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Abstract. We used an airborne Fourier transform infrared spectrometer (AFTIR), coupled 
to a flow-through, air-sampling cell, on a King Air B-90 to make in situ trace gas 
measurements in isolated smoke plumes from four, large, boreal zone wildfires in interior 
Alaska during June 1997. AFTIR spectra acquired near the source of the smoke plumes 
yielded excess mixing ratios for 13 of the most common trace gases: water, carbon dioxide, 
carbon monoxide, methane, nitric oxide, formaldehyde, acetic acid, formic acid, methanol, 
ethylene, acetylene, ammonia and hydrogen cyanide. Emission ratios to carbon monoxide 
for formaldehyde, acetic acid, and methanol were 2.2 + 0.4%, 1.3 + 0.4%, and 1.4 + 0.1%, 
respectively. For each oxygenated organic compound, a single linear equation fits our 
emission factors from Alaska, North Carolina, and laboratory fires as a function of modified 
combustion efficiency (MCE). A linear equation for predicting the NH3/NOx emission ratio 
as a function of MCE fits our Alaskan AFTIR results and those from many other studies. 
AFTIR spectra collected in downwind smoke that had aged 2.2 + 1 hours in the upper, early 
plume y?elded AO3/ACO ratios of 7.9 + 2.4% resulting from 03 production rates of -50 
ppbv h-. The ANH3/ACO ratio in another plume decreased to 1/e of its initial value in --2.5 
hours. A set of average emission ratios and emission factors for fires in Alaskan boreal 
forests is derived. We estimate that the 1997 Alaskan fires emitted 46 i 11 Tg of CO2. 

1. Introduction 

Biomass burning is a major source of trace gases for the 
global atmosphere [Crutzen and Andreae, 1990]. About 80% 
of biomass burning is thought to occur in the tropics [Hao and 
Liu, 1994]. Fires are also common in the boreal zone, but less 
is known about their atmospheric impacts. The boreal zone lies 
between 45 ø and 70øN latitude and includes an estimated 1.2 

billion ha of mostly coniferous forest. This represents about 
30% of the global forested area [FIRESCAN Science Team, 
1996]. The low average temperatures in the boreal region slow 
both growth and decomposition. Estimates compiled by Smith 
et al. [1993] and Apps et al. [1993] suggested that-40% of 
the global, terrestrial, plant-derived carbon is contained in the 
boreal zone as follows: 3% (64 Pg) in live plant biomass, 12% 
(231 Pg) in detritus and forest soils, and 22% (419 Pg) in 
colocated peat deposits. 

Fire is the major, natural disturbance in boreal ecosystems 
[FIRESCAN Science Team, 1996]. Kasischke et al. [1999] 
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recently estimated that -8.8 million ha of the global boreal 
forest burn annually with considerable interannual variation. 
Severe drought can be associated with a large increase in 
burned area for extensive regions within the boreal zone. For 
instance, Cahoon et al. [1994, 1996] estimated the burned 
area for the East Asian boreal forest to be 1.5 million ha in 
1992 and 14.5 million ha in 1987. Thus the total, boreal forest 
burned area, in episodic years, may be 15-20 million ha 
[Kasischke et al., 1999]. In addition, average fuel consumption 
can increase in drought-affected regions as conditions that 
allow crown fires to develop can prevail for longer periods and 
organic soils (peat, duff, etc.) can ignite and bum to 
considerable depth. Because of this sensitivity, it is significant 
that fire may already be increasing in boreal forests in response 
to global warming. According to Kasischke et al. [1999], the 
average, annual area burned in the North American boreal 
forest rose from 1.5 million ha in the 1970s to 3.2 million ha in 

the 1990s coincident with a 1ø-1.6øC rise in average annual 
temperature in the region. Under a doubled CO2 scenario, 
global circulation models projected (on average) a 4ø-6øC rise 
in summer temperatures and a simultaneous decrease in soil 
moisture for much of Canada and Russia [Stocks et al., 1998]. 
Studies by Flannigan and Van Wagner [1991] and Wotton 
and Flannigan [1993] predicted that, across Canada, a 2 x 
CO2 scenario would increase fire danger by 50% and the 
length of the fire season by 30 days. 
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Only a few studies have characterized the emissions from 
boreal fires. Nance et al. [1993] reported airborne 
measurements of the emission factors for CO2, CO, CH4, 
C2H6, C2H2, C3H8, C3H6, nomethane hydrocarbons (C2-C10 , 
excluding ethene), N20, NH3, NOx, and particulate matter for 
a single fire burning in an Alaskan black spruce forest. Hegg 
et al. [ 1990] and Radke et al. [ 1991 ] reported a similar suite of 
measurements for three boreal forest fires in Ontario, Canada. 
On one of these fires, Susott et al. [1991] also measured the 
fire-integrated CO2 and CO emission factors using tower- 
based instruments. Cofer et al. [1998] compared spot 
measurements of CO2, CO, CH 4, H2, and total nonmethane 
hydrocarbons obtained during several Canadian slash fires 
with similar measurements obtained during prescribed crown 
fires in Canada and Russia [Cofer et al., 1989, 1996]. 
Yokelson et al. [1997] measured the emission factors for CO2, 
CO, CH4, C2H4, C2H2, C3H6, HCHO, CHOCH2OH, CH3OH, 
C6H5OH, CH3COOH, HCOOH, NH3, HCN, and carbonyl 
sulfide (OCS) from smoldering combustion of organic soils 
obtained in central Alaska. We now report airborne 
measurements carded out in June 1997 of the emission factors 

for 12 trace gases from four Alaskan fires. These fires (taken 
together) eventually contributed almost 40% to the total area 
burned in Alaska that year. 

We obtained the results in this paper using our airborne 
Fourier transform infrared (AFTIR) trace gas measurement 
system. We had earlier developed the use of ground-based, 
open-path FTIR to characterize fire emissions, because it 
provided an overview of the reactive and stable gases present 
above several ppbv in smoke [Griffith et al., 1991; Yokelson et 
al., 1996a, 1996b, 1997, 1998; Goode et al., 1999]. Our 
ground-based studies were mainly of biomass fires in the U.S. 
Department of Agriculture Forest Service, Fire Sciences 
Laboratory combustion facility where we could ensure 
representative, fire-integrated sampling. We developed a set of 
linear equations based on our laboratory results to predict the 
emissions of individual oxygenated organic compounds 
(HCHO, CH3OH, CH3COOH, etc.) as a function of the 
modified combustion efficiency (MCE) of a fire. We found 
that fires are a major source of many oxygenated compounds, 
which are important in the atmosphere as secondary HOx 
sources [Yokelson et al., 1996b, 1997, 1999]. We also showed 
that a simple linear equation fit the NH3/NOx emission ratio as 
a function of MCE [Yokelson et al., 1996b; Goode et al., 
1999]. (NH3 and NOx are the major, reactive, 
nitrogen-containing emissions from fires.) We developed 
AFTIR (an airborne FTIR coupled to a flow-through multipass 
cell) because of the importance of sampling real fires, the need 
to confirm the relevance of our laboratory studies, and our 
interest in downwind plume chemistry. 

Our first deployment of AFTIR was on fires in North 
Carolina during April 1997. We measured emissions on three 
field fires that were very similar to the emissions we had 
measured previously in laboratory studies [Yokelson et al., 
1999]. This confirmed that the convection column above a fire 
could draw in the products of flaming and smoldering 
combustion and confumed the relevance of our extensive 

laboratory emission factor measurements. During the North 
Carolina study we measured emission factors for prescribed 
fires in the southeastern United States, which is an important 
type of biomass burning on the national scale. However, we 
were unable to sample downwind of those fires due to airspace 
restrictions. 

The primary goals of the study reported here were to (1) 
obtain an expanded range of field results to further challenge 
and develop the emission-prediction equations (described 
above) that were based mostly on our laboratory data, (2) 
probe downwind plume chemistry, and (3) extensively 
characterize the emissions from fires in interior Alaska, which 
contains 52 million ha of the globally important boreal 
ecosystems [Birdsey, 1992]. In this paper we describe the fires 
we sampled and our measurement methodology. We present 
field results that support our simple models for production of 
oxygenated organic compounds and nitrogen-containing 
compounds. We present our first spot measurements of the 
rate of downwind 03 production and ammonia loss. Finally, 
we derive a set of average emission factors for Alaskan, boreal 
forest fires and estimate the total trace gas emissions at various 
scales within the boreal zone. 

2. Experimental Methods 

2.1. Fire Descriptions 

The Alaskan fire season usually starts in May and can last 
until October. Due to large interannual variation in weather, 
the annual area burned has ranged from -16,000 to 
-1,260,000 ha over the last 10 years. The 1997 Alaska fire 
season was typical in that several very large wildfires, ignited 
by lightning, accounted for most of the area burned [Office of 
Fire and Aviation Management, 1998]. Figure 1 shows a map 
of Alaska with the location and extent of the 1997 fires > 40 

ha, which accounted for nearly all the -754,000 ha burned 
[Alaska Fire Service, 1997]. We sampled fires in Alaska 
during the second half of June, which included the warmest 
7-day period of 1997 (in Fairbanks) and came toward the end 
of-3 months of above normal temperatures without significant 
precipitation. Thus we probably sampled the type of fires that 
produce much of the total emissions. We sampled four 
wildfires, designated B320, B280, B349, and B309 by the 
Alaska Fire Service (see Figure 1) during six flight missions. 
More details about these fires are given below. Throughout 
this paper we refer to the individual wildfires by their Alaska 
Fire Service (AFS) designated fire number and all altitudes are 
referenced to ground level. 

2.1.1. Wildfire B320. Wildfire B320 burned in a mixture 

of grasses and low shrubs and was probably started by 
lightning during the evening of June 12. The fire was located 
at 64 ø 02' N, 146 ø 20'W longitude, -115 km southeast of 
Fairbanks (Figure 1), in the Fort Greely Military Firing Range. 
B320 was a slow-moving surface fire that had burned ~61 ha 
when we began sampling on June 13 at -1400 local time (LT). 
A 4 + 1 m s '• southwesterly wind had established a weak, 
wind-driven smoke plume with a maximum altitude of-600 
m. The surface temperature was 20øC and the relative 
humidity (RH) -30%. Cloud cover was broken at 6100 m and 
the temperature lapse rate (at Fairbanks) was -7.3øC km 't up 
to -10 km. Four smoke samples were collected directly above 
the source of the smoke. The fire was declared out on June 26 

having burned ~ 1010 ha. AFS fire history data showed that the 
southern half of this fire also burned during 1996 and 1956 
and that the whole area burned in 1990. The frequent fires and 
bombing range activity probably promoted the dominance of 
the site by grasses and low shrubs. 

2.1.2. Wildfire B280. Wildfire B280 was started by 
lightning on June 7 in the Innoko Wildfife Refuge- 130 km 
south of Galena (Figure 1). Our first flight to this fire was 
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Figure 1. A map of Alaska showing the 1997 fures larger than 40 ha. The location of the four fures sampled in 
this work and the towns mentioned in the text are also indicated. 

during the evening of June 21 when the fire had grown to 
-1500 ha and was actively burning in an area centered on 63" 
34' N, 157 ø 04' W. The fire front consisted of multiple fingers 
burning in a mosaic of black spruce, shrub, and bog. A 6 _+ 1 
m s 'l northwesterly wind had shaped a smoke plume that was 
-6 km wide (at a point 11 km downwind and an altitude of 
-600 m) and that ultimately reached a maximum altitude of 
- 1500 m. At - 1900 LT the surface temperature was - 16øC 
and the RH was -56%. By-2100 LT these had changed to 
-14øC and -63%. During this period the sky was overcast and 
the cloud level was -2000 m. Four smoke samples were 
collected directly above the leading edge of the fire while five 
others were collected within-13 km of the source at various 
altitudes. 

We returned to this fire on June 23, in the late afternoon, 
when the fire had almost tripled in size to -4340 ha and was 
rapidly spreading southward with 15 m flame lengths. The 
wind was from the north at 7.5 _+ 1.5 m s 'l near the ground, 
but decreased to 5.5 _+ 1.5 m s 4 at -1600 m. Multiple, 
wind-driven smoke plumes converged downwind and leveled 
off at a maximum altitude of-1700 m. Ten kilometers 

downwind from the fire front the combined smoke plume was 
-15 km wide. The surface temperature was 25øC, RH -28%, 
and the cloud cover was broken at -7600 m. The lapse rate 
was -7.6øC krn '1 up to -11 km. Three smoke samples were 
collected directly above the fire front while six others were 
collected within -12 km of the source at various altitudes. In 

addition, three downwind samples were collected as we flew 
-50 km down the long axis of the plume (see section 3.4). 

We last sampled this fire at -1400 LT on June 24. The fire 
had continued to spread to the south and a northeasterly 3 _+ 1 
m s -1 wind had generated two active smoke plumes at either 
end of the main burning front. The surface temperature was 
26øC, RH 35%, and cloud cover was broken at-7600 m. The 
lapse rate was -7.4øC krn 'l up to -11 km. Two smoke samples 
were collected above the source before moving on to fire B309 
(see section 2.1.4). Wildfire B280 was declared out on 
October 27 having burned a total of 148,062 ha. 

2.1.3. Wildfire B349. Wildfire B349 was first reported on 
June 21 after a lightning storm. The fire was located at 67 ø 05' 
N, 151 ø 11' W,- 24 km northeast of Betties (Figure 1). Our 
measurements began on the afternoon of June 22 when the fire 
had grown to -250 ha and was aggressively spreading in black 
spruce on a ridge with torching of whole trees. The surface 
temperature was 23øC, RH 32%, and the wind was light and 
variable. Cloud cover was scattered at 2150 m. Seven smoke 

samples were collected within -2 km of the head (leading 
edge) of the fire. The fire was declared out on July 23 having 
burned 9787 ha. 

2.1.4. Wildfire B309. Wildfire B309 was first reported on 
June 10 burning in the Innoko Wildlife Refuge in an open 
black spruce forest/shrub/bog mosaic. The fire was located at 
63 ø 38' N, 158 ø 25' W, -64 km west of wildfire B280 (Figure 
1). We began measurements on the afternoon of June 24 when 



22,150 GOODE ET AL.: SOURCE AND DOWNWIND CHEMISTRY IN ALASKAN SMOKE PLUMES 

the fire had grown to -2500 ha and was spreading fastest at 
both ends of the fire front. The smoke column rose to -2300 m 

before leveling out under the influence of a 4 + 1 m s -• 
northeasterly wind. Five kilometers downwind the smoke 
column was -10 km wide. The surface temperature was 27øC, 
RH 37%, and cloud cover was broken at 2750 m. The lapse 
rate was -7.4øC km -• up to -11 km. One smoke sample was 
collected directly above the head of the fire while three others 
were collected within ~4 km of the source at various altitudes. 

We returned to the fire 3 days later (June 27) in the late 
afternoon when the fire had grown to -8100 ha. The smoke 
plume rose to a maximum altitude of-1850 m under the 
influence of a 7 + 2 m s '• northwesterly wind. The surface 
temperature was 24øC and RH -42%. There were a few 
clouds at-2000 m and the lapse rate was -7.5øC km -t up to 
-11 km. One smoke sample was collected directly above the 
head of the fire while two others were collected within -• 17 km 

of the source. In addition, two smoke samples were collected 
as we flew -60 km down the long axis of the smoke plume 
and one sample was collected while traversing the plume ~56 
km downwind (see section 3.4). The fire was declared out on 
October 16 having burned 124,691 ha. 

2.2. Measurement Strategy 

Various configurations that can be used to perform airborne 
FTIR measurements were discussed by Yokelson et al. [1999]. 
In this work we acquired FFIR spectra of air samples in a cell 
inside the aircraft. Air samples flowed into the cell (driven by 
ram pressure) through an inlet (25 mm ID) mounted on the 
copilot's side window and approximately 1.5 m of Teflon 
tubing (17 mm ID). The cell's inlet and outlet lines were 
controlled by high-throughput, air/solenoid-actuated valves 
(Milwaukee Valve Co., Inc.) that allowed us to "grab" smoke 
or background air samples. In addition, simultaneously closing 
the inlet and outlet valves significantly reduced the noise in the 
important 900-1100 cm 't region of the FFIR spectrum 
[Yokelson et al., 1999]. The exhaust port was a Venturi design 
on the underside of the aircraft. The 1/e cell exchange time 
was 4-5 s. We reduced the small risk of sampling artifacts by 
coating all the sample intake surfaces and the metal surfaces in 
the cell with a nonreactive halocarbon wax [Webster et al., 
1994]. 

Infrared spectra of the cell contents were acquired 
continuously (every 1.7 s) throughout each flight and the flow 
control valves were normally open, which usually flushed the 
cell with background air. To collect smoke samples, we flew 
into the smoke plume and then closed the valves when the cell 
was well flushed with smoke. The valves remained closed for 

up to 10 min while spectra of the smoke sample were 
acquired. Next both valves were opened and the cell was 
flushed with background air for at least 30 s before the valves 
were closed again and spectra of the background air sample 
were acquired. The low-noise spectra, acquired with the 
valves closed, were later averaged together (by sample) to 
further improve the signal-to-noise ratio. When flying down 
the long axis of the plume, at a constant altitude in the smoke, 
the valves were set to automatically open and close at preset 
intervals (usually 90-120 s closed, 30 s open). Because all the 
long axis sampling took place in the smoke, a background 
sample collected at the same altitude prior to the long axis 
sampling was used to analyze the data (see section 2.4). 

The flight plan for each Alaskan wildfire generally had 
several parts. First, to characterize the column just above the 

smoke source, pairs of "plume penetration" and background 
air samples were collected at several altitudes. Next, after 
moving 10-12 km downwind, background air samples and 
"cross-section" smoke samples were collected as we traversed 
the smoke plume at several altitudes. Then, if the wind 
direction and the surrounding terrain allowed, we would return 
to the origin of the plume and collect "long axis" smoke 
samples as we flew down the long axis of the plume at a 
constant altitude. Finally, if sufficient flight time remained, we 
completed another series of cross sections at the downwind 
end of the long axis flight. 

2.3. Optical System 

The AFTIR system was built to fit in a King Air B-90 
aircraft along with a number of other smoke-sampling 
instruments. A detailed description of the AFrlR system, 
along with a schematic, is given by Yokelson et al. [ 1999]. A 
brief description follows. The system consisted of an infrared 
spectrometer operated at a resolution of 0.5 cm '• (MIDAC 
Inc.), a White cell (IR Analysis, Inc.), and optical components 
mounted on a honeycomb-core, 28x175xl 1 cm optical table 
(Newport, Inc.) that was shock mounted (Aeroflex, Inc.) to the 
floor of the aircraft. To reduce spectral noise, rubber layers 
isolated the metal components of the shock mounts. The 
infrared beam exiting the spectrometer was directed by 
transfer optics to the "tripled" white cell. The beam made 120 
passes of the 0.81 m basepath cell for a total path length of 
97.5 m. After exiting the cell the infrared beam was directed 
by another set of transfer optics through a 25 mm focal length 
ZnSe lens and onto a LN2-cooled, "midband" IR detector 
(Graseby, Inc., model FTIR M-16). Air pressure within the 
cell was measured by a capacitive transducer (Setra, Inc.) and 
recorded every second. Two thermocouples mounted at each 
end of the cell measured the cell temperature, which was also 
recorded every second. 

2.4. Mixing Ratio Retrievals and Accuracy 

A typical flight produced almost 5000 "raw" FTIR spectra 
(collected every 1.7 s). Selected raw spectra were coadded, as 
discussed earlier, to form high-quality "sample" spectra of 
background air and smoke. Mixing ratios for H20, CO2, CO, 
CH4, NO, C2H2, HCN, and HCHO were obtained by fitting 
sections of the single-beam transmission sample spectra with 
synthetic calibration classical least squares methods described 
fully elsewhere [Griffith, 1996; Yokelson et al., 1996a, 1996b, 
1997]. Absorbance, smoke sample spectra were generated by 
using background sample spectra collected at the same altitude 
and they were analyzed by spectral subtraction [Yokelson et 
al., 1997] to yield mixing ratios for H20, HCOOH, 
CH3COOH, NH3, C2H4, CH3OH, and 03. (Our analysis for 
HCOOH by spectral subtraction properly treats the 
overlapping HDO lines [Perrin et al., 1999].) We developed 
software to efficiently perform both types of mixing ratio 
retrievals for large numbers of spectra acquired at many 
different temperatures and pressures. The detection limits 
varied from spectrum to spectrum depending on the amount of 
water, the amount of signal averaging, fluctuation in 
spectrometer performance, and the analysis method. For most 
compounds the detection limit was usually 5-10 ppb v, but for 
HCHO it was usually 15-20 ppbv and for NO, under the 
conditions of this experiment, it was about 50 ppbv. The 
typical uncertainty in the excess mixing ratios in this work is 
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estimated to be + 5% (1 (5), or the detection limit, whichever is 
larger. 

We investigated the stability of concentrated smoke 
samples (-•50 ppm CO) that were stored in our cell (in the 
dark) for up to 24 hours (or in stainless steel canisters for -•4 
hours). In these laboratory tests, CO2, CO, CH4, and C2H4 
were stable, but many of the other species we report decreased 
significantly in < 1 hour. Thus we carefully examined our 
airborne grab samples of smoke at high time resolution. At the 
lower concentrations encountered in the field, NH3 was the 
only compound for which the mixing ratios changed during the 
few minutes that the smoke samples were stored in the cell. 
The NH3 decayed with a 1/e lifetime of-35 s that is consistent 
with a first-order wall loss as shown by Yokelson et al. [ 1999]. 
Thus a modified analysis procedure was used for NH3 in 
which the raw smoke spectra were analyzed at higher time 
resolution and the resulting mixing ratios were then back 
corrected to "time zero," assuming a first-order decay. 

2.5. Auxiliary Measurements 

In addition to the AFTIR system, the King Air also carried 
instrumentation that measured CO2 and H20 (Licor model 
Li6262), CO (TECO model 48), smoke absorption (Radiance 
Research), and particle light scattering (Radiance Research 
Nephelometer M903). Data from each of these instruments 
and our Global Positioning System (Magnavox) were recorded 
every second. Smoke samples were also collected in stainless 
steel canisters and in a 0.3 m 3 Tedlar bag (•- 6 s fill time). 
Particles were sampled on Teflon filters collected from smoke 
in the Tedlar bag or ambient air. The bag was also 
occasionally used as a source for canister samples or the real- 
time instruments. The stainless steel canister samples were 
later analyzed for CO2, CO, and hydrocarbons using a gas 
chromatograph with a flame ionization detector. The 
measurements of trace gases and particulate matter by these 
instruments will be reported separately. 

We employed a Cessna 172 fitted with a meteorological 
sonde (Aventech, Inc.) during the second half of our field 
campaign in Alaska. This aircraft was used to fly vertical 
profiles upwind and downwind of the fires collecting data on 
the air temperature, dew point, RH, air pressure, wind speed, 
wind direction, latitude, longitude, and altitude. 

3. Results and Discussion 

In the AFTIR spectra acquired in this study we were able to 
locate features due to H20, 03, CO2, CO, CH4, C2H4, C2H2, 
HCHO, CH3OH, HCOOH, CH3COOH, NO, NH3, and HCN. 
Thus these compounds were 14 of the most abundant 
compounds in the smoke (for reasons explained in section 2.1. 
of Goode et al. [1999]). Based on the analysis of the "smoke" 
and "background" sample spectra, we report excess mixing 
ratios for the compounds detected in the individual smoke 
samples collected < 18 km from the source of fires B320, 
B280, B349, and B309 in Tables 1-4, respectively. The local 
time and the altitude (above ground level) of each 
measurement are also shown. The sample names relate to the 
description of the flight plans (section 2.2): PP, plume 
penetration sample; XC, cross section sample; LAX, long axis 
sample. The samples collected >27 km downwind are 
discussed separately in section 3.4. 
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3.1. Estimation of Fire-Average Emission Ratios and 
Emission Factors 

We estimate fire-average emission ratios, between 
compounds, from the slope of the least squares line, with the 
intercept forced to zero, in a plot of one set of excess mixing 
ratios versus the other. This procedure is justified in detail by 

Yokelson et al. [ 1999] and Little and Rubin [1987]. Figure 2 
shows these emission ratio plots for all the compounds 
detected, except HCN and 03. The excess mixing ratios of 
each compound have been plotted against the excess mixing 
ratios of CO, except for NO, which was plotted against CO2 
since they are both "flaming compounds," and CO, which was 
plotted against CO2 to examine the efficiency of the 

o 
o 

20 

15 

10 

0 50 100 150 200 

A C02 (ppm) 

250 

o B320 
8.08 

[] B280 
9.17 

A B349 
7.60 

0 B309 
9.10 

0.4 

0.3 
Z• 0.2 
<1 0.1 

0.0 
i • , T 

50 100 150 200 

A C02 (ppm) 

I o B320 
0.20 

A B349 

0.14 
o B309 

0.13 
250 

1.0 

,-, 0.8 

-r 0.4 
o 

0.2 

0.0 

5 10 15 

a CO (pprn) 
20 

I o B32o 
6.95 

[] B280 
6.01 

A B349 
4.89 

o B309 
5.45 

0.08 

0.06 

0.04 

0.02 

0.00 
, i 

5 10 15 

a CO (ppm) 

20 

0.25 

0.20 
o.15 

0.10 

0.05 

0.00 

5 10 15 
a CO (pprn) 

0.3 

5 10 15 
a CO (pprn) 

0.16 

,,, 0.12 

• 0.08 
• .04 

0.00 , , , 

0 5 10 15 20 

a CO (ppm) 

0.10 

0.08 

• 0.06 
• 0.04 
ß ,,a 0.02 

0.00 

2O 0 5 10 15 
a CO (ppm) 

20 

o B320 
3.84 

[] B28o 
2.49 

A B349 
1.39 

o B309 
1.88 

20 0 5 A C01•)ppm) 15 

0.3 

B32o [ 0.25 
.58 [ 0.20 

,--, B•o I •- 
1.65 I • o.15 
B349 I • 
o.87l =:T,. 0.10 

øB309 / o.o5 

5 10 15 20 

A CO (ppm) 

o B32o ] 
1.16 [ 

[] B280 I 
0.58 j 

A [3349 I 

0.52 I 
0 B309 J 

0.77 I 

I o B32o 
2.64 

[] B28o 
2.o7 

A B349 
1.72 J 

o B309 I 
.. 1-78 I 

o B320 [ 
1.47 [ 

[] B280 I 

2.57 I 
A B349 I 

1.22 I 
0 B309 I 

1.22 I 

Figure 2. The excess mixing ratios measured near the source for selected compounds plotted against either 
excess CO2 or excess CO. In the plot for each compound, data from each of the four fires are indicated by the 
symbol specified in the legend. The emission ratio derived from the slope of the linear regression line is shown 
as a percent for each fire under its label in the legend and in Tables 1-4 (where the R 2 values for each 
regression line can also be found). 
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combustion [Yokelson et at., 1996b]. We report these fire- 
average emission ratios in Tables 1-4. Fires B280 and B309 
were both sampled on several different days, and the fare- 
average emission ratios displayed in Figure 2 and given in the 
tables are derived from all the source data for the fares. (No 
significant variations were observed between the individual, 
daily, fire-average emission ratios, and the fares were noted to 
be burning in a similar mixture of fuels each day.) In Table 5 
we compare our fare-average emission ratios with those from 
other laboratory and field investigations. For almost all the 
compounds we measured in this study, the fire-average 
emission ratios were within, or near, the range of previous 
measurements. An exception to this is the C2H4/CO emission 
ratio for which half of our Alaska measurements are larger 
than those measured previously. 

We report estimated, fare-average emission factors in 
Tables 1-4 for each observed trace gas that are calculated from 
our fare-average emission ratios using the carbon mass balance 
method [Ward and Radke, 1993]. Our method of 
implementing the carbon mass balance method for airborne 
measurements was described in full by Yokelson et at. [1999]. 
In brief we assume that all the volatilized carbon is detected 

and that the fuel is 50% carbon by mass [Susott et at., 1996]. 
By ignoring particulate and unmeasured gases we are probably 
inflating the emission factors by 1-2% and the actual fuel 
carbon percentage may vary by +_ 10% (20). The fire-average 
modified combustion efficiency (MCE) and the fire-average 
combustion efficiency (CE) for.the four wildfires are also 
given in Tables 1-4. Modified combustion efficiency is defined 
as ACO2/(ACO2+ACO); where the A indicates an excess 
mixing ratio [Ward and Radke, 1993]. The table MCE values 
have been calculated using the ACO/ACO2 emission ratio and 
the equation MCE = 1/((ACO/ACO2)+l). CE, the fraction of 
burned carbon released as CO2, was estimated from the molar 
ratio of CO2 to total measured carbon. CE and MCE are useful 
as indexes of the relative amount of flaming and smoldering 
combustion throughout a fare, and MCE is used to compare 
studies in sections 3.2 and 3.3. 

In this study it was only possible to sample smoke plumes 
during the afternoon and early evening, which is when the fuel 
consumption rate is often the highest. Airborne and 
ground-based sampling have been directly compared, on the 
same fare, on two occasions. Susott et al. [1991] reported a 
ground-based value for the fire-average CO emission factor 
that was 10% higher than the airborne value [Radke et al., 
1991] for a summer, boreal forest fare. Ward et al. [1992] 
reported a ground-based value for the fire-average CO 
emission factor that was 37% higher than the airborne value 
for an autumn fare in a moist temperate forest. Thus our 
fare-average emission ratios and emission factors may be 
reasonably representative of the fare-average emissions for 
midseason burning conditions. In addition, it is important to 
note that if our measurements did oversample flaming or 
smoldering combustion, the relationships obtained between 
MCE and the emission factors should still be valid. 

3.2. Initial Emissions of Oxygenated Organic Compounds 
From Biomass Fires 

Oxygenated organic compounds are important as HOx 
sources in the global-regional troposphere and in smoke 
plumes [Finlayson-Pitts and Pitts, 1986; Griffith et al., 1991; 
Singh et al., 1995; Yokelson et al., 1996b, 1999; Wennberg et 
al., 1998]. Yokelson et al. [1996b] reported emission factors 

measured by open-path FTIR (OP-FFIR) for a variety of 
oxygenated organic compounds released by laboratory fares 
that burned in softwood and sagebrush fuels at various MCEs. 
They concluded that fares were a significant, but previously 
underestimated, source of these compounds. For example, the 
sum of the three main oxygenated organic emissions 
(formaldehyde, methanol, and acetic acid) was comparable to 
the methane emissions. Three subsequent laboratory OP-FTIR 
studies confarmed similar, large emissions of oxygenated 
organic compounds from fares in grass, hardwood, organic 
soil, and softwood fuels [Yokelson et al., 1997, 1998; Goode 
et al., 1999]. Our farst airborne F'T]R (AF'TIR) measurements 
of fire emissions of oxygenated organic compounds (in North 
Carolina) agreed very well with our extensive, OP-FTIR, 
laboratory fare emissions data for these compounds [Yokelson 
eta!., 1999]. This result provided additional evidence of the 
importance of fares as a source of these compounds (and also 
suggested a strong similarity between the emissions from our 
laboratory fires and the emissions from full-scale field fires). 
However, in the North Carolina study we measured emission 
factors for only two fares. Our AFTIR measurements from 
Alaska provide emission factors for four more fares, probe new 
fuels, and allow more comprehensive conclusions from our 
accumulated work as discussed next. 

We plot the emission factors for the three oxygenated 
organic compounds that are produced most abundantly by fares 
(formaldehyde, methanol, and acetic acid) versus fare MCE in 
Figures 3a-3c. The graphs include the fare emission factors 
from our AFTIR field measurements in Alaska and North 

Carolina; our laboratory, OP-• measurements for 
aboveground biomass; and emission factors published before 
our FTlR-based studies by other groups that used a variety of 
other techniques. For each compound we derive a regression 
line based on all the emission factors from the AFTIR studies 

and the laboratory, OP-FT!R studies of aboveground biomass 
ß 

[Yokelson et al., 1996b, 1997, 1998, 1999; Goode et al., 
1999; this work], but excluding emission factors from the 
earlier work. With these restrictions, a single, highly 
correlated, linear model fits the data for each of these three 
compounds. It is clear that both the Alaska and North Carolina 
field data lie very close to the line established primarily by our 
laboratory data. It is also clear that the data from the other 
studies show little or no linear correlation with MCE and 

significantly lower absolute values. 
Taken together these results have a number of important 

implications. (1) The Alasl(a results provide significant, 
additional confirmation that the emissions from real fires can 

be similar to the emissions from our carefully modeled 
laboratory fares. (2) The linear relationships derived in Figures 
3a-3c fit data from fares in a wide variety of locations and fuels 
(now including boreal zone fuels in Alaska). This suggests that 
the plots are useful as simple models to predict the emissions 
of HCHO, CH3OH, and CH3COOH from fares for which these 
compounds have not been explicitly measured. This is true as 
long as the CO and CO2 emissions have been measured or can 
be estimated. Similar plots can be constructed for formic acid, 
phenol, and hydroxyacetaldehyde using the data in Tables 1-4 
and the references. (3) There is a wide range in emission 
factors as a function of MCE. For example, we predicted that 
the emission factors for oxygenated compounds would be 
considerably higher for tropical deforestation fares (MCE 
-0.89) than for savanna fares (MCE -0.94) [Yokelson et al., 
1999]. (4) Fires are again confarmed as an important source of 
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Figure 3. Emission factors (EF, g kg '• dry fuel) plotted against MCE for (a) formaldehyde, (b) methanol, and 
(c) acetic acid. The linear regression line was fit using all the AFTIR field results and the OP-FTIR laboratory 
results, but excluding other results. The field data from Alaska and North Carolina are both close to the "best 
fit" line for each compound. The linear regression fits shown are useful for estimating emissions of these 
compounds as discussed in section 3.2. 

oxygenated organic compounds (which may have been 
previously underestimated). For instance, Yokelson et al. 
[1999] calculated that fires account for 10-30% of the global 
tropospheric methanol source. 

3.3. Initial Emissions of Reactive Nitrogen Compounds 

Biomass burning is an important source of reactive nitrogen 
in the atmosphere. NH3, NOx, and N2, which is not readily 
measurable by IR spectroscopy, account for most of the fuel 
nitrogen volatilized by biomass burning [Goode et al., 1999]. 
The nitrogen-containing emissions measured in this study were 
NO from flaming combustion and NH3 and HCN from 
smoldering combustion. Other nitrogen-containing compounds 
such as NO2 and N20 were below our detection limits. The 
average NH3/CO molar emission ratio for our Alaskan 

wildfires (1.6%) is a little below the average of the NH3/CO 
emission ratios shown in Table 5 (~2%), but within the range 
of measured values, including that of Nance et aI. [ 1993] who 
reported an NH3/CO emission ratio of 1.3% for an early July 
Alaskan fire. These observations are consistent with 

high-latitude, aboveground vegetation being low in nitrogen 
content [Chapin and Shaver, 1985]. This may also indicate 
that little consumption of the organic soil layer occurred during 
these studies since Yokelson et al. [1997] measured an 
average NH3/CO emission ratio of-5% for smoldering, 
Alaskan organic soils. In Yokelson et aI. [1996b] we plotted 
the published measurements of the molar emission ratio 
NH3/NOx versus MCE and used linear regression to obtain the 
equation NH3/NO• = (-14.0 x MCE) + 13.8 (r2=0.96). This 
result confmued that NO• (primarily NO) is the dominant 
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estimating emissions of these compounds as discussed in section 3.3. 

reactive nitrogen emission from flaming combustion, and NH3 
is the main reactive nitrogen emission from smoldering 
combustion. In Figure 4 we again plot NH3/NOx as a function 
of MCE but now include data from our more recent laboratory 
studies and the Alaska wildfh:es. The Alaska data lie very near 
the new linear regression line (based on all the data), which 
has nearly the same equation: NH3/NOx = (-13.9 x MCE) + 
13.6 (r2=0.94). Thus this simple, linear model fits data from a 
wide variety of independent fke measurements in tropical to 
boreal zone fuels. The linear equation can be used to estimate 
the emissions of one compound when measurements were 
only made of the other. Since NH3+NO• usually accounts for 
25 - 50% of the fuel nitrogen [Goode et aI., 1999] and 
nitrogen content is available for many fuels [Susott et al., 
1996], the equation can also be used to estimate production of 
both compounds when neither was measured. 

3.4. Chemical Transformations in the Nascent Plume 

Many of the trace gases emitted by fires are too reactive to 
become well mixed in the global troposphere. Photochemical 
reactions and other processes consume many of the initial 
emissions and produce new species. Much of this change 
occurs at chemical and particle concentrations well outside the 
"normal" range. Thus the details of these transformations are 
not well understood, but they should depend strongly on the 
mix of initial emissions and the changing physical state of the 
plume. CO has a lifetime of 1 to 6 months in the troposphere, 
and CO is the major smoke component that is least abundant 
in background air. Although CO is not a strictly conserved 
plume tracer, its mixing ratio does provide a good short-term 
indication of plume location and dilution rate. The 
photochemical oxidation of CO in the presence of NO• 
produces 03. Thus the ratio AO3/ACO is used as an indicator 
of the degree of photochemical aging in biomass burning 
plumes in many experimental [Andreae et aI., 1988, 1994; 

Lindesay et aI., 1996] and modeling studies [Cha•fieId and 
Delaney, 1990; Fishman et al. , 1991; Jacob et al. , 1992, 
1996; Cha•eld et aI., 1996; LelieveId et at., 1997; MauzeralI 
et aI., 1998]. A range of AO3/ACO ratios have been measured 
in biomass-burning haze layers of various ages and initial 
ANO•/ACO ratios. In haze layers 1-2 days old, AO3/ACO 
ratios of 0.04 - 0.18 were measured during the Arctic 
Boundary Layer Expedition (ABLE 3A) study over Alaska 
[Wofsy et al., 1992] and ratios of 0.1 - 0.2 were measured 
during the ABLE 3B study over eastern Canada [Mauzerall et 
al., 1996]. High ratios, up to 0.88, were measured at the top of 
haze layers that had aged about 10 days in the tropics 
[Andreae et al., 1994]. In many studies the haze layers contain 
the products of many fkes burning over a wide area, making 
assignment of a single, narrowly defined, chronological smoke 
"age" difficult or even irrelevant. In contrast, Stith et aI. [ 1981 ] 
used an O3-C2H4 chemiluminescence instrument to map out 
ozone mixing ratios in an isolated, fresh, biomass-burning 
plume. At the source, or near the bottom of the (horizontally 
drifting) plume, they measured very low or negative AO• 
values, which they attributed to titration by NO and low UV 
intensity. Near the top of the plume, 10 km downwind and in 
smoke < 1 hour old, they measured AO3 values as high as 44 
ppbv. High AO3 was positively correlated with high UV. 

One of the goals of our Alaska study was to use the 
broadband detection capacity of AFTIR to probe the rate of 
chemical transformations in isolated biomass burning plumes 
where a narrowly def'med smoke age would be both relevant 
and measurable. Conditions allowing this type of downwind 
sampling occurred on June 23 at fire B280 and on June 27 at 
fire B309, both in the early evening. Both of these fires 
generated large, lofted smoke plumes that extended -100 km 
downwind. Measurements with the airborne sonde on June 23 

at-1730 LT showed that the wind speed within the smoke 
plume was 5.5 + 1.5 m s '•. On June 27 at-1730 LT we 
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measured a constant wind speed below, within, and above the 
smoke plume of 7 + 2 m s '•. On both of these days, ground 
level wind speed data (from remote weather stations located 
near the fires) and balloon-borne sonde measurements from 
the towns of McGrath and Galena (Figure 1) indicated that the 
early aftemoon wind conditions were very similar to those that 
we measured during the late aftemoon/early evening. Thus we 
assumed that the fire emissions were transported at a constant 
rate from the source to the sampling point to calculate the age 
of the downwind smoke samples shown in Table 6. 

On the June 27 flight, smoke samples were collected from 
the top -50 m of the plume and the smoke spectra showed 
prominent ozone features. Analysis of these features revealed 
that the 03 formation rate in the upper, early plume was -50 
ppbv hr '•. In addition, AO3/ACO ratios of 0.064 - 0.089 (-10% 
of the maximum observed values in haze layers) were reached 
within only ~2 hours (Table 6). In contrast, on the June 23 
flight, smoke samples were collected approximately 300 m 
below the top of the smoke plume and no ozone spectral 
features were seen (detection limit of-20 ppbv) (Table 6). 
This result was probably due to reduced UV since the 
percentage of high cloud cover was a little larger on June 23 
and, well inside the plume, absorption of UV light by smoke 
particles could decrease photolysis rates. (Nephelometer data 
from the two flights indicate that 350-600 ggm '3 of particulate 
matter were present in both downwind smoke plumes.) We 
note that measurements in power plant plumes also show early 
03 production occurring at the edges of the plume [Senff et al., 
1998]. The different O3 production between flights could also 
be due to a different NO/CO emission ratio for the two fires. 

Our "raw" concentration retrievals yielded similar NO/CO 
emission ratios for fires B280 and B309, but the NO mixing 
ratios for the less-concentrated B280 plume were all near, or 
below, our detection limit, so we cannot confidently report a 
NO/CO emission ratio for this fire. 

An interesting downwind chemical transformation was 
clearly measured in our June 23 central-plume samples (for 
which no 03 production was observed). From Table 6 it is 
clear that the ANH3/ACO ratio on this fire (B280) decreased 
consistently with time downwind and decayed to 1/e of its 
initial value in -2.5 hours. This loss rate is consistent with the 

observations of Andreae et aI. [1988]. They measured 
particle-NH4*/CO• ratios of 0.7 - 1.5% in "fresh" biomass 
burning plumes possibly due to rapid conversion of gas phase 
NH3 to particle NH4*. 

On the June 27 flight both AHCOOH/ACO and 
ACH3COOH/ACO were -•2 times higher in the downwind 
samples. On the June 23 flight formic acid showed a similar 
increase, but acetic acid appeared to increase and then 
decrease (Table 6). Secondary sources of formic acid relevant 
to polluted air have been described [FinIayson-Pitts and Pitts, 
1986, pp.. 394 and 454] and Jacob et aI. [1992, 1996] 
discussed several gas phase sources of acetic acid that could 
occur in biomass burning plumes. Our initial experiments may 
indicate the approximate timescale of organic acid production 
in actual plumes. Not only do our current data tentatively 
confaro a rapid secondary source of organic acids in the 
plume, but our studies have consistently indicated that the 
organic acid emission factors for fires are larger than was 
previously believed [Yokelson et al., 1996b, 1997, 1998, 
1999]. Both of these observations could help account for the 
"major unidentified source of atmospheric acetic acid" 
discussed by Jacob et aI. [1992, pp. 16,421, 16,426, and 

16,429] in their study of the high-latitude troposphere. In 
general, our first downwind observations still constitute a 
limited set of data. However, it seems likely that continued 
instrumental improvements and/or additional measurements 
will produce information useful for comparison to smoke 
chemistry models and as a link between source 
characterization and haze layer characterization experiments. 

Earlier work at high latitudes indicated that fires contributed 
to O3 levels mainly by increasing the regional NOx, and 
slowing regional O3 destruction, rather than in-plume 
production. This was primarily because rapid conversion of 
NOx to reservoir species was observed and a low NOJCO 
emission ratio for boreal fires was proposed [Bradshaw et al., 
1991; Singh, 1991; Jacob et al., 1992; Singh et al., 1994; Fan 
et aI., 1994; MauzeralI et aI., 1996]. Our work confirms the 
low initial NOJCO emission ratio for boreal fires (1.6%, 
derived from Table 7) but also shows that rapid O3 production 
can occur in portions of the early plume. An experiment 
similar to the one reported here but with extended downwind 
sampling could determine if significant, additional O3 
formation might sometimes occur within distinct plumes. 

3.5. Annual Trace Gas Emissions From'Fires in Alaska 
and the Global Boreal Forest 

The fire2average emission ratios in Figure 2 and Tables 1-4 
exhibit an interesting trend. For NO, CH4, C2H2, CH3OH, 
HCOOH, C2H4, and HCHO the highest fire-average emission 
ratios are all measured on wildfire B320. These higher 
emission ratios may be related to the fuels at this fire (low 
shrub and grassy vegetation), which were significantly 
different from the mixture of fuels for the other three wildfires. 

Several compounds exhibit very high fire-average emission 
ratios on fire B320. For example, the C2H2/CO emission ratio 
is almost four times higher for wildfire B320 (1.12%) than for 
the other Alaskan wildfkes. If we omit the B320 result, the 
average C2H2/CO emission ratio for the other three Alaskan 
wildfires (0.27%) is reasonably close to the value of 0.35% 
measured by Nance et aI. [1993] in their Alaskan wildfire 
study. The C2H4/CO fire-average emission ratio for fire B320 
(3.84%) is significantly higher than the average of all the 
studies reported in Table 5 (1.80%). If we again omit the value 
for fire B320, then the fire-average emission ratio for the other 
three wildfires (1.92%) is very close to the average shown in 
Table 5. 

The other three fires we studied burned in fuels more 

typical of Alaskan, boreal forest fires (spruce or 
spruce/bog/shrub mosaic). The Alaskan fire studied by Nance 
et aI. [1993] burned in similar fuels and yielded similar 
emission results (see Table 5). Thus we derive a preliminary 
set of emission ratios and emission factors characteristic of 

Alaskan, boreal forest fires by combining results from the two 
studies. We take the arithmetic average of the emission ratios 
from our three boreal forest wildfires (B280, B349, and B309) 
and the emission ratios measured by Nance et aI. [1993] to 
calculate the average, Alaskan, boreal forest fire emission 
ratios shown in Table 7. (The data from our grass and low 
shrub fire (B320) have not been included for the reasons given 
above.) In a similar manner we calculate average, Alaskan, 
boreal forest fire emission factors, which are also given in 
Table 7 along with emission factors for formaldehyde, 
methanol, and acetic acid predicted from the linear regression 
models shown in Figure 3 (using the boreal forest average 
MCE (0.923)). As expected, the model-predicted emission 
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factors are larger than those calculated from the in situ data 
since the Alaska data lie just below the linear fit shown in the 
plots in Figure 3. In this type of situation, the locally measured 
emission factors are preferred to the model predictions, which 
are more appropriate when specific, regional emission factors 
were not measured reliably. 

The emission factors in Table 7 can be coupled with 
estimates of area burned and fuel consumption to estimate 
total fire emissions at various geographic or temporal scales. 
For the state of Alaska, we use area-burned estimates based on 
aerial surveys conducted by the Alaska Fire Service (AFS) 
[Alaska Fire Service, 1997]. The average, annual burned area 
(1988-1997), based on AFS data, is 429,000 _+ 435,000 ha 
(1 c•). (The large standard deviation is due to the large range 
(-2 orders of magnitude) in annual area burned.) The AFS 
estimate for area-burned during 1997 (the year this study was 
conducted) is 753,563 ha, which is the third largest total 
during the 1988-1997 time period. Se•veral estimates of fuel 
consumption in Alaska are available. French et al. [1996] 
made detailed measurements of carbon release by a boreal 
forest fire in Alaska and developed a model that predicts a 
carbon release between 8 and 40 t C ha -• depending on the 
time of year and vegetation type. Kasischke et al. [1995] 
derived estimates of annual average carbon release for Alaskan 
fires of 25.4 t C ha '• (1990) and 30.0 t C ha -• (1991). In recent 
studies, Kasischke and coworkers measured fuel-type-specific 
carbon stocks on paired burned and unburned sites near Tok, 
Alaska. They addressed burn variability with vegetation and 
remote sensing information and estimated the fire-average 
carbon release for two fires: 21.4 t C ha '• [Kasischke et al., 
2000a] and 30.0 t C ha '• [Kasischke et al., 2000hi. Finally, 
prefire and postfire biomass loading was measured for a 
representative section of wildfire B309 that burned on June 28, 
1997 (1 day after our airborne sampling). The total biomass 
consumption was 36.7 & 7 (2c•) t ha '• (S. Drury, manuscript in 
preparation, 2000). Based on these biomass consumption 
measurements, we make a conservative estimate of total 
emissions by assuming that 36 &7 t ha -• is the fuel 
consumption for Alaskan fires. Multiplying this fuel 
consumption value by the AFS area-burned estimates and our 
Alaskan, boreal forest emission factors yields the conservative 
annual average and 1997 total-Alaskan emissions estimates 
shown in Table 7. The estimated 46 & 11 (lc•) Tg of CO2 
emitted by the 1997 Alaska fires is comparable to the 36 Tg of 
CO2 released by the entire country of Norway (annual average 
1989-1995) as estimated by the Norwegian Ministry of the 
Environment per International Panel on Climate Change 
guidelines (http://odin.dep.no/md/publ/climate/3.html). This 
illustrates that fires are a relatively important source of trace 
gases compared to other sources located at latitudes > --60øN. 

Scaling emissions estimates to the global boreal forest 
entails using less certain area-burned estimates, and it is not 
clear how well the emission factors and the fuel consumption 
value we assumed for Alaska represent forest fires in the 
whole, circumpolar boreal region. Recent estimates of the 
annual average burned area in the global boreal forest include 
8.8 million ha [Kasischke et al., 1999] and 14.6 million ha 
[ Conard and Ivanova, 1997]. Fuel consumption 
measurements outside Alaska include 38 t ha '• due to a 
prescribed crown fire at Bor Forest Island in Siberia 
[FIRESCAN Science Team, 1996] and 42.7 t ha '; for a 
prescribed crown fire in the Northwest Territories, Canada 

[Cofer et al., 1998]. According to Kasischke et al. [1999], fuel 
consumption for boreal forest fires is normally 10-20 t ha '• but 
can be as large as 50-60 t ha 4 in drought years when 
substantial amounts of organic soils and canopy fuels burn. 
Both Stocks [1991 ] and Cahoon et al. [1994, 1996] assumed 
an average fuel consumption of 25 t ha '• for the global boreal 
forest. 

A few measurements of fire-average emission factors have 
been made in Canadian and Russian boreal forests. Hegg et al. 
[ 1990] and Radke et al. [ 1991 ] made airborne measurements 
of the fire-average emission factors on three fires in Ontario 
for NO•, NH3, and a variety of gases sampled in stainless steel 
canisters. For one of these fires, Susott et al. [1991] also 
calculated fire-average emission factors for CO2 and CO from 
continuous tower-based measurements of mixing ratios and 
vertical velocity. Cofer et al. [1989, 1998] reported "spot," 
airborne measurements of emission factors obtained during 
different combustion "phases" of two small, prescribed, 
"crown" fires and some larger "slash" fires. However, they 
reported fire-average emission factors only for the Bor Island 
Crown Fire [Cofer et al., 1996]. The fire-average emission 
factors from the above studies are shown in Table 7 for the 

compounds that we also measured. In Table 7 we note that the 
CO emission factors for the Battersby Fire (which was very 
intense) and the Bor Island Crown Fire are nearly identical and 
about twice as large as the CO emission factors for the Hill 
Fire (which was extremely intense), the Hardiman Fire, and 
our Alaskan fires. There is considerable controversy in the 
literature on the relative area burned by crown and surface 
fires, and it is also not clear if the emissions from these two 
types of fires are different. The emission factors measured by 
Yokelson et al. [1997] for "smoldering compounds" released 
from smoldering, Alaskan organic soils are also larger than our 
average, Alaskan, boreal forest fire emission factors (Table 7). 
In summary, under extreme drought conditions, fires probably 
consume more canopy fuels and more organic soils. Thus, 
especially in severe fire years, the real global, boreal forest, 
average emission factor for CO and some other gases might be 
higher than what we (and Nance et al. [1993]) measured in 
Alaska. 

We now incorporate the above observations into 
conservative and upper-limit estimates of the trace gas 
emissions from the global boreal forest. To calculate a 
conservative estimate for average annual emissions, we 
assume that 8.8 million ha of boreal forest are burned with an 

average biomass consumption of 36.7 t ha -1, and we use our 
Alaskan, boreal forest emission factors to obtain the annual 
average, total emissions shown in Table 7. We then calculate 
an upper-limit estimate by assuming 20 million ha burned, fuel 
consumption of 60 t ha '• [Kasischke et al., 1999], and 
doubling the emission factors for compounds other than CO2. 
The annual CO emissions in the hypothetical, upper-limit 
estimate (bottom row, Table 7) are -7.5 times larger than in 
the conservative estimate and approach 25% of the total, 
annual CO emissions from all global biomass burning 
[Crutzen and Andreae, 1990]. Of course, what are currently 
projected peak emissions could become average emissions in 
the future if tlfis region has the sensitivity to global warming 
discussed earlier. In any event, these emissions are released 
within 4-5 months in areas with relatively small anthropogenic 
sources and many are reactive trace gases. Therefore they are 
likely to have significant regional effects. 
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4. Conclusions References 

Airborne FTIR measurements of the trace gas emissions 
from four Alaskan, boreal zone wildfires yielded excess 
mixing ratios for many of the major smoke constituents: water, 
ozone, carbon dioxide, nitric oxide, carbon monoxide, 
methane, formaldehyde, acetic acid, formic acid, methanol, 
ethylene, acetylene, ammonia, and hydrogen cyanide. The 
emission ratios to carbon monoxide for the oxygenated organic 
compounds formaldehyde, acetic acid, formic acid, and 
methanol were each-1-2% and in good agreement with our 
North Carolina airborne study and our extensive results from 
laboratory fires in hardwood, softwood, grass, and organic soil 
fuels. Taken together, these results suggest that fires are a 
major global source of oxygenated compounds. For methanol, 
acetic acid, and formaldehyde, a plot of the fire emission 
factors versus MCE for all our FTlR-based measurements in 

the laboratory and in the field, in diverse aboveground fuels, 
can be fit with a highly correlated regression line specific to 
each compound. The linear regression fit to our data can be 
used for estimating emissions of these difficult to measure 
compounds from fires where no reliable, regional 
measurements have been made. Our Alaska data also fit a 

linear equation for predicting the NH3/NOx molar emission 
ratio as a function of fire MCE. This equation fits results from 
a range of global fires and investigators and can be used to 
estimate the major reactive nitrogen emissions. Downwind 
smoke samples that had aged in the upper part of the plume 
for 2.2 + 1 hours had AO3/ACO ratios of 7.9 _+ 2.4% resulting 
from 03 formation rates of-50 ppbv h '•. Downwind samples 
obtained well inside another plume, and of similar age, did not 
have detectable 03, but did have ANH3/ACO ratios about 1/3 
of the initial value. AHCOOH/ACO and ACH3COOH]ACO 
usually increased about a factor of 2 over the same timescale 
in samples from both plumes. Observations such as these 
could be useful in developing photochemical plume models 
and linking source strength measurements with haze layer 
measurements. The emission factors we measured in Alaska 

were combined with those from another Alaskan fire study to 
derive a substantial set of average, Alaskan, boreal forest fire 
emission factors. Using these emission factors we confirm that 
emissions from wildfires are one of the main sources of trace 

gases located at high latitudes. Boreal fire emissions are 
normally only a few percent of global fire emissions. However, 
boreal forest fire CO emissions might account for as much as 
25% of the global CO emissions from all fires during an 
extremely severe, boreal zone fire year. 
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