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[1] A study was carried out to assess the variability in trace gas emission from several
factors and to estimate the immediate impact of fire on carbon exchange. Using
geospatial data, a model of emission was developed for three carbon-based gases, CO2,
CO, and CH4, released during fires from 1950 through 1999 in the boreal region of
Alaska. The effect of two factors in the model were investigated: the fractions of carbon
consumed and the ratio of flaming to smoldering combustion. We chose 4 years with
which to investigate the range of outcomes. An average of 4.5 teragrams of carbon
(TgC) has been released annually over the past 50 years. Severe fire years can produce
emissions as high as 38 TgC. Wide variations in emissions of total carbon and carbon-
based gas were seen between years. Variations in the estimates of the fractions of
biomass consumed during the burn influenced the amount of total carbon emitted;
however, the annual area burned strongly determines total carbon released each year,
regardless of fraction consumed. Assumptions regarding flaming versus smoldering fire
influenced levels of emissions of CO and CH4. These estimates show that wildfire in
Alaska’s boreal region has contributed a substantial amount of carbon-based gas to the
atmosphere over the five decades of fire records. INDEX TERMS: 1615 Global Change:

Biogeochemical processes (4805); 1694 Global Change: Instruments and techniques; 0315 Atmospheric

Composition and Structure: Biosphere/atmosphere interactions
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in the Alaskan boreal forest, J. Geophys. Res., 107, 8151, doi:10.1029/2001JD000480, 2002. [printed 108(D1), 2003]

1. Introduction

[2] Fire is prevalent in the Earth’s boreal regions and is
very important to the ecology of the forests [Viereck, 1973;
Dyrness et al., 1986]. Fire also plays a central role in carbon
cycling in these forests. Fire initiates succession and thus
regulates patterns of carbon accumulation through net
primary production. It also influences the soil thermal and
moisture regime which, in turn, influence patterns of soil
respiration [O’Neill, 2000; Richter et al., 2000; O’Neill et
al., 2002]. Finally, fire influences the carbon cycle through
the direct release of carbon into the atmosphere during
biomass burning.
[3] Estimates have been made to assess carbon release

from fires in the boreal forest. These estimates include
selected years in Russia [Cahoon et al., 1994; Conard et
al., 2001], Alaska [Kasischke et al., 1995], and both regions
combined [Kasischke and Bruhwiler, 2002]. More recently,
French et al. [2000] and Amiro et al. [2001] estimated total
carbon release from fires in the North American boreal
forest over multiple years. They used large-fire databases,

spatially explicit information on the distribution of biomass,
and temporally varying combustion efficiency (fraction of
biomass consumed) models. These studies show a large
interannual variability in total carbon emissions from fires
in this region.
[4] In this study, we extended previous studies. We

present a modeling approach that estimates emissions of
total carbon, carbon dioxide (CO2), carbon monoxide (CO),
and methane (CH4) released during fires in the Alaskan
boreal forest region (Figure 1). The model uses spatially
explicit information about the location of fires and the
distribution of aboveground and ground-layer carbon. The
model is used to explore how assumptions regarding burn
severity influence total carbon emissions and to investigate
how assumptions about allocation of burned biomass
between flaming and smoldering combustion influence
emissions of CO2, CO, and CH4.

2. Background

[5] The occurrence of fire in the boreal forest region
varies from year to year largely due to variations in climate
and weather [Skinner et al., 2000; Hess et al., 2001]. Fire
occurs most frequently in dryer continental regions and
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during years when precipitation is low and temperatures are
warm. The incidence of fire in the Alaskan boreal region
over the last 50 years shows the large interannual variability
in fire occurrence that is typical for the boreal region
(Figure 2). The episodic nature of fire in the boreal region
means that a single year does not properly represent the fire
regime; therefore, several years are needed to understand
fire’s impact. Furthermore, speculation about the impact of
climate change on boreal fire regimes has led to the
hypothesis that fire occurrence will increase in the future
due to elevated summer temperatures and longer fire
seasons [Stocks et al., 1998; Wotton and Flannigan, 1993].
[6] The variability and potential for change in boreal fire

regimes and the feedback between fire and climate all have
important ramifications for global carbon cycle modeling.
Wildfire in the boreal region is thought to be an important
mechanism for regulating the movement of carbon from the
terrestrial biosphere to the atmosphere but its impact has yet
to be adequately quantified [Kasischke and Stocks, 2000].
Much of the emphasis in terrestrial carbon cycle modeling
has been in understanding the biotic controls on carbon
cycling. These are net primary production (NPP), the main
mechanism for transfer of carbon into the biosphere, and

heterotrophic respiration, an important and poorly quanti-
fied mechanism for carbon movement out of terrestrial
ecosystems.
[7] Fire influences various aspects of the carbon cycle

through direct and indirect mechanisms. Carbon stored in
the organic soil of boreal forests is particularly vulnerable to
fire, since fire is the main mechanism for moving this long-
held carbon out of storage. As will be discussed in this
paper, the direct consumption of carbon during fire can
release large amounts of carbon-based gas directly into the
atmosphere. The high energy associated with many boreal
fires results in towering convection columns that inject
smoke directly into the upper troposphere and lower strato-
sphere where it can be transported globally [Fromm et al.,
2000]. The long distance transport of smoke from boreal
fires has important implications for climate change [Cofer et
al., 1996]. In addition to the immediate release of carbon
from burning, changes in the amount of carbon consumed in
the ground-layer play a central role in regulating longer-
term (millennium scale) carbon accumulation in organic soil
[Harden et al., 2000]. Increased levels of biomass con-
sumption during fire will lower carbon storage potential of
boreal forests.

Figure 1. The study region. The inset map shows the location of the study region within the State of
Alaska and the boundaries of the two ecozones within the region. The Alaska Boreal Interior covers 40.5
million hectares (Mha) within Alaska, the Boreal Cordillera covers 17.0 Mha and the entire Alaskan
boreal region is 58 Mha total. The main map shows the boundaries of the fires in the Alaska boreal
region from 1950 to 1999.
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[8] Fire has important indirect effects on carbon exchange
because the depth of organic matter on the forest floor
regulates soil moisture and temperature. These two factors
play a central role in regulating net ecosystem production,
heterotrophic respiration [Richter et al., 2000; O’Neill et al.,
2002] and longer-term patterns of forest succession [Vier-
eck, 1983; Kasischke et al., 2000b]. One of the questions
driving research in this field is the relative impact of these
mechanisms on the movement of carbon between the bio-
sphere and atmosphere [Hinzman et al., 2002].
[9] Fire is an important source of direct emissions of such

atmospheric trace gases as carbon dioxide, methane, and
carbon monoxide. Some early studies as well as recent
analyses have concluded that circumpolar boreal forest fires
contributed a relatively small portion of global annual
emissions of these gases from biomass burning (<1% to
3%) [Seiler and Crutzen, 1980; Hao and Ward, 1993;
Bergamaschi et al., 2000]. These conclusions have been
challenged with research showing that during large fire
years, boreal forest fire emissions contribute as much as
15% to 20% of total global emissions from biomass burning
[Cahoon et al., 1994; Kasischke and Bruhwiler, 2002].
During large fire years, boreal forest fires clearly contribute
significant amounts of atmospheric trace gases [Cahoon et
al., 1994; French et al., 2000; Amiro et al., 2001; Kasischke
and Bruhwiler, 2002], and contribute to anomalies recorded
in the measurements of atmospheric trace gases [Dlugo-
kencky et al., 2001; Forster et al., 2001].
[10] Finally, it has been recently hypothesized that fire

plays a major role in regulating long-term carbon dynamics
in the boreal forest region. Harden et al. [2000] used model-
based and field observations to infer long-term soil carbon

consumption from fire. They found that 10% to 30% of
annual NPP in upland forests of central Canada was likely
consumed by fire over the past 6,500 years.

3. Modeling Trace Gas Emissions From Fire

[11] Several approaches have been developed to estimate
carbon emissions from fires in boreal regions. Cahoon et al.
[1994] first estimated total carbon, CO2, CH4, and CO
emissions from Russian boreal forest fires using a single
value for fuel consumption and experimentally derived
emission factors for each gas species, an approach also
used by Goode et al. [2000]. More sophisticated models
have been developed to account for the spatial distribution
of biomass in different vegetation types and the temporal
behavior of fire based on fuel moisture conditions. Amiro et
al. [2001] used data from the Canadian Large-Fire Data-
base, inventories of forest biomass and soil carbon densities,
and Forestry Canada’s Fire Behavior Prediction model to
estimate total carbon released from burning in Canada.
Their approach was based on results of running the fire
prediction model retrospectively to estimate biomass con-
sumption and then carbon release for each burn from 1980
to 1994.
[12] The overall modeling approach of these previous

efforts, including the work presented in this paper, is based
on the standard equation for estimating carbon release from
biomass burning (Ct) developed by Seiler and Crutzen
[1980]:

Ct ¼ ABfcb ð1Þ

Figure 2. Annual area burned in the two ecozones of Alaska from 1950 to 1999 derived from the
Alaska Large Fire Database, compiled from records held by Alaska Fire Service [Murphy et al., 2000].
Note the irregular distribution of area burned and the episodic nature of large fire years.
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where A is the total area burned (ha), B is the biomass density
(t ha�1), fc is the fraction of the biomass that is carbon, and b
is the fraction of carbon consumed during burning.
[13] Fires in boreal regions often burn the organic mat,

the moss, lichen, litter and organic soils on the forest floor
[Stocks and Kauffman, 1997; Kasischke et al., 2000b] and
in peatlands [Chistjakov et al., 1983; Wein and MacLean,
1983; Zoltai et al., 1998; Turetsky and Wieder, 2001], which
can hold a high proportion of the carbon present in these
ecosystems. To account for burning of the organic mat, the
aboveground and ground layer components are estimated
separately. Equation (1) is therefore modified as given by
French et al. [2000] to:

Ct ¼ A Ba fcaba þ Cgbg
� �

ð2Þ

where Ba is the average biomass density of aboveground
vegetation (t ha�1), fca is the carbon fraction of the
aboveground vegetation (assumed to be 0.50), ba is the
fraction of aboveground vegetation consumed during fires,
Cg is the carbon density (tC ha�1) of the organic mat
exposed to fire, and bg is the fraction of the organic mat
consumed during fire.
[14] The amount of a specific trace gas released during

fires (Es) can be estimated as

Es ¼ Ct Efs ð3Þ

where Efs is the emission factor (in weight of gas released
per weight of carbon burned) for a specific gas species.
[15] Two types of combustion occur during biomass

burning: flaming combustion and smoldering combustion.
Many studies use a single emission factor that incorporates
both of these combustion processes [Andreae and Merlet,
2001]. However, since a significant amount of biomass is
consumed through smoldering combustion in boreal forest
fires, (3) is modified to

Es ¼ Ct�f Efs�f þ Ct�s Efs�s ð4Þ

where the f and s subscripts refer to flaming and smoldering
combustion, respectively.
[16] This study extends the results presented by

Kasischke et al. [1995], who estimated the release of total
carbon from fire in Alaska for 2 years (1990 and 1991).
First, we selected five cases, one high fire year (1990), a
high/moderate fire year (1997), a moderate fire year (1994),
a low fire year (1989), and the 50-year average (1950 to
1999) to assess the variability in annual carbon gas released.
Second, we estimated emissions of three trace gases, CO2,
CO, and CH4, in addition to total carbon. And third, we
investigated the range of emissions that could be expected
under different burning conditions by varying two of the
model inputs. The model inputs we varied represent two
major sources of uncertainty: (1) the fraction of carbon
consumed (ba and bg) terms in (2); and (2) the allocation of
the biomass burned between flaming and smoldering com-
bustion (Ct-f and Ct-s) terms in (4).

4. Approach and Model Inputs

[17] The boreal region of Alaska can be divided into two
major ecozones, the Alaska Boreal Interior and the Boreal

Cordillera. The ecozones differ primarily in their topogra-
phy (Figure 1) [Bourgeau-Chavez et al., 2000]. Fire statis-
tics show that, on average, 87% of the fire occurs in the
Alaska Boreal Interior ecozone, whose topography consists
of generally flat terrain with some low rolling hills. The
Boreal Cordillera ecozone contains a landscape of high hills
and low mountains; 13% of the fires occur there. Both
ecozones are dominated by black spruce (Picea mariana
[Mill.]) ecosystems, which have large soil carbon reserves
and are strongly shaped by fire disturbance.
[18] We used a Geographic Information System (GIS)-

based modeling approach to generate the emissions esti-
mates using a two-step procedure. In step one, we calculated
total carbon released from boreal fires in Alaska for selected
years between 1950 and 1999 by merging and analyzing
several spatial/temporal data layers based on (2). In step
two, we used (4) to estimate the amounts of three carbon-
based trace gases released during the burn, carbon dioxide
(CO2), carbon monoxide (CO), and methane (CH4), using
several different allocations of flaming and smoldering
combustion and experimentally derived emission factors.
[19] The origin of each of the inputs used in our models is

described below. Our rationale for quantifying the two most
uncertain terms, fraction of carbon consumed and the ratio
of flaming to smoldering combustion, is also presented here.

4.1. Area Burned

[20] The Alaska large-fire database was used to estimate
area burned (A; Figure 2). This database was created by
digitizing maps for all fires greater than 400 hectares from
1950 to 1999 as collected by the Alaska Fire Service
[Murphy et al., 2000]. Although large fires (>400 ha, or
1000 acres) in the boreal region of North America represent
only 2–3% of the fires, they account for about 98% of the
area burned and, therefore, most of the carbon released
[Murphy et al., 2000]. The fire database is held in ArcInfo
coverage format and is available on-line from the U.S.
Geological Survey, Alaska Geodata Center (http://agdc.
usgs.gov/data/projects/fhm/). The accuracy of the data is
very good from the 1980s on, but there are some inaccur-
acies in the earlier years [Murphy et al., 2000].

4.2. Carbon Reserves

[21] Aboveground biomass (Ba) levels were mapped using
data published by Kasischke et al. [1995] for different
physiographic regions in Alaska. These data are scaled by
0.50, the assumed fraction of carbon in tree biomass ( fca), to
estimate aboveground carbon. Ground-layer carbon (Cg) was
determined using published GIS-based data [Lacelle et al.,
1997]. The carbon density of the surface layer (the top 30 cm)
was used since this is the carbon subject to fire. An assess-
ment of data accuracy for the aboveground and ground-layer
carbon maps has not been done because information for
conducting this validation is not available; this problem is
typical for large-scale studies in remote regions. The levels of
carbon used in this study are consistent with field observa-
tions [Kasischke et al., 2000b] and represent the best avail-
able information for Alaska.

4.3. Fraction of Carbon Consumed

[22] A limited number of field observations of consump-
tion of aboveground and ground-layer biomass have been
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made in the boreal forest region of Alaska [Kasischke et al.,
2000b]. For aboveground biomass, these observations show
that the fraction of biomass consumed (b) ranges between
0.05 and 0.30, depending on vegetation type. This results in
carbon release ranging between 2 and 8 metric tonnes of
carbon per hectare of area burned (tC ha-burned�1). This is
consistent with observations made in Canadian boreal
forests [Stocks and Kauffman, 1997].
[23] Studies by Kasischke et al. [2000a, 2000b] in a

variety of different physiographic settings in Alaska showed
that the density of the ground-layer carbon (which is held as
litter, lichen, moss, and organic soil) in moderately to poorly
drained black spruce forests ranged between 20 and >150 tC
ha�1, and the fraction of carbon consumed during fires
ranged between 0.10 to 0.90. On average, 44.4 tC ha-
burned�1were released from the ground layers of the black
spruce sites studied by Kasischke et al. [2000b].
[24] The major difference between levels of ground fuel

consumption observed in Alaska and those observed else-
where were in the burning of deep organic soils found in the
black spruce forests that are a predominant feature of this
region. Relatively high levels of ground-layer fuel con-
sumption were also observed in forests found on drier sites
(60 to 90%), but, because of the low ground-layer carbon
densities found in these sites, levels of total carbon release
were 5 to 10 tC ha-burned�1; again, this is consistent with
levels observed in Canadian boreal forests by Stocks and
Kauffman [1997].
[25] Two studies have been carried out in Alaska to

estimate the average carbon release from forested land-
scapes typical in this region, e.g., fire-disturbed sites that
contain a range of forest types and burning severities. In a
midseason fire, Kasischke et al. [2000b] showed that the
average carbon release was 21.4 tC ha-burned�1. For a late
season fire with severe ground-layer burning, Kasischke et
al. [2000a] showed that the average carbon release was 30.0
tC ha-burned�1.
[26] Given the limited number of observations, we devel-

oped a set of fraction of carbon consumed (b) values for this
study which represent the range of burning conditions that
are expected for the Alaskan boreal forest region (Table 1).
For the Alaska Boreal Interior ecozone, we assumed three
baseline levels of fraction consumed: low, average, and

high. Using these values results in a carbon release range
that is consistent with field observations at two sites within
the ecozone. The average fraction of carbon consumed
values we used for the two layers (aboveground and ground
layer), when combined with the average biomass/carbon
levels for the ecozone, result in a carbon release of 18.8 tC
ha-burned�1, which is consistent with the estimate of
Kasischke et al. [2000b] for a midseason fire (21.4 tC ha-
burned�1). Using the high fraction of carbon consumed
levels in Table 1 with the average carbon level results in a
carbon release of 30.1 tC ha-burned�1, which is consistent
with the estimate of Kasischke et al. [2000a] for a severe,
late-season fire (30.0 tC ha-burned�1). The low levels of
carbon consumption were set at 50% of the average level
and result in a carbon release of 9.4 tC ha-burned�1, which
is consistent with the levels of burning observed in Cana-
dian boreal forests with lesser levels of organic soil burning
(12.2 t C ha-burned�1 as observed by Stocks and Kauffman
[1997]).
[27] The average levels of fraction of carbon consumed for

the Boreal Cordillera ecozone were provided by a Canadian
fire scientist (B. Stocks, personal communication). We
determined the high and low fraction consumed values for
this region the same as for the Alaska Boreal Interior
ecozone; high levels were set 10% above the average, and
low levels were set at one-half of average for both layers (see
Table 1).
[28] We calculated an additional fraction consumed value

for each of the 4 years studied, based on the weighting
method developed by French et al. [2000]. The average
values of ba and bg for each ecozone described in the
previous paragraph were used as a starting point for
determining the weighted fraction consumed for each year.
Weighting factors were derived by assuming that larger
areas are burned and higher levels of biomass are consumed
during warmer, drier years, whereas total area burned and
fraction of biomass consumed are lower during cooler,
wetter years.
[29] A regression equation of fraction consumed as a

function of annual area burned was developed for each
ecozone based on the low, average, and high values (Table 1;
Figure 3). Using the regression equation, the expected
fraction consumed was determined separately for each year,

Table 1. Area Burned and Fraction of Carbon Consumed

Year/Time Period
Area Burned (A),a

(ha)
Consumption

Levelb

Carbon Fraction Consumed

Aboveground (ba) Organic mat (bg)

Alaska Boreal
Interior

Boreal
Cordillera

Alaska Boreal
Interior

Boreal
Cordillera

50-year average ABI 198,012 High 0.33 0.23 0.25 0.48
BC 25,208 Avg 0.23 0.13 0.15 0.38
Total 223,220 Low 0.115 0.065 0.075 0.19

1990 (high fire year) ABI 1,139,581 Weighted 0.30 0.17 0.22 0.45
BC 95,844

1997 (mod/high year) ABI 692,628 Weighted 0.24 0.10 0.18 0.29
BC 25,512

1994 (moderate fire year) ABI 82,011 Weighted 0.17 0.10 0.11 0.28
BC 21,044

1989 (low fire year) ABI 16,607 Weighted 0.16 0.08 0.10 0.25
BC 4,467

aABI, Alaska boreal interior; BC, boreal cordillera.
bHigh, average, and low values are the same for all cases and are listed here for the 50-year average case.
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ecozone, and carbon layer, based on annual area burned
within the ecozone. Based on this basic relationship, the
weighted fraction of biomass consumed is proportional to
the annual area burned, so larger fire years receive larger
fraction consumed values.
[30] The analysis conducted uses the high, average, low,

and weighted fraction consumed values for each case to
generate a range of carbon release estimates. The average
values are used for the 50-year average and the weighted
values are used for the four individual years as our basic
assumptions in calculating total carbon released.

4.4. Emission Factors

[31] The emission factors (Efs) for the boreal region have
been determined from airborne sampling of smoke plumes
generated from fires in several locations. The Efs for a
particular gas is determined either through laboratory meas-
urement of the contents of smoke collected in flasks [Cofer
et al., 1998] or by using aircraft-mounted gas-sensor equip-
ment [Goode et al., 2000]. In addition, measurements are
based on laboratory combustion of biomass from boreal
forests [Yokelson et al., 1997].
[32] Using these approaches, emission factors have been

measured for both the flaming and smoldering phases of
fires in a variety of boreal forest types [Cofer et al., 1989,
1990, 1996, 1998] and for flaming fires in Alaska [Goode et
al., 2000]. While the data of Goode et al. [2000] are from
forests in the study region, they did not differentiate
between the flaming and smoldering phases of fires; in this
study, therefore, we used averages of values published by
Cofer et al. [1989, 1990, 1996, 1998], Goode et al. [2000],
and Yokelson et al. [1997] (Table 2).

4.5. Ratio of Flaming to Smoldering Combustion

[33] In previous studies of trace gas emissions from the
boreal forest region, Cahoon et al. [1994] assumed that one-
half of all carbon release originated from aboveground
vegetation and one-half from ground-layer biomass. They
assumed that 50% of all biomass was consumed during
flaming combustion, and 50% during smoldering combus-
tion. However, for several reasons, we have concluded that

this assumption may not be valid for boreal forest regions,
where fire consumes large levels of organic soil carbon.
First, flaming combustion is the result of the presence of
plant material (e.g., terpenes and other plant extracts) that
can be volatilized to produce gases that burn efficiently in a
high oxygen environment. The plant substances required to
support flaming fires do not exist in much of the decom-
posed plant material found in dead organic matter in forest
floors. Both Johnson [1992] and Yokelson et al. [1997]
observe that the primary means of consumption of organic
soil is through smoldering combustion. Furthermore, the
average of the emission factors produced in the laboratory
by Yokelson et al. [1997] for a variety of plant materials
common to Interior Alaska are very similar to the average
smoldering emission factors observed by Cofer et al. [1989,
1990, 1996, 1998]. Based on these observations, Kasischke
and Bruhwiler [2002] assumed that 80% of the above-
ground carbon is consumed in flaming combustion and
20% in smoldering combustion, whereas 20% of the
ground-layer carbon is consumed in flaming fires and
80% in smoldering fires.
[34] In this study, we estimated trace gas emissions using

three different scenarios for dividing biomass between
flaming and smoldering combustion. The first scenario
follows the assumptions of Kasischke and Bruhwiler
[2002] outlined above; it is used as our basic assumption
in reporting our final estimates. Scenario 2 follows Cahoon
et al. [1994] by assigning 50% of biomass consumption by
flaming combustion and 50% by smoldering for both the
aboveground and ground layer. Scenario 3 is set at the
opposite extreme from the first case with flaming:smolder-

Figure 3. Regression plots used in assigning weighted fraction consumed values (b) for the Alaska
Boreal Interior (a) and Boreal Cordillera (b) ecozones. The weighting method is based on the assumption
that larger areas are burned and higher levels of biomass are consumed during warmer, drier years,
whereas total area burned and fraction of biomass consumed are lower during cooler, wetter years. The
fraction consumed is then assigned from the regression result, based on the area burned in a given year.

Table 2. Emission Factorsa for Three Carbon-Based Gases

Combustion Type

Emission Factor, g gas/kg total carbon

CO2 CO CH4

Flaming 3,145 (108) 190 (49) 5.5 (1.6)
Smoldering 2,590 (400) 460 (225) 15.2 (1.8)

aMean (standard deviation of estimates used).
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ing assumptions of 80:20 for the aboveground and 20:80 for
the ground layer.

5. Results

[35] Carbon released from biomass burning in the Alas-
kan boreal forest varies spatially based on two dominant
factors, resident carbon and area burned. Both of these data
sources are represented spatially in the input data set, so the
results can be viewed as a map (Figure 4). We display the
average carbon released on a 1� latitude by 1� longitude grid
because many global-scale models operate on this scale,
simplifying comparisons with other information. Also, the
various input data layers are held at different spatial scales;
the one-degree grid display helps to integrate the various
data sources visually at a convenient scale.
[36] Using the average values for fraction of carbon

consumed (b), an average of 4.5 teragrams (Tg = 1012 g)

of carbon per year was released from biomass burning in the
boreal regions of Alaska over the past 50 years (Table 3). Of
great importance is the annual variability in area burned,
which results in high variability in carbon emissions from
year to year. Using the weighted fraction of carbon con-
sumed value, we estimate that 8 times the average amount
of carbon (36 Tg) was released in a high fire year (1990),
while a low year (1989) showed relatively little carbon
released (0.36 Tg when 21,074 ha burned).
[37] Varying the four fraction consumed values (b), from

high to low estimates, strongly influences the total amount
of carbon emitted (Table 4). For example, 23 Tg more
carbon was released during the highest year studied (1990),
if high versus low consumption is assumed. The results of
varying the fraction consumed reveal, however, that the area
burned in a given year strongly affects the total carbon
released regardless of the fraction consumed values used.

Figure 4. Carbon released from Alaskan boreal fires averaged for 50 years (1950 to 1999). Each grid
cell represents 1� of latitude by 1� of longitude. Values shown are the sum of the average annual carbon
released for each of the grid cells (in 1 � 109 grams). A spatially aggregated estimate of the mean annual
carbon released for the 50-year period as well as for four individual years is given in Table 3.

Table 3. Estimated Amounts of Carbon-Based Gas Released

From Alaskan Fires

Year/Time Period
Total C,

Tg

Gas Released, Tg gas/Tg C

CO2 CO CH4

50-year average 4.49 12.5/3.4 1.65/0.71 0.014/0.011
1990 (high fire year) 35.8 99.9/27.3 13.1/5.63 0.11/0.085
1997 (mod/high year) 14.9 41.6/11.3 5.54/2.38 0.046/0.035
1994 (moderate fire year) 1.65 4.60/1.25 0.61/0.26 0.0052/0.0039
1989 (low fire year) 0.36 0.99/0.27 0.13/0.057 0.0011/0.00082
1997 [Goode et al., 2000] 45.9 Tg gas 2.46 0.077

Table 4. Results of Total Carbon Released for a Range of Fraction

Consumed Values (b)a

Fraction
Consumedb

50-Year
Average

1990
(High Fire

Year)

1997
(Moderate/High

Fire Year)

1994
(Moderate
Fire Year)

1989
(Low Fire
Year)

high 7.00 39.81 21.27 3.42 0.81
average 4.49 25.33 13.30 2.26 0.53
low 2.24 12.62 6.60 1.13 0.27
weighted – 35.83 14.93 1.65 0.36

aTotal carbon released in TgC. Results in bold are also reported as final
estimates in Table 3.

bSee Table 1.
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[38] In estimating emission of trace gases, we found that
100 Tg of CO2 was released during the highest year, while 1
Tg was released in the low year, assuming a flaming to
smoldering ratio of 80:20 in the aboveground and 20:80 in
the ground layer. The other gases show proportionally the
same results, based on total area burned, with 13 Tg CO and
0.11 Tg CH4 released in the high year (see Table 3).
[39] Table 5 presents the relative variation in trace gas

emissions, assuming different splits between flaming and
smoldering combustion. The table shows that, compared
with a 50:50 split of flaming to smoldering in both layers,
our assumptions of 80:20 in the aboveground and 20:80 in
the ground-layer result in lower emissions of CO2 but
higher emissions of CH4 and CO due to differences in
combustion efficiency between flaming and smoldering
burn types. The most dramatic effect of varying the flaming
to smoldering ratios comes in variations in the below-
ground component.

6. Discussion

[40] Two unique conditions contribute to the potential
impact of biomass burning in the Alaskan boreal region on
the carbon balance of the atmosphere. The first is the high
frequency of large and intense stand replacement fires, and
the second is the large amount of stored carbon, especially
in the organic mat. These two factors combine to make a
system where potential carbon conversion from the biomass
pool to the atmosphere during fire is significant. Although
the biomass pool dictates how much carbon could be
released during burning, it is fire which regulates this
release. The location of the burn and factors which contrib-
ute to burn severity, such as time of year, fire intensity, fuel
condition, soil drainage, and fire danger condition (which

integrates current and antecedent weather conditions), are
key in determining the amount of carbon consumed and the
relative amounts of carbon-based gases released.
[41] Our results show that fire-induced carbon emissions

are highly variable from year to year due to the high
interannual variability in area burned. This result under-
scores the need for investigating more than one or two fire
seasons when assessing the impact of boreal forest fires on
carbon cycling. Using average fire statistics may also be
misleading, since the distribution of annual area burned is
irregular and regionally variable (see Figure 2). A proper
assessment of the impact of boreal fire can only be done if
multiple years are used, as in this analysis. Even then, the
fire record for Alaska is only 50 years in length, so our
analysis is valid for the last half century, but may not
represent conditions over longer time frames.
[42] Our study and others [Harden et al., 2000] indicate

that fire can cause an immediate, substantial release of
carbon when compared with some estimates of NPP, the
main process controlling the transfer of carbon from the
atmosphere to the biosphere. Harden et al. [2000] use an
estimate of NPP of 170 to 330 gC m�2 yr�1 for the boreal
region as a whole and 180 to 430 gC m�2 yr�1 for black
spruce types, which predominate in Alaska. This translates
to 104 to 247 TgC yr�1 transferred from the atmosphere to
the ecosystems of the Alaskan boreal regions from plant
production. Our results show that one year of burning in the
boreal region of Alaska can transfer as much as 36 TgC, or
62 gC m�2, into the atmosphere in a big fire year, which is
as much as 35% of estimated annual NPP.
[43] Estimates of net ecosystem production (NEP), the

balance of biotic carbon exchange, for the boreal region
range from �8 gC m�2 yr�1, a small net source, to 130 gC
m�2 yr�1, a net sink. General estimates of about 40g C m�2

yr�1 for the black spruce dominated region of western North
America [Black et al., 1996; Frolking, 1997; Goulden et al.,
1998; French et al., 2000]. Subtracting the amount of
carbon released from burning during the high year of
1990 (62 gC m�2) from an NEP of 40 gC m�2 yr�1 means
that Alaskan boreal region could have been a considerable
net source of carbon (�22 gC m�2 yr�1) to the atmosphere,
depending on proper quantification of NEP for Alaska that
year. It is important to realize, however, that because of the
large interannual variation in area burned and the current
uncertainty in estimates of carbon release from fire as well
as estimates of biotic carbon exchange [see, e.g., Randerson
et al., 1997], only rough comparisons of these carbon
exchange mechanisms can be made.
[44] Our estimates of carbon released during burning in

Alaska translate to 2.01 kgC m�2 yr�1 consumed by fire, on
average, per unit area burned. For the high year, 2.43 kgC
m�2 per unit area burned was released, and 1.71 kgC m�2

was released during the low year (or 20.1, 24.3, and 17.1 tC
ha�1, respectively). These results are generally higher than
previous estimates of fuel consumption in boreal regions,
such as an average of 1.46 k C m�2 yr�1 for Russia [Dixon
and Krankina, 1993] and 1.23 to 2.75 kgC m�2 yr�1

globally [Seiler and Crutzen, 1980], but they compare well.
These estimates are lower than the results found for Alaska
as shown by French et al. [2000] because of differences in
soil carbon fraction consumed values (bg) used for the
Alaska Boreal Interior.

Table 5. Effect of Modifying the Ratio of Flaming to Smoldering

Combustion in the Aboveground and Ground Layers for the 50-

Year Average Estimatea

CO2

Fg:Sg
b

20:80 50:50 80:20

Fa:Sa
c 80:20 1.00 1.05 1.09

50:50 0.99 1.03 1.08
20:80 0.97 1.02 1.06

CO2

Fg:Sg

20:80 50:50 80:20

Fa:Sa 80:20 1.00 0.83 0.67
50:50 1.05 0.89 0.72
20:80 1.11 0.94 0.77

CH4

Fg:Sg

20:80 50:50 80:20

Fa:Sa 80:20 1.00 0.81 0.63
50:50 1.06 0.87 0.68
20:80 1.12 0.93 0.75

aThe results are normalized to a basic assumption of 80:20 in the
aboveground and 20:80 in the ground layer (upper left value).

bGround layer flaming:smoldering.
cAboveground flaming:smoldering.
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[45] It well understood from field observations that fire’s
impact varies widely. Understanding the variability possible
in the fraction of the organic mat consumed in fires across
Alaska is an important issue, since large amounts of carbon
are held in the soils of these ecosystems. Soil carbon is a
long-term storage pool, so as fire regimes modify due to
climate changes, soil carbon reserves will figure strongly in
the carbon cycle [Goulden et al., 1998; Harden et al., 2000].
A good understanding of the impact of fire on these long-
held carbon reserves is very important.
[46] In reporting our final estimates (Table 3), we

assumed that fires in the 50-year average burned in average
severity conditions (as measured from the field-based stud-
ies discussed earlier). We assumed higher-than-average
consumption at all sites in high fire years and lower-than-
average consumption at all sites in low fire years, using the
weighting method presented. The fraction consumed varia-
tion analysis (Table 4) shows how carbon release results
would vary if our assumption of burn severity were differ-
ent; that is, if we assume only high, average, or low
consumption across the ecozone. Since we have no direct
measure of the variability in consumption for any particular
year, the exercise allows us to estimate the extreme possi-
bilities of the various scenarios. If we use the average values
to compute carbon released, we are assuming that the
fraction of carbon consumed is average at all sites within
the ecozone for that year. Using the high case assumes that
all sites in the region burned severely for that year, while the
low value implies an assumption that all fires burned with
low severity. The likely reality is that fire severity varies
from low to high across a region within 1 year, although
presumably high fire years will have proportionally more
severe fires than low fire years.
[47] As the results show, regardless of the fraction con-

sumed values used, the amount of area burned plays
strongly in determining total carbon released in a particular
year; large fire years always give relatively higher total
carbon emissions than low fire years, and vice versa.
Providing unique consumption estimates for each ecozone
also makes an important difference in the outcome. An
increase in the values used for the Alaska Boreal Interior
comparable to the adjacent Boreal Cordillera ecozone, gives
a result of about 80 Tg C produced in 1990, more than twice
as much as our estimate for that year.
[48] We have compared our estimates of trace gas emis-

sions with those of Goode et al. [2000] who produced
estimates of trace gas emissions from the 1997 fire season in
Alaska (see Table 3). The CO2 estimates are fairly similar
for the two studies (46 Tg CO2 from Goode et al. [2000]
and 42 Tg CO2 from this study). Our estimations, however,
result in 3 Tg more of CO and 0.03 Tg less of CH4 released
than estimated by Goode et al. [2000]. Their values vary
from those presented in this study for several reasons. First,
Goode et al. [2000] assumed a constant biomass for the
entire state, as well as a constant fraction of carbon
consumed. In addition, they did not differentiate combus-
tion type between flaming and smoldering. As our analysis
of varying the assumptions of flaming and smoldering
(Table 5) shows, the gas release estimates are different as
assumptions of flaming versus smoldering combustion are
changed. This is primarily because of the impact of non-
efficient smoldering combustion on creation of non-CO2

gases. Further investigation into how much smoldering
versus flaming actually occurs in boreal fires would be
helpful in refining estimates of the various gases emitted.
[49] The comparison of our estimate with Goode et al.’s

[2000] emphasizes a key feature of our analysis: the use of
geospatially explicit data sets. This is important when input
data varies in space, since spatially averaged data may not
properly quantify the variable at the location of interest. Our
technique allows more accurate input data to the model. For
example, rather than using an average value for carbon
present in the region, we use a carbon value that is estimated
for the location that burned. GIS-based analysis also allows
a geospatial interpretation of the results (Figure 3). Display-
ing our results as a map helps to depict the interaction of fire
events and carbon pools to see where fire effects are the
most important from the standpoint of carbon cycling (see
also French et al. [2000] for results for North America.)
[50] Our analysis uses existing data sets to estimate

carbon release during burning. Although these results are
a first-order estimate, they show that the direct release of
carbon during burning, particularly in high fire years, is
substantial enough to warrant further refinement of input
data. Under current research programs, we are working on
improving the estimates of aboveground carbon and the
fraction of carbon consumed so we can generate a more
accurate, spatially defined set of input variables for our
model. Improvements in fraction consumed will be made by
mapping fire severity at recently burned sites using fine
resolution (Landsat-scale) remote sensing data. Most of the
uncertainty in quantifying carbon release from fire stems
from the high variability in fraction consumed estimates, so
understanding this variable is critical. In the future we hope
to use more spatially explicit estimates of fraction consumed
from these remote sensing measurements. Development of
an uncertainty model, which propagates the uncertainty
through the model, is also underway. The result will be an
estimate of carbon released with confidence intervals, which
provide useful information on the error associated with the
result and for making predictions.

7. Conclusions

[51] We have used fire location information for a half-
century (1950 to 1999) to examine the amount of carbon
and carbon-based gas released during fire in the Alaskan
boreal region, a region whose ecosystems are strongly
affected by fire. We estimated that, on average, approx-
imately 4.5 Tg of carbon is released annually from biomass
burning in the boreal interior of Alaska, with an average
area burned of 223,220 ha. The variability in the area
burned from year to year is of great importance. In a high
fire year (for example, in 1990, when 1.2 million hectares
burned) 8 times the average (36 TgC) is released, while low
years show relatively little carbon released (0.36 TgC in
1989, when 21,074 ha burned).
[52] We conclude that fire can cause an immediate release

of carbon that is substantial when compared with NPP, and
the amount varies widely from year to year, based on the
location and amount of area burned. Our results show that it
is not possible to understand the impact of fire on the
atmosphere if average values are used because the year-to-
year variation is so great. Moreover, the importance of fire
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can be underestimated if a low fire year is used to represent
the ‘‘normal’’ condition or overestimated if a high fire year
is used.
[53] The interannual variations in trace gas emissions

produced from this study parallel those discussed for total
carbon emissions. Our estimates for trace gas emissions
differ from previous studies, however, because we assume
that a higher fraction of ground-layer biomass is consumed
during smoldering fires than during flaming fires. This
assumption results in a slightly lower level of CO2 emis-
sions and higher CO and CH4 emissions.
[54] Using geospatial information we can analyze data

and visualize results across the region. We can use more
accurate input and gain a better appreciation for local
variation in carbon release from burning than if nonspatially
defined estimates are used. It is the combination of knowing
where the carbon is, where the fire is, and how much is
consumed during burning that allows us to map the release
of carbon and carbon-based gases from fire in the boreal
region of Alaska. Refinements in our input variables in both
absolute values and in spatial pattern, will improve our
estimates. The current study underscores the need to refine
input variables since boreal fires may be a considerable
source of carbon to the atmosphere and could play a critical
role in the distribution of carbon and trace gases within the
Earth system.
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