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[1] The summer of 2004 was one of the largest fire seasons on record for Alaska and
western Canada. We construct a daily bottom-up fire emission inventory for that season,
including consideration of peat burning and high-altitude (buoyant) injection, and
evaluate it in a global chemical transport model (the GEOS-Chem CTM) simulation of CO
through comparison with MOPITT satellite and ICARTT aircraft observations. The
inventory is constructed by combining daily area burned reports and MODIS fire hot spots
with estimates of fuel consumption and emission factors based on ecosystem type. We
estimate the contribution from peat burning using drainage and peat distribution maps for
Alaska and Canada; 17% of the reported 5.1 � 106 ha burned were located in
peatlands in 2004. Our total estimate of North American fire emissions during the
summer of 2004 is 30 Tg CO, including 11 Tg from peat. Including peat burning in the
GEOS-Chem simulation improves agreement with MOPITT observations. The long-range
transport of fire plumes observed by MOPITT suggests that the largest fires injected
a significant fraction of their emissions in the upper troposphere.
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1. Introduction

[2] Biomass burning represents a major global source of
gases and aerosols to the atmosphere [Seiler and Crutzen,
1980; Logan et al., 1981; Crutzen and Andreae, 1990;
Liousse et al., 1996; Andreae and Merlet, 2001]. Wildfires
in the northern hemisphere boreal regions also have a
significant impact on atmospheric chemistry on regional
to global scales, particularly in high fire years [Forster et
al., 2001; Wotawa et al., 2001; Novelli et al., 2003;
Edwards et al., 2004; Honrath et al., 2004; van der Werf
et al., 2004; Yurganov et al., 2004; Kasischke et al., 2005].
Air quality in the United States can be affected by emissions
from fires in the boreal forests of Canada [Wotawa and
Trainer, 2000;McKeen et al., 2002; DeBell et al., 2004] and
even Siberia [Jaffe et al., 2004]. Boreal fires also contribute
to Arctic Haze [Stohl, 2006; Stohl et al., 2006]. An accurate

representation of emissions from boreal wildfires is all the
more necessary as their occurrence is expected to increase
as a result of climate change [Flannigan and Van Wagner,
1991; Stocks et al., 1998, 2002; Whitlock, 2004; Gillett et
al., 2004]. Intense burning causes a decrease of carbon
storage in these ecosystems, which can be converted from a
carbon sink to a net source, in turn contributing to global
warming [Kurz and Apps, 1999; Turetsky et al., 2002]. In
this study, we examine the consistency between current
understanding of boreal fire emissions and satellite obser-
vations of carbon monoxide (CO) for the summer of 2004.
For this purpose, we develop a detailed bottom-up inventory
of the North American fire emissions in 2004 with daily
variability and implement it in a global 3-D chemical
transport model (the GEOS-Chem CTM) for comparison
with atmospheric observations of CO.
[3] The summer of 2004 was one of the largest fire

seasons on record in North America, because of persistent
wildfires in the boreal forests of Alaska and Canada. This
intense burning resulted from exceptionally warm and dry
conditions. According to the U.S. National Interagency Fire
Center (http://www.cidi.org/wildfire), more than 2.6 million ha
burned in Alaska in 2004, which represents more than 8 times
the 10-year average and the highest burning on record,
while the total area burned in the rest of the United States
was only about 40% that of the 10-year average. In western
Canada the fire season was well above the 10-year average,
with 15 times the average area burned in the Yukon
Territory (accounting for 60% of the national total) and
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6 times the average area burned in British Columbia, accord-
ing to the Canadian Interagency Forest Fire Center (CIFFC).
[4] The availability of extensive atmospheric CO obser-

vations from aircraft and satellite for this period provides an
opportunity to evaluate our understanding of factors con-
trolling boreal fire emissions and their impact on atmo-
spheric chemistry. Continuous observations of CO with
global coverage every 3 days were made from the MOPITT
(Measurements Of Pollution In The Troposphere) satellite
instrument [Drummond and Mand, 1996; Edwards et al.,
1999; Deeter et al., 2003; Emmons et al., 2004]. Extensive
in situ aircraft observations over eastern North America and
the North Atlantic were made from 1 July to 15 August
2004 during the ICARTT (International Consortium for
Atmospheric Research on Transport and Transformation)
field campaign.
[5] Earlier global emission inventories were based on

average assessments of fire activity and areas burned
[Crutzen and Andreae, 1990; Hao and Liu, 1994; Lobert
et al., 1999], while more recent inventories developed for
global models have relied on remote sensing products for
hot spots and/or burn scars to derive area burned [Ito and
Penner, 2004; Hoelzemann et al., 2004; Simon et al., 2004;
Tansey et al., 2004; van der Werf et al., 2003, 2006].
Remote sensing products have also enabled better definition
of temporal and spatial variations in burning, usually with
monthly resolution. Both hot spot data and aerosol data
have been combined with estimates of average area burned
to derive the interannual variation of biomass burning for
global inventories [e.g., Schultz, 2002; Duncan et al., 2003;
Generoso et al., 2003; Paton-Walsh et al., 2004], and
estimates of daily burning for regional inventories [e.g.,
Stroppiana et al., 2000; Heald et al., 2003a].
[6] We construct here a bottom-up high-resolution emis-

sion inventory for boreal fires in North America to be tested
with the ensemble of observations for CO. Recent assess-
ments of emissions from boreal fires have relied on large
fire databases for Alaska and Canada [French et al., 2002;
Amiro et al., 2001; Stocks et al., 2002] or on remotely
sensed products, hot spots and/or burn scars, for the
locations and areas of fires [e.g., Kajii et al., 2002;
Kasischke et al., 2003, 2005; Soja et al., 2004; Sukhinin
et al., 2004; Giglio et al., 2006; van der Werf et al., 2006].
Emissions are then derived by associating areas burned with
fuel consumption and emission factors for individual species.
These studies provide either annual or monthly estimates.
Several of the studies emphasize the need to properly
account for burning of the ground layer organic matter,
including peat, in estimating emissions from boreal forests.
Top-down approaches using atmospheric composition data
have also been used recently to determine emissions from
boreal fires [e.g., Pfister et al., 2005].
[7] Our inventory of Alaskan and Canadian fire emis-

sions for 2004 is based on daily burned areas reported by
NIFC (the U.S. National Interagency Fire Center). We use
MODIS (Moderate Resolution Imaging Spectroradiometer)
satellite hot spot data [Justice et al., 2002; Giglio et al.,
2003] for the daily location of the fires. We combine these
data with knowledge of fuel consumption and emission
factors for North America. In particular we consider the
burning of the ground-layer organic matter stored in the

soils, important in boreal regions [e.g., Kasischke and
Penner, 2004].
[8] Pfister et al. [2005] previously used the MOPITT

observations in a top-down inverse analysis to optimize the
CO emissions from the Alaskan and Canadian wildfires for
the summer of 2004. They first derived a bottom-up
estimate of 13 Tg CO emitted between June and August
2004, using MODIS hot spot data to estimate area burned,
and fuel consumption from the global inventory of Ito and
Penner [2004]. Starting with this estimate as an a priori and
assuming a uniform vertical distribution of the emissions
between the surface and 400 hPa, their analysis yields a best
a posteriori estimate of 30 ± 5 Tg for the fire emissions. We
will show here that this upward adjustment can be recon-
ciled with our best understanding of fire emissions, including
in particular a large contribution from peat burning.
[9] Peat is defined as wet, organic soil consisting mainly

of partially decomposed plant material. It is produced when
plant production (uptake of CO2 from the atmosphere) is
greater than the decomposition of dead plant material
(release of CO2 and CH4 to the atmosphere). Peatlands
constitute a large carbon stock and an important global sink
of carbon. Peat is formed in poorly drained regions, where
the saturated soils lying below the water table lead to
anaerobic conditions. It tends to accumulate in the cool
temperatures of the boreal region, as decomposition is
controlled primarily by temperature. Under dry and warm
conditions, the burning of peat is expected to make a large
contribution to emissions from fires in boreal regions [Zoltai
et al., 1998; Turetsky et al., 2002, 2004; French et al., 2002;
Kasischke and Bruhwiler, 2003; Kasischke et al., 2005;
Soja et al., 2004] but has not been included in standard
inventories used in global models to date. We do so in our
analysis by using drainage and peatland maps for Alaska
and Canada, following the approach developed by R. Yevich
et al. (An assessment of emissions from US fires of 2002,
manuscript in preparation, 2007, hereinafter referred to as
Yevich et al., manuscript in preparation, 2007).
[10] Several recent studies have highlighted the impor-

tance of deep convection associated with boreal fires (so-
called pyroconvection) on the distribution of aerosols and
trace gases. Fromm et al. [2000, 2005] and Fromm and
Servranckx [2003], show that boreal fires can have suffi-
cient energy to trigger convection, injecting particles into
the upper troposphere and even into the lower stratosphere.
Damoah et al. [2006] identified such pyroconvective events
for the Alaskan fires in 2004. In order to reproduce the
transport and global dispersion of biomass burning plumes
associated with these events, CTMs need to allow for
injection heights well above the boundary layer [Colarco
et al., 2004; Leung et al., 2007]. We investigate this issue
here through sensitivity studies using the CO observations
from 2004 to test our assumptions.

2. Daily Biomass Burning Emission Inventory

[11] We constructed our inventory for biomass burning in
the United States and Canada in 2004 by multiplying daily
area burned by estimates of fuel consumption and by
species-dependent emission factors per unit of fuel burned.
Peat burning is considered separately, as an additional
contribution [Kasischke et al., 2005]. The inventory was
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