC/TC. Therefore the true BC/TC ratios for 
the fires we sampled, particularly for the smoldering stage, could 
be lower. However, if we assume that the loss of additional 
particulate OC is no larger than that found on the back filters in 
this study (6.4-8.9% of total particulate OC), then the BC/TC ratio 
may be as low as 0.0081 for the smoldering stage, which is well 
within the uncertainty for this determination. 

3.4. Comparison of BC/TC Ratios With Data 
From the Literature 

[38] A number of studies have derived BC/TC ratios for 
biomass burning in a variety of plant regions and utilizing a variety 
of measurement methods. In an overview of biomass burning 
emissions, Andreae [1991] reported that the BC percent by weight 
of TPM can be as high as 40% for the flaming stage and as low as 
4% for the smoldering stage. Clearly, our results are at the low end 
of this scale or below. Table 4 compares our variance-weighted 
BC/TC ratios with literature values from a number of field and 
laboratory experiments. To provide consistency with our analytical 
approach, we present data from studies that employed the thermal 
evolution method of carbon measurement, which includes the 
thermal-optical method, rather than data from studies that 
employed in situ direct optical methods. Numerous thermal evo­
lution methods have been reported that vary mainly in the 
maximum temperature and duration of steps in thermally removing 

Table 4. BC/TC Ratios From Field and Laboratory Burn Experiments 

a Variance weighted average and expanded uncertainty U is based on the weighted standard deviation (s). U = k(s/n1/2), where k = 2 and n = 2. 
b Method of Cachier et al [1989b] was used. See text for details. 
cSCAR-B is Smoke, Clouds, and Radiation-Brazil (model). 
d SAFARI-92 is Southern African Fire-Atmospheres Research Initiative. 

Fire Type Location 
Vegetation 

Type 
Sampling 
Platform 

Measurement 
Method 

Flaming 
Stage 

Smoldering 
Stage 

This work crown fire Northwest 
Territories, 
Canada 

boreal forest of 
black spruce 
and jack pine 

ground-based 
dichot 

helicopter-based 
hi-vol 

thermal-optical 

0.085 ± 0.032a 

0.0087 ± 0.0046a 

Mazurek 
et al [1991] 

prescribed fire Ontario, 
Canada 

boreal forest of 
birch/poplar, 
fir, and spruce 

helicopter-based 
hi-vol 

thermal-optical 0.051 

0.092 

0.045 

0.011 
Martins 

et al [1998b] 
Cerrado/forest 

clearing 
Brazil cerrado/tropical 

forest 
vegetation 
(SCAR-B)C 

fixed-wing 
aircraft 

thermal-chemica1b 0.054 0.071 

0.044 
Andreae 

et al [1996] 
savanna 

clearing 
South Africa savanna 

(SAFARI-92)d 

ground-based thermal-chemical 0.084 

Martins 
et al [1996] 

prescribed fire Pacific 
Northwest, 
United 
States 

cedar debris, 
Douglas 
fir/hemlock 

fixed-wing 
aircraft 

thermal-chemical 0.082 

0.13 
0.10 
0.12 
0.077 (wildfire) 
0.093 (wildfire) 

Patterson and 
McMahon [1984] 

laboratory burn slash pine needles thermal-optical 0.29 

0.38 
0.45 

0.073 (transition) 

0.026 
0.017 

Currie et al 
[1999] 

laboratory burn pine and oak 
wood 

thermal-optical 0.90 to 0.94 (pine) 

0.86 to 0.88 (oak) 
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carbon on filters and in the composition of the carrier gas stream 
(inert He or N 2 , pure O2, or a combination of He and O2) [Novakov 
and Corrigan, 1996]. Direct optical methods such as the optical 
extinction cell and the integrating plate method tend not to agree 
with thermal evolution methods [Reid et al, 1998]. Differences 
between our results and the data from field experiments in Table 4 
are likely due to a number of factors, in particular, differences in 
the parameters for the thermal evolution method such as temper­
ature conditions and the type of carrier gases and whether sampling 
was corrected for artifacts. Corrections for sampling artifacts, if 
any, were not specified in the studies listed in Table 4. 

[39] BC/TC determinations from biomass burning and wildfires 
in Brazil, South Africa, and the Pacific Northwest in Table 4 
utilized the thermal-chemical method of Cachier et al. [1989b]. 
Briefly, filters are first exposed to HCl vapor to remove carbonate. 
The remaining TC is determined by coulometric titration. BC is 
analyzed by coulometric titration after removing OC at 340°C for 
2 hours under pure O2. OC is the difference between the determi­
nations for TC and BC. The issue is how the relative distribution of 
OC and BC in a sample might vary between the thermal-optical 
and the thermal-chemical, method. Large differences in the OC-BC 
distribution have been observed among the thermal-evolution 
methods [Shah and Rau, 1990], with two factors as the likely 
main contributors [Novakov and Corrigan, 1996]. First is the 
catalytic effect of Na and K if present at elevated levels in samples. 
Thermal evolution methods that remove OC under pure O2 at a 
constant temperature may be susceptible to premature BC oxida­
tion due to the catalytic effect of the alkali metals. This effect 
potentially underestimates the BC/TC ratio. The second factor is 
the underestimation of pyrolysis OC, which then necessarily gets 
measured as BC. The result is the overestimation of the BC/TC 
ratio. This second factor affects results when the duration of the 
thermal program for the pyrolysis stage is inadequate, and less OC 
is removed under the inert atmosphere than thought. Our thermal-
optical method does not appear to overestimate BC by under­
estimating pyrolysis OC. Generally, our BC/TC results for the 
flaming stage are consistent with those from a number of field 
experiments, while our results for the smoldering stage are lower 
than those reported previously. 

[40] Only one set of BC/TC data is known from burning in the 
Canadian boreal forest. Employing the thermal-optical method for 
BC and OC on samples collected by aircraft, Mazurek et al. [1991] 
reported 0.051–0.092 for the flaming stage and 0.011–0.045 for 
the smoldering stage. Our results for the flaming stage derived 
from aircraft sampling agree with the upper value reported by 
Mazurek et al. Our results for the smoldering stage derived from 
ground-based sampling are lower than that of Mazurek et al. but 
are within the uncertainty range. One reason for the discrepancy is 
the fact that from our study the negative sampling artifact is larger 
than the positive artifact. Thus the inclusion of primarily organic 
particulate material from the back filter from ground-based sam­
pling resulted in a smaller BC/TC ratio compared to results from 
studies that have not corrected for the negative artifact. 

[4l] The BC/TC ratios derived from aircraft sampling data of 
Martins et al. [1998b] for the flaming stage of cerrado/forest 
burning in Brazil are lower, surprisingly, than our results for the 
flaming stage (0.054) but are substantially higher than our results 
for the smoldering stage (0.044 and 0.071). However, the data of 
Martins et al. do not show a consistent difference between the 
flaming and smoldering stages; a higher BC/TC determination 
occurs for the smoldering stage than for the flaming stage, 
indicating mixed-stage sampling. Our results for the flaming stage 
are similar to those of Andreae et al. [1996] for savanna fires in 
South Africa. However, in this study, a distinction was not made 
between flaming and smoldering, suggesting, again, that mixed 
sampling occurred. Our results also fall within the range of data 
from the flaming stage of prescribed fires in the U.S. Pacific 
Northwest [Martins et al, 1996]. 

[42] Laboratory burns of Patterson and McMahon [1984] and 
dime et al. [1999] show much larger BC/TC ratios for the 
flaming stage than observed in field experiments from our results 
as well as those of others. Therefore ratios observed in the 
laboratory are not representative of the flaming stage for forest 
wildfires or for biomass burning in the tropics. The two BC/TC 
values of Patterson and McMahon [1984] in Table 4 for a 
distinctive smoldering stage (0.026 and 0.017) are, however, 
close to values from our field experiments and values of Mazurek 
et al. [1991]. 

4. Conclusion 
[43] We have determined BC and OC compositions of aerosol 

particles emitted from boreal forest burning during a controlled 
bum experiment in northern Canada that closely resembled wild­
fire. The BC/TC ratios determined here for the flaming bum stage 
(0.085 ± 0.023) and for the smoldering stage (0.0087 ± 0.0033) 
include robust uncertainties as a weighted standard deviation that 
involves variances in carbon measurement, sampling, and emis­
sions between different fires. These average ratios and uncertain­
ties serve as important carbonaceous aerosol data input for models 
that predict long-term climate change on both global and regional 
scales. 

[44] The use of both ground-based and aircraft-based sampling 
allowed us to select the optimal platform for sampling the flaming 
stage separately from the smoldering stage. In addition, by 
collecting size-segregated samples at ground level, and using 
backup filters in both the ground-based and aircraft-based sam­
plers, we developed a simple method for correcting sampling 
artifacts that avoided the use of additional field equipment such as 
a denuder for removing gas-phase OC. As a result of these 
measurements, our data show a clear distinction in the aerosol 
BC/TC ratio between the flaming and smoldering stages. The 
former produced nearly 10 times more BC than the latter, relative 
to total particulate carbon. 

Appendix A 
[45] Equations (Al)–(A3) correct for the positive OC artifact 

for samples from the flaming stage. 

Cf = C f ( f i n e ) + C f ( c o a r s e ) . (Al) 

Cf is the total artifact-corrected OC mass per unit filter area for the 
flaming stage, Cf(fine) is the artifact-corrected OC mass for the fine 
fraction, and Cf(coarse) is the artifact-corrected OC mass for the 
coarse fraction. Each artifact-corrected component is determined as 
follows: 

Cf(fine) = Cf(fine f r o n t ) — C f ( f i n e b a c k ) (A2) 

C f ( c o a r s e ) = C f ( c o a r s e f r o n t ) — C f ( c o a r s e b a c k ) , (A3) 

where Cf(fime f r o n t ) and C f ( c o a r s e b a c k ) are the blank-corrected OC 
masses on the front filter. C f ( f i n e b a c k ) and C f { f i n e b a c k ) are the blank-
corrected OC masses on the back filter. 

[46] Equations (A4)–(A6) correct for the positive and negative 
OC artifacts for samples from the smoldering phase. 

Cs = C s ( f i n e ) + C s ( c o a r s e ) , (A4) 

where Cs is the total artifact-corrected OC mass per unit filter area 
for the smoldering stage. C s ( f i n e ) is the artifact-corrected OC mass 
for the fine fraction, and C s ( c o a r s e ) is the artifact-corrected OC mass 
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for the coarse fraction. The artifact-corrected fine-particle compo­
nent is determined as follows: 

The first term on the right-hand side of equation (A5), (Cs (fine f r o n t ) — 
Cs ( c o a r s e b a c k ) ) , corrects for the gas-phase positive artifact; the second 
term, ( C s ( f i n e b a c k ) — C s ( c o a r s e b a c k ) ) , corrects for the particulate-phase 
negative artifact. Cs(fine f r o n t ) , Cs(coarse b a c k ) , and Cs(fine b a c k ) are the 
respective blank-corrected OC masses. The coarse-particle 
component is corrected for the positive artifact only as follows: 

Here C s ( c o a r s e f r o n t ) is the blank-corrected OC mass for that filter. 
Combining terms in equations (A4)—(A6) gives the following: 

In our correction we assume that the front coarse-particle filter for 
the smoldering stage is saturated with gas-phase OC. This 
assumption is reasonable because the back coarse-particle filter 
from the flaming stage contains as much or more OC as the 
corresponding back fine-particle filter. For example, for the 4 July 
burn, blank-corrected OC on the back fine-particle filter and on 
the back coarse-particle filter both measured 0.69 µg c m - 2 . It 
appears that during the flaming stage, high levels of gas-phase 
OC allowed both the fine- and coarse-particle filters to became 
saturated, even though air flow through the coarse-particle 
filters was only ~ 5 % of the air flow through the fine-particle 
filters (Figure 1). During the smoldering stage, levels of gas-
phase OC were likely no lower than for the flaming stage 
because of the pervasiveness of the smoke around the sampler 
during the smoldering stage. Thus, during the smoldering stage, 
it is likely that both the fine- and coarse-particle filters were 
also saturated. 

[47] For aircraft-based sampling of the dark plume representing 
the flaming stage, the correction for the positive OC artifact on the 
hi-vol filters from sampling of the dark plume is 

Here Caf is the corrected OC mass per unit filter area from the 
aircraft-based samples for the flaming bum stage, Caf(front) is 
the blank-corrected OC mass for the front filter, and Caf(back) is 
the blank-corrected OC mass for the back filter. For aircraft-
based sampling of the light plume representing the smoldering 
stage, we assumed the presence of both the positive and 
negative artifacts as with the ground-based samples. For each 
burn event we employed the relative magnitudes of the positive 
and the negative artifacts found from ground-based sampling as 
follows: 

Here Cas is the corrected OC mass from the aircraft-based 
samples for the smoldering stage. Cas ( f r o n t ) is the blank-corrected 
OC mass for the front filter, while Cas ( b a c k ) is the blank-corrected 
OC mass for the back filter. Here 0 . 2 8 C a s ( b a c k ) is the magnitude 
of the positive artifact; the factor 0.28 accounts for the proportion 
of OC mass on the back due to the positive artifact based on 
equations (A5) and (A6). Here 0 . 7 2 C a s ( b a c k ) is the magnitude of 
the negative artifact; the factor 0.72 accounts for the proportion 

of OC mass on the back filter due to the negative artifact based 
on equations (A5) and (A6). 
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Figure 2. View of the 4 July burn as the flame front reaches the end of the plot and sooty smoke extends through the 
fireguard. Sampling equipment, located on the right side of the fireguard (arrow), is positioned to collect particles 
from the black plume near ground level shown in the photograph. 

Figure 3. View of the plot burning on 4 July during the smoldering stage. 
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Figure 4. A representative thermogram for organic carbon (OC) and black (BC) from the thermal-optical method. 
The red dashed line is laser transmission (proportional to transmittance) at 670 nm; the blue dashed-dotted line is 
temperature (with set points); the green solid line is flame ionization detector (FID) response. The sample is fme-
particulate matter collected with the dichot during smoldering on 4 July. OC is first volatilized by heating in steps to 
900°C in a He atmosphere. Carbonate carbon is also volatilized i f present; however, none was detected. Volatilized 
carbon (VC) is oxidized to CO2 then reduced downstream to methane where it is detected by flame ionization, as are 
all carbon compounds that follow. Pyrolized OC (PC) that formed on the filter in the He atmosphere is removed from 
the filter in a 1% O2 in He atmosphere as the temperature is first lowered and then ramped again in steps to 900°C. B C 
is quantified when the laser transmission rises above the initial transmission of the filter at the split point (424 s). 
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