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Abstract. The Fire INventory from NCAR version 1.0
(FINNv1) provides daily, 1 km resolution, global estimates
of the trace gas and particle emissions from open burning of
biomass, which includes wildfire, agricultural fires, and pre-
scribed burning and does not include biofuel use and trash
burning. Emission factors used in the calculations have been
updated with recent data, particularly for the non-methane
organic compounds (NMOC). The resulting global annual
NMOC emission estimates are as much as a factor of 5
greater than some prior estimates. Chemical speciation pro-
files, necessary to allocate the total NMOC emission esti-
mates to lumped species for use by chemical transport mod-
els, are provided for three widely used chemical mecha-
nisms: SAPRC99, GEOS-CHEM, and MOZART-4. Using
these profiles, FINNv1 also provides global estimates of key
organic compounds, including formaldehyde and methanol.
Uncertainties in the emissions estimates arise from several
of the method steps. The use of fire hot spots, assumed area
burned, land cover maps, biomass consumption estimates,
and emission factors all introduce error into the model esti-
mates. The uncertainty in the FINNv1 emission estimates are
about a factor of two; but, the global estimates agree reason-
ably well with other global inventories of biomass burning
emissions for CO, CO2, and other species with less variable
emission factors. FINNv1 emission estimates have been de-
veloped specifically for modeling atmospheric chemistry and
air quality in a consistent framework at scales from local to
global. The product is unique because of the high temporal
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and spatial resolution, global coverage, and the number of
species estimated. FINNv1 can be used for both hindcast and
forecast or near-real time model applications and the results
are being critically evaluated with models and observations
whenever possible.

1 Introduction

Open biomass burning, which for this study includes wild-
fires, agricultural burning, and managed burns and not bio-
fuel use or trash burning, makes up an important part of the
total global emissions of both trace gases and particulate mat-
ter. According to the EDGARv3.2FT2000 global emissions
inventory for 2000 (Olivier et al., 2005;http://edgar.jrc.ec.
europa.eu/index.php), open biomass burning produced 51 %
of the global carbon monoxide (CO) emissions for 2000 and
20 % of the oxides of nitrogen (NOx) emissions. Current
emission inventories estimate that open biomass burning (not
including waste burning) emits 26–73 % of global emissions
of primary fine organic particulate matter (PM) and 33–41 %
of global fine black carbon (BC) PM emissions (Bond et al.,
2004; Andreae and Rosenfeld, 2008).

Although episodic in nature and highly variable, open
biomass burning emissions can contribute to local, regional,
and global air quality problems and climate forcings (Crutzen
and Andreae, 1990). The emissions of PM can degrade vis-
ibility (e.g., McKeeking et al., 2006) and cause health prob-
lems (e.g., Pope and Dockery, 2006). Gas-phase components
in fire plumes, including non-methane organic compounds
(NMOC) and NOx, can react downwind of the fire location
and contribute to the chemistry that forms ozone (e.g., Pfister
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et al., 2008). Carbon dioxide released to the atmosphere from
large scale burning may have important implications for the
carbon cycle (e.g., IPCC 2007; Wiedinmyer and Neff, 2007).
Due to the importance of these emissions, reasonable esti-
mates of open burning emissions are critical to characterizing
air quality problems, understanding in situ measurements,
and simulating chemistry and climate.

There have been many efforts to estimate the emissions
of trace gases and particles from fires. Emissions from in-
dividual fire events have been calculated using site-specific
information (e.g., the 2002 Biscuit Fire in Oregon, Campbell
et al., 2007; the 2003 fires in Southern California, Muhle et
al., 2007). Regional emission estimates have been created
for specific time periods: for example, Michel et al. (2005)
produced a fire emissions inventory for Asia for March-May
2001 in support of a major field campaign. Other invento-
ries predict regional emissions over longer time periods (e.g.,
Lavoue et al., 2000; Soja et al., 2004; Wiedinmyer et al.,
2006; Larkin et al., 2009).

At the global scale, several bottom-up biomass burning
emissions inventories exist. Using literature emission fac-
tors and the biomass burned estimates of Yevich and Lo-
gan (2003) (obtained as described by Lobert et al., 1999),
Andreae and Merlet (2001) estimated the total global emis-
sions of many gaseous and particulate species representative
of the late 1990s. Duncan et al. (2003) estimated global CO
emissions from biomass burning for multiple years (1996–
2000) and evaluated the regional and interannual variability
in the emissions. Using a combination of satellite-derived
datasets, Ito and Penner (2004) developed a monthly fire
emissions inventory at a high spatial resolution (1 km) for
the year 2000. Hoelzemann et al. (2004) also estimated
global biomass burning emissions of trace gases and par-
ticles for 2000, using their Global Wildland Fire Emis-
sion Model (GWEM). GWEM is based on the European
Space Agency’s monthly Global Burn Scar satellite prod-
uct (GLOBSCAR) and results from the Lund-Potsdam-Jena
Dynamic Global Vegetation Model (LPJ-DGVM). The re-
sults include monthly fire emissions for 2000 at a resolution
of 0.5◦

× 0.5◦. The Fire Locating and Modeling of Burning
Emissions (FLAMBE) Program (e.g., Reid et al., 2009) pro-
vides global particulate emissions from open biomass burn-
ing for use in both hindcast and operational forecasting ap-
plications. Particulate emissions have been estimated with
FLAMBE for 2000 through the current day. Inverse model-
ing efforts have provided top down constraints on the emis-
sions from open biomass burning. For instance, Stavrakou et
al. (2009) used SCIAMACHY formaldehyde measurements
from space and an inverse model to constrain global non-
methane organic compound emissions for 2003–2006, and
other studies have used carbon monoxide (CO) observations
from space and an inverse model to constrain the CO emis-
sions from biomass burning and other sources (Arellano et
al., 2004, 2006; Kopacz et al., 2010).

The Global Fire Emissions Database (GFED, Randerson
et al., 2005; van der Werf et al., 2004, 2006, 2010) is a widely
applied global biomass burning emissions dataset. Now in its
third version, GFED includes 8-day and monthly emissions
of selected trace gas and particulate emissions from burning
globally at horizontal resolutions as fine as 0.5◦ for 1997–
2009 (van der Werf et al., 2006; Giglio et al., 2010; van
der Werf et al., 2010). GFED is used by global chemical
transport and climate modelers in efforts to understand the
chemical composition of the atmosphere (e.g., Colarco et al.,
2010; Nassar et al., 2009; Magi et al., 2009; Stavrakou et al.,
2009). Other global inventories have been created for similar
purposes. Recent work by Mieville et al. (2010) describes
the Global Inventory for Chemistry-Climate Studies (GICC),
which provides estimates of the emissions of CO2, CO, NOx,
particulate black carbon (BC) and organic carbon (OC) from
burning for historical and current time periods for use specifi-
cally in chemistry-climate modeling applications. Emissions
of other key trace gas emissions from fires are also available
from the GICC via theGEIAcenter.orgwebsite, but have not
yet been published. Despite all of these various efforts, the
uncertainty associated with open burning emissions remains
high. Additionally, modelers often do not have access to
emissions with the spatial and/or temporal resolution needed
to accomplish the required scientific goals. We have cre-
ated an emissions modeling framework that provides highly
resolved emission estimates from open burning needed for
some specific model applications.

Here we present a detailed description of the Fire INven-
tory from NCAR version 1.0 (FINNv1) model, initial results
from the model, a discussion of uncertainties, and a com-
parison to other estimates. The FINNv1 provides high reso-
lution, global emission estimates from open burning, which
is an episodic phenomenon. Estimates from trash burning
or biofuel use are not included, as they are expected to be
less variable and they are only amenable to estimation us-
ing other methods. FINNv1 emission estimates have been
developed specifically to provide input needed for modeling
atmospheric chemistry and air quality in a consistent frame-
work at scales from local to global. The inventory framework
described here produces daily emission estimates at a hori-
zontal resolution of∼1 km2. The product differs from other
inventories because it provides a unique combination of high
temporal and spatial resolution, global coverage, and esti-
mates for a large number of species. Speciation profiles of
the NMOC emissions are provided for three chemical mech-
anisms based on a new compilation of biomass burning emis-
sion factors (Akagi et al., 2011).

2 Model description

FINNv1 is based on the framework described earlier by
Wiedinmyer et al. (2006). FINNv1 uses satellite observa-
tions of active fires and land cover, together with emission
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factors and estimated fuel loadings to provide daily, highly-
resolved (1 km) open burning emissions estimates for use in
regional and global chemical transport models. The emis-
sions are estimated using the following equation:

Ei = A(x,t)×B(x)×FB×efi (1)

Where the emission of speciesi (Ei , mass ofi emitted) is
equal to the area burned at timet and locationx[(A(x,t)]

multiplied by the biomass loading at locationx [B(x)], the
fraction of that biomass that is burned in the fire (FB), and
the emission factor of speciesi (efi , mass ofi emitted/mass
of biomass burned). All biomass terms are on a dry weight
basis.

FINNv1 has been designed to use any fire detection data
available. However, for the default model described here,
the location and timing for the fires are identified globally
by the MODIS Thermal Anomalies Product (Giglio et al.,
2006). This product provides detections of active fires based
on observations from the MODIS instruments onboard the
NASA Terra and Aqua polar orbiting satellites. Processed
fire detections, from the MODIS Rapid Response (MRR)
or the MODIS Data Processing System (MODAPS) Collec-
tion 5, are obtained directly from the University of Mary-
land (NASA/University of Maryland, 2002; Davies et al.,
2009). (For more information about these data, refer to
the MODIS Fire Users Guide,http://maps.geog.umd.edu/
products/MODISFire UsersGuide2.4.pdf, and the FAQ
section, http://maps.geog.umd.edu/firms/faq.htm). These
data provide daily fire detections with a nominal horizon-
tal resolution of∼1 km2 and include the location and over-
pass time (UTC) of the fire detection and the confidence of
the fire detection. Despite the uncertainties associated with
the daily fire detections (see Uncertainties Section below),
they are used specifically to capture the day to day fluctua-
tion in fire emissions that are critical for many applications.
All fire detections from the MODIS instruments aboard both
the NASA Aqua and Terra satellites from 1 January 2005
through 31 December 2010 are used here. Fire detections
with confidence less than 20 % are removed. For 2005–2010,
annually∼2 % of the original fire points are removed due to
low confidence values.

The MODIS satellite observations do not cover the en-
tire globe daily at latitudes between approximately 30◦ N and
30◦ S, due to the observational swath path. Since forecasting
and air quality applications require daily emission estimates,
the detections are smeared over two days. To accommodate
for the lack of daily coverage in the tropical latitudes, fire
detections in these equatorial regions are counted for a 2-day
period, following methods similar to those described by Al-
Saadi et al. (2008). For each fire detected in the equatorial
region only, a fire is assumed to continue into the next day at
half of its original size. This assumption has yet to be veri-
fied. Once the potential gaps in tropical fires are considered,
multiple daily detections of individual fires are removed as
described next.

Since observations from both MODIS instruments aboard
the Terra and Aqua satellites are applied, the possibility
of “double-counting” the same fire on a single day occurs.
Therefore, for each day, multiple detections of the same fire
pixel are identified globally and removed as described by Al-
Saadi et al. (2008). This method removes fire detections for
a single day that fall within a 1 km2 radius of another fire de-
tection. Therefore, for each 1 km2 hot spot, there can be only
one fire per day. If a fire occurs the following day at the same
location, it is counted again. Therefore, fires that prevail in
the same location over several days are accounted for.

The type of vegetation burned at each fire pixel is deter-
mined by the MODIS Collection 5 Land Cover Type (LCT)
product for 2005 (Friedl et al., 2010). The IGBP land cover
classification (Table 1) is used to assign each fire pixel to
one of 16 land cover/land use (LULC) classes. Addition-
ally, at each fire point, the MODIS Vegetation Continuous
Fields (VCF) product (Collection 3 for 2001) is used to iden-
tify the density of the vegetation at each active fire location.
The VCF product identifies the percent tree, non-tree veg-
etation, and bare cover at 500 m resolution (Hansen et al.,
2003, 2005; Carroll et al., 2011). The VCF data are scaled to
1 km spatial resolution to match the fire detection and LCT
datasets.

Inconsistencies between the datasets described above are
resolved as follows. Any fire detections in areas with the
LCT classification for water, snow, or ice are removed
(<0.2 % of original annual fire points). When the total cover
from the VCF product for any fire point does fully cover each
pixel, the values are scaled to 100 %. This primarily happens
as a result of the scaling of the VCF product from 500 m to
1 km resolution. Those fire detections that fall in areas that
are 100 % bare cover or unclassified according to the VCF
product are reassigned vegetation coverage based on the LCT
classification (typically<0.5 % of original annual fire detec-
tions). In these cases, for fires located on LCT forest classifi-
cations, the percent coverage is reassigned to 60 % tree cover
and 40 % herbaceous cover. For fires in LCT shrubland clas-
sifications, the percent cover is reassigned to 50 % tree cover
and 50 % herbaceous cover. For fires in LCT grassland clas-
sifications that do not have associated VCF cover informa-
tion, the percent vegetative cover is reassigned to 20 % tree
cover and 80 % herbaceous cover.

Fire points assigned by the LCT product as “urban” or
“bare/sparsely vegetated” are assumed to be open vegeta-
tion burning and are reassigned a land cover type based on
the total tree and non-tree vegetation cover, as determined by
the VCF product. For those fire points with less than 40 %
tree cover, the urban or sparsely vegetated land cover is reas-
signed to grasslands; for 40–60 % tree cover, the point is re-
assigned as shrublands; and for tree cover greater than 60 %
tree cover, the point is reassigned as a forest.

The global LULC classifications of the MODIS LCT prod-
uct are then further lumped into more generic land cover clas-
sifications that better match available information on global
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Table 1. Land use/land cover classifications as assigned by the MODIS Land Cover Type, assigned generic land cover class, and emission
factors (g kg Biomass Burned−1). Sources of emission factors are by color.

LCT Generic CO2 CO CH4 H2 NOx NO NO2 NMOC NMHC SO2 NH3 PM2.5 TPM TPC OC BC
Classification Vegetation Type (as NO)

Evergreen Needleleaf Forest BOR 1514 118 6 2.3 1.8 1.5 3 28 5.7 1 3.5 13 18 8.3 7.8 0.2
Evergreen Broadleaf Forest TROP 1643 92 5.1 3.2 2.6 0.91 3.6 24 1.7 0.45 0.76 9.7 13 5.2 4.7 0.52
Deciduous Needleleaf Forest BOR 1514 118 6 2.3 3 1.5 3 28 5.7 1 3.5 13 18 8.3 7.8 0.2
Deciduous Broadleaf Forest TEMP 1630 102 5 1.8 1.3 0.34 2.7 11 5.7 1 1.5 13 18 9.7 9.2 0.56
Mixed Forests TEMP 1630 102 5 1.8 1.3 0.34 2.7 14 5.7 1 1.5 13 18 9.7 9.2 0.56
Closed Shrublands WS 1716 68 2.6 0.97 3.9 1.4 1.4 4.8 3.4 0.68 1.2 9.3 15.4 7.1 6.6 0.5
Open Shrublands WS 1716 68 2.6 0.97 3.9 1.4 1.4 4.8 3.4 0.68 1.2 9.3 15.4 7.1 6.6 0.5
Woody Savannas WS 1716 68 2.6 0.97 3.9 1.4 1.4 4.8 3.4 0.68 1.2 9.3 15.4 7.1 6.6 0.5
Savannas SG 1692 59 1.5 0.97 2.8 0.74 3.2 9.3 3.4 0.48 0.49 5.4 8.3 3 2.6 0.37
Grasslands SG 1692 59 1.5 0.97 2.8 0.74 3.2 9.3 3.4 0.48 0.49 5.4 8.3 3 2.6 0.37
Permanent Wetlands SG 1692 59 1.5 0.97 2.8 0.74 3.2 9.3 3.4 0.48 0.49 5.4 8.3 3 2.6 0.37
Croplands CROP 1537 111 6 2.4 3.5 1.7 3.9 57 7 0.4 2.3 5.8 13 4 3.3 0.69
Cropland/Natural Vegetation Mosaic SG 1692 59 1.5 0.97 2.8 0.74 3.2 9.3 3.4 0.48 0.49 5.4 8.3 3 2.6 0.37
Barren or Sparsely Vegetated SG 1692 59 1.5 0.97 2.8 0.74 3.2 9.3 3.4 0.48 0.49 5.4 8.3 3 2.6 0.37

BOR = Boreal Forest; TROP = Tropical Forest; TEMP = Temperate Forest WS = Woody Savannah/Shrubland; SG = Savanna/Grassland; CROP = Croplands.
Sources for Emission Factors

Andreae (2008), Extratropical Forest
Akagi et al. (2011)
McMeeking (2008)
Andreae and Merlet (2001) Savanna & Grassland
Calculate NO2 EF from NOx and NO EFs
Andreae and Merlet (2001) Crop Residue
Sum of OC and BC EFs

fuel loadings and emission factors. These generic categories
include Savanna and Grasslands (SG), Woody Savannas and
Shrublands (WS), Tropical Forest (TROP), Temperate For-
est (TEMP), Boreal Forest (BOR), and Cropland (CROP)
(Table 1). The evergreen, deciduous, and mixed forest land
covers of the LCT are assigned as either boreal or temperate
forest depending on the latitude of the point: if latitude is
greater than 50◦ N, the forest is labeled as a boreal forest.

At present, FINNv1 does not obtain the area burned at
each identified fire pixel from burned area products since
they are not rapidly available. Therefore, an upper limit is
assumed for the burned area. For each fire identified, the as-
sumed burned area is 1 km2, except for fires located in grass-
lands/savannas: these are assigned a burned area of 0.75 km2

(Wiedinmyer et al., 2006; Al-Saadi et al., 2008). This burned
area is further scaled based on the percent bare cover by the
VCF product at the fire point. For example, a forest fire de-
tected at a point is assigned a burned area of 1 km2; yet, if that
same pixel is assigned 50 % bare cover by the VCF dataset,
the assigned burned area is 0.5 km2.

Fuel loadings (or the amount of biomass available that can
be burned in each fire) for each generic LULC in the various
world regions are assigned based on values from Table 2 of
Hoelzemann et al. (2004) and updates shown in our Table 2.
For most classes and regions, the average of the GWEM v1.2
and v1.21 are used (Hoelzemann et al., 2004). Changes to
the original values presented by Hoelzemann et al. (2004)
include the following: (1) temperate forests in Oceana are
assigned the average of the fuel loadings for temperate and
tropical forests assigned by Hoelzemann et al. (2004)for that
region. (2) The temperate forest fuel loading for Australia,

particularly in the eucalyptus forests of southeastern Aus-
tralia, is typically much higher than the 7000 g m−2 assigned
by Hoelzemann et al. (2004) (C. Murphy, personal commu-
nications) and is been replaced with a larger value. (3) The
fuel loading assigned to croplands is 500 g m−2 for fires as-
signed to croplands (Wiedinmyer et al., 2006). We expect
that the North America fuel load of 500 g m−2 is towards the
lower limit and would result in a conservative global crop
residue fuel load. The one exception to this rule is for a
small area of croplands within Brazil (from latitude 20.36◦

to 22.71◦ S and longitude−47.32◦ and−49.16◦ W). In this
limited region, sugar cane is assumed to be the crop type that
is burned, and the fuel loading here is assigned as 1100 g m−2

(Macedo et al., 2008; E. Campbell, personal communica-
tions, June 2010). This is just one example of how the model
can be modified at regional and local levels to include spe-
cific information.

The fraction of the biomass assumed to burn (FB) at each
fire point is assigned as a function of tree cover, as described
by Wiedinmyer et al. (2006) and taken from Ito and Pen-
ner (2004). For areas with 60 % or more tree cover, as de-
fined by the MODIS VCF product, FB is 0.3 for the woody
fuel and 0.9 for the herbaceous cover. For areas with less
than 40 % tree cover, no woody fuel is assumed to burn and
the FB is 0.98 for the herbaceous cover. Note that these are
the upper limits as presented by Ito and Penner (2004). For
those fires with 40–60 % tree cover, FB is 0.3 for the woody
fuels, and FB for the herbaceous fuel is calculated as:

FBherbaceousfuel = e−0.13×fraction tree cover. (2)
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Table 2. Fuel loadings (g m−2) assigned to generic land cover classifications for the global regions. These values are based on the average
of the two model estimates from Table 2 of Hoelzemann et al. (2004) unless noted otherwise.

Global Tropical Temperate Boreal Woody Savanna/ Savanna and
Region Forest Forest Forest Shrublands Grasslands

North America 28 076b 10 492 25 000a 5705 976
Central America 20 260 11 000a 2224 418
South America 25 659 7400a 3077 552
Northern Africa 25 366 3497 2501 318
Southern Africa 25 295 6100 2483 360
Western Europe 28 076b 7120 6228 4523 1321
Eastern Europe 28 076b 11 386 8146 7752 1612
NorthCentral Asia 6181c 20 807 25 000a 11 009 2170
Near East 6181c 10 316 2946 655
East Asia 6181c 7865 4292 722
Southern Asia 27 969 14 629 5028 1445
Oceania 16 376 11 696d 1271 245

a Akagi et al. (2011) and references therein;b added a tropical forest class to North America and Europe (in LCT);c all Asia assigned equal tropical forest values;d taken as the
average of tropical and temperate forest fuel loadings for Oceania.

The amount of woody fuel available to burn at each fire
is determined by the fraction of tree cover and the fuel load-
ing for the specific land cover type and global region; the
herbaceous fuel loading is assigned the fuel loading for the
grassland land cover in that global region. The amount of the
fuel burned is equal to the biomass loading multiplied by the
fraction burned and the fractional cover of each vegetation
cover (by the MODIS VCF) for each pixel.

For each LULC type, the emission factors for various
gaseous and particulate species have been taken from avail-
able datasets (see Table 1 and references therein). Detailed
emission factors for individual NMOCs emitted by open
burning have been compiled by Akagi et al. (2011), Andreae
and Merlet (2001), and M. O. Andreae (personal communi-
cation, October 2008). However, to simulate NMOC chem-
istry in many models, particularly chemical transport mod-
els, many of the individual chemical compounds are assigned
to “lumped” species in a simplified chemical mechanism.
FINNv1 calculates both the total NMOC for each generic
land cover type, and also lumps the total NMOC emissions as
appropriate for various chemical mechanisms. Tables 3–5 in-
clude speciation factors developed from the species-specific
emissions factors provided by Akagi et al. (2011), Andreae
and Merlet (2001), McMeeking (2008), and M. O. Andreae
(personal communication, October 2008). Multiplying the
total NMOC emissions (kg) from FINNv1 by the speci-
ation factors shown in the Tables will provide the moles
emitted of individual organic compounds or lumped species
for the indicated chemical mechanism. Here we provide
speciation profiles for the GEOS-Chem (Bey et al., 2001;
http://www.geos-chem.org/), MOZART-4 (Emmons et al.,
2010a), and SAPRC99 (Carter et al., 2000) chemical mech-
anisms. These speciation profiles are available for use not

only with FINNv1 emission estimates, but also other NMOC
fire emission estimates from other fire models.

The primary differences in the methods described here,
compared to the framework presented by Wiedinmyer et
al. (2006), include the extension of the model domain from
North and Central America to the globe; the removal of fire
detections with confidence less than 20 %; the “smoothing”
of the fire detections in the tropical latitudes where satellite
observations occur less than daily; the removal of multiple
detections of the same fire for a given day; the use of the
MODIS Land Cover Type dataset to describe the ecosystem
burned; and the updated emission factors from the most re-
cent datasets. For North and Central America, the model
improvements in FINNv1 lead to significant differences be-
tween the results obtained from earlier versions of this model
framework (e.g., Wiedinmyer at al., 2006; Wiedinmyer and
Neff, 2007).

3 Results

Daily fire emissions for 1 January 2005 through 31 Decem-
ber 2010 were estimated using the FINNv1 model framework
and inputs described here. The daily global results for the
MOZART-4 and SAPRC99 chemical mechanisms are avail-
able for download and use athttp://bai.acd.ucar.edu/Data/
fire/. The global total emissions of key trace gases and par-
ticulate species for each year from 2005–2010 are shown in
Table 6. Table 7 shows the annual, global biomass and area
burned by generic land cover type for 2005–2010. Annual
average (2005–2010) regional estimates of emissions, burn
area, and biomass burned are provided in Table 8 for regions
shown in Fig. 1 (adapted from van der Werf et al., 2006;
2010). The results show a significant variation in the global
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Fig. 1. Regions used for analysis, taken from those applied by van der Werf et al. (2006, 2010). The acronyms on the figure represent the
following: BONA: Boreal North America; TENA: Temperate North America; CENA: Central America and Mexico; NHSA: Northern Hemi-
spheric South America; SHSA: Southern Hemispheric South America; SHAF: Southern Hemispheric Africa; NHAF: Northern Hemispheric
Africa; NAFME: Northern Africa and the Middle East; EURO: Europe; AUSTR: Australia; EQAS: Equatorial Asia; SEAS: Southeast Asia
and India; CENAS: Central Asia; BORAS: Boreal Asia.

annual totals, and substantial spatial variability in the re-
gional estimates. For the years investigated, equatorial Asia
(EQAS) has the most variability in area and biomass burned
and resulting emissions. The tropical forests produce the
highest annual emissions, followed by shrublands and woody
savannas (Fig. 2). The tropical forests produce the highest
emissions because the number of hot spots in the tropical
forests is the highest, and the amount of biomass burned in
these fires is also higher than other fuel types. The major-
ity of the emissions of CO from cropland fires occur in the
Northern Hemisphere.

3.1 Comparison of FINNv1 to other biomass burning
inventories

On a global scale, the biomass consumption and total emis-
sions predicted with FINNv1 are fairly similar to amounts
from other global estimates. For example, the total global
biomass burned in GICC (Mieville et al., 2010) for 2000
was estimated to be 5790 Tg, and the average annual global
biomass burned from 2005–2010 estimated with FINNv1 is
5720 Tg (Table 7) The global annual FINNv1 CO2 emis-
sion estimates are∼5–30 % larger than the GFEDv3.1 es-
timates (Table 9). The agreement is variable by year and
the differences result primarily from the different fuel con-
sumption approaches that drive the two models. Region-
ally, these differences between FINNv1 and GFEDv3.1 are
not consistent. Using regions similar to those applied by
van der Werf et al. (2006) (Fig. 1), annual average (2005–
2009) CO2 emissions from the two approaches are compared
(Fig. 3). FINNv1 predicts higher emissions in South Amer-
ica and Southeast Asia, whereas GFEDv3.1 produces higher
estimates in Africa and boreal North America. The lower

Fig. 2. FINNv1 emission estimates of CO averaged over 2005–
2010 for the five generic land cover types. Totals are given for
the globe, for the Northern Hemisphere (NH), and for the South-
ern Hemisphere (SH).

FINNv1 emission estimates in Africa could be the result of
an underestimate of the area burned in this region in that the
assumed burn area per hot spot could be too low for savannah
fires. These regions of discrepancy may be those for which
further validation is most warranted for the two methods.

Next we compare the detailed emissions of various, mostly
reactive, species. For 2005, the GICC estimates 504 Tg CO,
20.5 Tg NOx (as NO2), and 3.8 Tg BC for 2005. FINNv1
estimates for these compounds for 2005 are 375 Tg CO,
20.4 Tg NOx (as NO2), and 2.3 Tg BC. The average an-
nual PM2.5 estimate from FINNv1 (2006–2008) was 40 Tg,
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Table 3. Factors to convert NMOC Emissions (kg day−1) to MOZART-4 chemical species (moles-species day−1) for each generic land
cover class in which a fire burns. See Emmons et al. (2010a) for description of lumped species.

Generic Land Cover Type

MOZART 4 Savanna/ Tropical Temperate Agriculture Boreal Shrublands
Species Grasslands Forest Forest Forest

BIGALD 0.02 0.01 0.01 0.01 0.01 0.02
BIGALK 0.20 0.13 0.11 0.09 0.16 0.42
BIGENE 0.45 0.52 0.22 0.37 0.35 0.63
C10H16 0.01 0.04 0.03 0.00 0.04 0.01
C2H4 2.27 1.38 1.11 1.08 1.62 2.30
C2H5OH 0.02 0.01 0.01 0.01 0.01 0.02
C2H6 0.82 0.82 0.29 0.43 1.63 1.01
C3H6 0.43 0.56 0.26 0.38 0.76 0.77
C3H8 0.18 0.10 0.10 0.08 0.13 0.37
CH2O 2.12 2.08 1.33 1.84 1.46 2.23
CH3CHO 1.03 1.27 0.38 3.05 0.67 0.96
CH3CN 0.21 0.36 0.12 0.55 0.13 0.41
CH3COCH3 0.22 0.39 0.20 0.83 0.20 0.71
CH3COCHO 0.81 0.37 0.17 0.19 0.28 0.86
CH3COOH 2.08 1.87 0.53 2.19 1.80 1.24
CH3OH 1.92 2.60 1.51 2.11 2.50 2.49
CRESOL 0.44 0.17 0.07 0.60 0.85 0.00
GLYALD 0.50 0.79 0.28 1.68 0.25 1.39
HCN 1.01 0.56 0.51 0.33 2.49 1.29
HYAC 1.01 0.55 8.03 0.00 0.77 0.00
ISOP 0.05 0.07 0.03 0.60 0.14 0.03
MACR 0.00 0.08 0.00 0.00 0.00 0.00
MEK 1.31 0.85 0.41 0.79 1.64 1.16
MVK 0.00 0.20 0.00 0.00 0.00 0.00
NO 0.38 0.74 0.26 0.09 0.70 0.74
TOLUENE 1.16 2.06 0.61 1.07 1.30 1.32
HCOOH 0.65 0.44 0.26 0.90 0.57 0.16
C2H2 0.72 0.36 0.14 0.21 0.20 0.55

Fig. 3. Annual average CO2 emissions (2005–2009) for FINNv1
and GFED3.1 for regions shown in Fig. 1. Error bars represent the
standard deviation of the annual estimates.

whereas this number was 44 Tg from GFEDv2 and 110 Tg
from FLAMBE (Reid et al., 2009). The different estimates
for the above species are consistent within the uncertainties
of the model frameworks (see Sect. 3.5).

The organic compounds emitted by fires are reactive
species that play a role in the formation of ozone and sec-
ondary organic aerosol. Thus, accurate estimates of the
organic emissions from open burning are critical input for
any atmospheric chemistry or air quality model. Compari-
son of organic emissions derived from FINNv1 with previ-
ous biomass burning estimates or with other sources of or-
ganic emissions (Sect. 3.2) requires clarification of the rele-
vant terminology, which is also discussed in more detail in
Akagi et al. (2011). Non-methane hydrocarbons (NMHC)
are organic molecules that by definition contain only atoms
of C and H such as alkenes and alkanes. In early biomass
burning research, NMHC were thought to account for nearly
all the organic compounds emitted by fires and it became
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Table 4. Factors to convert NMOC Emissions (kg day−1) to SAPRC99 chemical species (moles-species day−1) for each generic land cover
class in which a fire burns.

Generic Land Cover Type

SAPRC99 Savanna/ Tropical Temperate Cropland Boreal Shrublands
Species Grasslands Forest Forest Forest

ACET 0.22 0.40 0.20 0.83 0.20 0.71
ALK1 1.25 1.40 0.47 1.22 1.84 1.63
ALK2 0.92 0.51 0.26 0.31 0.34 1.12
ALK3 0.04 0.04 0.03 0.02 0.05 0.05
ALK4 0.07 0.04 0.04 0.03 0.06 0.10
ALK5 0.06 0.03 0.02 0.02 0.03 0.06
ARO1 1.11 1.86 0.53 0.95 1.18 1.24
ARO2 0.03 0.08 0.06 0.06 0.10 0.06
BALD 0.02 0.12 0.01 0.01 0.01 0.02
CCHO 1.03 1.31 0.38 3.05 0.67 0.95
CCO OH 2.08 1.93 0.53 2.19 1.80 1.24
ETHENE 2.27 1.42 1.11 1.09 1.61 2.29
HCHO 2.11 2.14 1.33 1.84 1.45 2.22
HCN 1.01 0.58 0.51 0.33 2.48 1.28
HCOOH 0.65 0.45 0.26 0.90 0.57 0.16
HONO 0.38 0.76 0.26 0.09 0.70 0.74
ISOPRENE 0.05 0.07 0.03 0.60 0.14 0.03
MEK 1.87 1.20 8.33 0.54 2.25 0.92
MEOH 1.91 2.68 1.51 2.11 2.49 2.48
METHACRO 0.00 0.08 0.00 0.00 0.00 0.00
MGLY 0.80 0.38 0.17 0.19 0.27 0.86
MVK 0.22 0.20 0.00 0.14 0.00 0.00
OLE1 0.72 0.83 0.36 0.54 0.93 1.06
OLE2 0.20 0.19 0.10 0.16 0.16 0.31
PHEN 0.44 0.18 0.07 0.60 0.84 0.00
PROD2 0.22 0.23 0.10 0.11 0.16 0.24
RCHO 0.60 1.47 0.36 2.08 0.37 1.50
TRP1 0.01 0.04 0.03 0.00 0.04 0.01

Table 5. Factors to convert NMOC Emissions (kg day−1) to GEOS-Chem chemical species (moles-species day−1) for each generic land
cover class in which a fire burns.

Generic Land Cover Type

GEOS-CHEM Savanna/ Tropical Temperate Cropland Boreal Shrublands
Species Grasslands Forest Forest Forest

ACET 0.22 0.39 0.20 0.83 0.20 0.71
ALD2 2.96 3.45 1.02 5.50 1.48 3.88
ALK4 3.93 3.45 1.40 4.05 3.90 3.18
C2H6 0.82 0.82 0.29 0.43 1.63 1.01
C3H8 0.18 0.10 0.10 0.08 0.13 0.37
CH2O 2.12 2.08 1.33 1.84 1.45 2.23
ISOP 0.06 0.15 0.08 0.60 0.23 0.05
NO 0.38 0.74 0.26 0.09 0.70 0.74
MEK 1.40 1.05 0.41 0.78 1.63 1.25
PRPE 3.12 3.57 1.71 2.09 3.30 3.69
HCN 1.02 0.56 0.51 0.33 2.49 1.29
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Table 6. Global annual emissions (Tg-Species yr−1) from FINNv1.

YEAR CO2 CO CH4 NMHC NMOC H2 NOx (as NO) NO NO2 NH3 SO2 PM2.5 PM10 TPM TPC OC BC

2005 7590 375 18 13 81 10 13 4.6 13 4.5 2.5 42 51 60 25 23 2.3
2006 7723 400 20 13 92 11 13 4.6 14 4.7 2.5 44 54 63 26 24 2.3
2007 7275 372 18 13 81 10 12 4.4 13 4.4 2.4 40 51 59 25 23 2.2
2008 6464 332 16 12 71 8.4 11 4.0 11 4.4 2.3 36 45 53 23 21 1.9
2009 6886 347 17 12 75 9.3 12 4.2 12 4.2 2.3 39 48 56 24 22 2.1
2010 7999 409 20 14 88 11 14 4.8 15 4.8 2.7 45 57 65 27 25 2.4

Table 7. Global annual estimates of biomass burned (Tg) and area burned (km2 10−6) per generic LULC type for 2005–2010.

Boreal Tropical Temperate Woody Savannas/ Grasslands Croplands Total
Forests Forests Forests Shrublands

Year Biomass Area Biomass Area Biomass Area Biomass Area Biomass Area Biomass Area Biomass Area
Burned Burned Burned Burned Burned Burned Burned Burned Burned Burned Burned Burned Burned Burned

2005 79 0.02 3288 0.62 236 0.17 1371 2.50 772 1.6 207 0.20 5951 5.1
2006 193 0.04 3782 0.85 264 0.23 970 1.83 604 1.4 241 0.21 6054 4.6
2007 95 0.02 3204 0.59 276 0.19 1216 2.22 727 1.60 188 0.17 5708 4.8
2008 218 0.05 2349 0.44 258 0.18 1262 2.36 666 1.43 242 0.21 4998 4.7
2009 95 0.02 2947 0.55 267 0.18 1258 2.26 625 1.34 202 0.19 5396 4.6
2010 140 0.03 3630 0.66 277 0.20 1338 2.33 709 1.5 183 0.18 6280 4.9

commonplace to equate NMHC emissions to total organic
emissions. More recent work has shown that 60–80 % of
the identifiable organic compounds emitted by fires contain
oxygen atoms in addition to C and H (Yokelson et al., 1996,
2008; Holzinger et al., 1999; Karl et al., 2007). A broader
term for organic emissions that includes the oxygenated or-
ganic compounds (e.g. formaldehyde, methanol, etc.) is non-
methane organic compounds (NMOC). An updated compila-
tion of EF for NMOC by Akagi et al. (2011) is incorporated
into FINNv1. However, in some other estimates the term
NMHC is still used and the quantity represented by this term
may vary. Sometimes NMHC refers to just the molecules
with C and H (van der Werf et al., 2006, 2010). In other
studies, the term NMHC is not defined and thus unclear,
but it may be intended to indicate the NMHC plus the other
NMOC. In any case, the intent of previous work was proba-
bly to estimate total organic emissions regardless of the ter-
minology. Here we compare the amount of identified NMOC
emitted by open burning, as derived by FINNv1, to previ-
ous estimates of total organic emissions. One other clarifica-
tion is worthwhile. Even in studies that measure fire emis-
sions by Fourier transform infrared spectroscopy, mass spec-
trometry, and gas chromatography only about one-half of the
NMOC peaks can be identified as specific compounds. The
large number of unassigned peaks confirms that fires emit a
substantial amount of NMOC that have not yet been iden-
tified with present technology (Christian et al., 2003; Karl
et al., 2007). The amount of these unidentified compounds
is uncertain and, thus, not further discussed in this paper;
however, estimates of total global NMOC that include the
unidentified species can be found in Akagi et al. (2011). The

emissions of NMOC from FINNv1 are a factor of 3.7 to 5.0
higher than the GFEDv3.1 NMHC emission estimates, as is
to be expected due to the consideration of more species of
organic emissions in FINNv1 (Table 9).

3.2 Comparison of biomass burning to other emission
sources

The open biomass burning emissions from FINNv1 for 2008
make up 27 % of global particulate BC emissions, 33 % of
global CO emissions, and 62 % of global primary particulate
OC emissions; where the 2008 global totals were estimated
by Emmons et al. (2010a) (Fig. 4).

Emissions of individual organic species are estimated from
the total global NMOC emissions using the speciation pro-
files presented in Tables 3 through 5. The global annual
totals of a few key organic compounds calculated with the
MOZART-4 and SAPRC99 speciation profiles are shown in
Table 10. Isoprene, the most abundant biogenic emission, is
also emitted by open fires, but in small amounts compared
to the 600 Tg emitted from undisturbed vegetation (Guenther
et al., 2006). However, the fire emissions of other individual
NMOC species can be more important. Globally, the aver-
age annual methanol (CH3OH) emissions from open biomass
burning are 2.8 times larger than the anthropogenic emissions
of CH3OH, and the emissions of formaldehyde (CH2O) are a
factor of 1.4 larger than anthropogenic emissions (Emmons
et al., 2010a). Note that that the above ratios compare open
biomass burning to other estimates of anthropogenic emis-
sions, and biofuel use (primarily cooking with biomass fuel)
is included in the anthropogenic category.
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Table 8. Annual average emissions, area burned, and biomass burned (2005–2009) for the regions shown in Fig. 1. All emissions have the
units Gg yr−1, except for CO2, which has units Tg yr−1. Area burned is shown in km2·1e−3 and biomass burned is shown in Tg yr−1.

REGION CO2 CO CH4 NMOC NMHC NOx NO NO2 NH3 SO2 PM2.5 TPM OC BC Area Biomass
(as NO) Burned Burned

BORNA 77 5275 260 1159 260 110 70 134 144 45 592 849 367 14 18 49
TEMNA 104 5902 275 1223 304 156 65 181 111 48 641 956 405 29 45 66
CENA 189 10 048 512 2252 316 312 109 357 110 63 1097 1565 611 59 121 153
NHSA 147 7285 357 1650 208 247 82 287 69 43 773 1092 400 43 90 118
SHSA 1753 93 348 4865 22 124 2379 2784 945 3599 858 528 9971 13 721 5132 538 655 1410
EURO 47 2688 128 924 156 91 38 92 49 16 219 386 134 16 21 29
NAFME 4 183 7 44 10 8 3 6 3 1 18 31 11 1 6 3
NHAF 912 41 000 1810 7187 1530 1716 583 1419 488 301 4687 7070 2746 261 1276 723
SHAF 1437 66 818 3030 11 118 2540 2635 900 2184 828 507 7846 11 742 4739 423 1747 1140
AUSTR 74 3399 151 648 128 136 46 122 40 24 377 566 216 21 166 54
EQAS 437 23 706 1270 5981 521 699 241 930 207 124 2495 3395 1234 135 78 353
SEAS 1631 86 666 4418 19 607 2778 2723 960 3040 978 546 9441 13 576 5300 514 397 1307
CENAS 136 7969 382 2815 477 248 102 283 142 47 623 1099 379 48 54 85
BORAS 382 22761 1079 6064 1259 679 286 701 467 169 2222 3511 1399 112 97 238

Table 9. Comparison of FINNv1 and the annual output from GFEDv3.1. The values here represent the ratio of the annual average FINNv1
emissions to the GFEDv3.1 emissions.

CO2 CO CH4 NMHC NMOC∗ NO SO2 BC OC

2005 1.07 1.07 0.98 0.59 3.8 1.30 1.04 1.03 1.26
2006 1.12 1.06 0.89 0.61 4.3 1.30 1.05 1.09 1.30
2007 1.05 1.10 1.04 0.59 3.8 1.27 1.05 1.02 1.27
2008 1.14 1.20 1.17 0.73 4.2 1.35 1.18 1.10 1.33
2009 1.34 1.38 1.28 0.80 5.0 1.61 1.37 1.32 1.61

∗ This represents the ratio of NMOC from FINNv1 divided by the NMHC emissions of GFEDv3.1.

3.3 High variability and major features of emission
rates

The daily emissions of total identified NMOC for the North-
ern Hemisphere, the Southern Hemisphere, and the globe are
shown in Fig. 5. The interannual variability can be quite sub-
stantial, particularly at the hemispheric and regional scales.
Weekly and daily emissions for specific time periods can
vary by more than a factor of two from year to year. The
NMOC emissions (as well as the other emissions of other
species not shown) are also extremely variable day to day
confirming the need for high temporal resolution for some
applications.

The major temporal features of the FINNv1 emissions are
summarized next. Two general peaks in emissions occur
each year. The first peak is from∼mid-February through
May and is primarily caused by the burning in the tropi-
cal and subtropical regions of the Northern Hemisphere. A
second peak occurs from August through September, which
corresponds to burning in the Southern Hemisphere tropics.
Assuming that CO2 and NMOC are emitted proportionally
from open biomass burning, this second peak in emissions
is qualitatively similar to what is presented for open burn-

ing CO2 emissions estimated by the GICC. However, the
first peak in FINNv1 NMOC emissions is somewhat different
from the GICC CO2 estimates for 1997–2005, which show a
peak in the global CO2 emissions starting in January of each
year (Fig. 4 of Mieville et al., 2010).

Regionally, emissions from open biomass burning show
substantial variability. Figure 6 shows the spatial distribution
of CO emissions from FINNv1 (allocated to a 1◦

× 1◦ res-
olution) for four months (January, April, July, and October)
in 2008. FINNv1 emissions for January are relatively low
and are centered near the equator. CO emissions in the trop-
ical Northern Hemisphere, specifically Southeast Asia and
Central America, are high during the spring months. There
are also large emissions associated with burning throughout
Central Asia. SH emissions predicted for July are located
mainly in South America and Africa, while NH July emis-
sions are found mainly in North America, and Northern Asia.
In October, open burning emissions are mostly produced in
the Southern Hemisphere (Figs. 5 and 6).
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Table 10.Global emissions (Tg yr−1) for selected species of the MOZART-4 chemical mechanism.

Year HCHO ISOPRENE HCN CH3CN CH3OH HCOOH C2H6 C2H4 C2H2

2005 5.2 0.8 1.5 1.3 6.6 2.0 2.0 3.4 0.8
2006 5.8 0.9 1.7 1.4 7.5 2.2 2.3 3.8 0.9
2007 5.0 0.7 1.4 1.2 6.4 1.9 1.9 3.3 0.8
2008 4.3 0.8 1.4 1.1 5.5 1.8 1.7 2.9 0.7
2009 4.7 0.7 1.4 1.1 6.0 1.8 1.8 3.1 0.7
2010 5.5 0.8 1.6 1.3 7.1 2.0 2.2 3.6 0.8

Fig. 4. Distribution of global emissions by source from FINNv1 (for
2008; labeled as Biomass Burning) and the emission inventories
applied by MOZART-4 (Emmons et al., 2010a). Anthropogenic
emissions include biofuel use.

3.4 Applications

The FINNv1 model was created to provide near real-time
estimates of open burning emissions that can easily be in-
corporated into chemical transport models. FINNv1 emis-
sions or their predecessors have already been used success-
fully in several regional and global applications (e.g., Fast et
al., 2009; Emmons et al., 2010b; Pfister et al., 2008; Hodzic
et al., 2007). Methods for allocating the emissions to a di-
urnal cycle and incorporating plume rise can be found else-
where (e.g., Freitas et al., 2009; WRAP 2005). Because the
FINNv1 emissions can be produced within a few hours of

Fig. 5. Daily emissions of NMOC from fires for 2005 through 2010
for (A) the globe,(B) the Northern Hemisphere, and(C) the South-
ern Hemisphere.

each satellite overpass, they can be used for model forecast
applications. FINNv1 emissions can be generated interac-
tively and feedback provided by users will improve future
versions of the model. The FINNv1 emission estimates have
advantages over some other inventories when high spatial
and/or temporal resolution or rapid availability is needed.
For example, despite the limitations of using the daily fire
counts (see Sect. 3.5), the daily estimates allow models to
capture the highly episodic nature of fire emissions that
could be missed with smoothing to 8-day resolution or us-
ing monthly fire counts, as is commonly done. Additionally,
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CO fire emissions - January CO fire emissions - April

CO fire emissions - July CO fire emissions - October
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molecules/cm2/s

Fig. 6. Monthly CO emissions from FINNv1, gridded to 1◦
× 1◦ for January, April, July and October 2008.

FINNv1 produces consistent emission estimates from coarse
grid scales to local scales, which facilitates comparisons and
is useful for nested applications.

4 Limitations and uncertainties

FINNv1 produces high-resolution (spatial and temporal)
emissions from open biomass burning on a global scale rel-
atively quickly (on the order of minutes to hours). Although
useful for multiple applications, the estimates are very un-
certain and have only begun to be compared to observa-
tions (e.g., Pfister et al., 2011). Uncertainties associated with
many aspects of the estimation process are described in de-
tail by Wiedinmyer et al. (2006) and below. In summary,
since most global fires are “small” it is likely that the largest
uncertainties arise from (1) missed fires causing an under-
estimation of the number of fires and (2) overestimating the
size of the small fires that are detected. These errors tend to
cancel as discussed by Wiedinmyer et al. (2006) and Yokel-
son et al. (2009); however, this can be regionally dependent.
Additional uncertainty could arise from misidentification of
the land cover, inaccurate fuel loading and parameterizations
of combustion completeness, and both uncertainty and nat-
ural variation in the emission factors (Akagi et al., 2011).
Other assumptions made in FINNv1 also add uncertainty,
such as the smoothing of the fire detections in tropical lati-
tudes to account for the lack of daily coverage by the MODIS

instruments in this region, and the assumed burned area of
each fire. For the global application described here, average
values for variable phenomena are applied to broad regions.
The average value may not always represent the real value
for some fires or some years. Next we discuss three of the
sources of uncertainty in more detail.

Satellite overpass timing and cloud cover may prevent the
detection of fires. The need to estimate the number of fires on
days without coverage limits the accuracy of any emissions
model. Additionally, all remote sensing thermal anomaly
products do not detect most of the fires less than∼100 ha
and some understory fires (e.g. Hawbaker et al., 2008), both
of which can be a significant source of emissions to the at-
mosphere.

The assumed burned area estimated by the FINN meth-
ods is highly uncertain. As a simple first approach, a max-
imum burn area is assumed for each fire pixel detected.
The resulting global burned area estimates from FINNv1 are
higher than other global estimates. For example, Tansey et
al. (2008b) estimate that the annual average global burned
area from 2000–2006 was 3.9 Mkm2, whereas the annual av-
erage (2005–2010) from FINNv1 is 4.8 Mkm2. The differ-
ent burned area estimates of FINNv1 compared to other es-
timates highlight the uncertainty and variability in this com-
ponent of the emissions model; however, we believe that the
estimates are within the overall uncertainty associated with
burned area estimates. For example, Burling et al. (2011)
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sampled 14 prescribed fires carried out by government agen-
cies in the US ranging from seven to over 1000 ha in 2009–
2010. None of these fires were detected in the standard
MODIS burned area product, and five of the 14 were de-
tected as hot spots. The actual total area burned by these
fires was 1843 ha. The FINNv1 burned area estimate for
these fires would be∼500 ha, and the MODIS burned area
for these fires would be zero ha. Both products seemingly
underestimated these fires, which were mostly small. In
southern Mexico in 2006, Yokelson et al. (2011) sampled
56 fires. Ten of these fires registered as MODIS hotspots,
and MODIS burned area information is not reported for these
fires. A ground-based crew measured the size of six of the
Mexican fires (Yokelson et al., 2007). The total area burned
in these six fires was 368 ha. One of these six fires gener-
ated a hotspot, so the FINNv1 burned area for these fires is
∼100 ha. Again, small fires tend to be underestimated. Coin-
cidentally, the FINNv1 burned area estimate was an identical
27 % of actual for both US prescribed fires and fires in the
Mexican tropics.

The relationship between fire detections and area burned
is highly uncertain and the topic of much on-going research.
For example, Tansey et al. (2008a) provide relationships be-
tween fire hot spots and burn area for tropical peat forests in
Indonesia. To reduce the uncertainties due to the burn area
estimates within FINN, we will look to incorporate any ro-
bust relationships between hot spots and burned area in future
versions.

The land use/land cover (LULC) classifications assigned
to the fires introduces some uncertainty to the emission es-
timates. For the results presented here, the satellite-derived
MODIS LCT and VCF products are used to identify the type
and density of vegetation burned. These products were cho-
sen specifically because of their consistency with the MODIS
fire detections, easy access, and easy use. Yet, determi-
nation of ecosystem type can vary significantly from one
land cover data product to another. For example, Wiedin-
myer et al. (2006) showed that the use of three different
LULC datasets to drive a regional fire emissions model for
North and Central America led to 26 % differences in an-
nual emission estimates. Those authors ultimately selected
the Global Land Cover 2000 product (GLC2000; Fritz et
al., 2003) to determine the land cover burned at each fire in
North and Central America (Wiedinmyer et al., 2006). Giri
et al. (2005) detail differences in the MODIS LCT product
and the GLC2000 dataset and show that the area totals of
the generic land covers agree reasonable well globally, ex-
cept for woody savannas/shrublands and wetlands. However,
at the pixel level, agreement between the two datasets is not
as good. A fire located in a forest will typically be associ-
ated with more emissions than a fire located in grasslands
due to the higher fuel loadings. Thus, the determination of
land cover and vegetation coverage can introduce significant
error in the emission estimates.

Correct assignment of the vegetation does not prevent un-
certainty due to the fuel consumption estimates. Only one
value for fuel loading is assigned to each land cover type in
each region. A constant value is most likely not representa-
tive of a vegetation class within an entire region and will not
reproduce the full heterogeneity of the landscapes. For ex-
ample, Soja et al. (2004) found that disparities in the amount
of carbon stored in unique Siberian ecosystems and the sever-
ity of fire events can affect total direct carbon emissions by
as much as 50 %. However, a strength of FINNv1 is that it
is relatively easy to introduce specific regional information
to replace the generic information in an effort to reduce un-
certainties in the emission estimation process. For example,
as discussed above, specific fuel loadings for crop fires in a
small area of Brazil were applied to account for sugar cane
burning.

The uncertainty in total emissions that can arise from
coupling all the inherent uncertainties is illustrated briefly
with a few examples. Al-Saadi et al. (2008) reported that
monthly fire emission estimates generated for the contiguous
US over several months in 2006 by various remote sensing-
based techniques varied by an order of magnitude. Roy and
Boschettio (2009) evaluated three remotely-sensed burned
area products (L3JRC, GlobCarbon, and MODIS) for the
burning season in Southern Africa using the Landsat En-
hanced Thematic Mapper Plus data for the evaluation dataset.
They found that the MODIS burned area product was the
most accurate for that region and highlight the variability in
the various products. The use of various burned area prod-
ucts can lead to increased uncertainty in the emission esti-
mates produced. Chang and Song (2010) used two different
burned area products to derive their open burning emissions
for Southeast Asia: the L3JRC and the Collection 5 MODIS
(MCD45A1) burned-area products. They found that the av-
erage annual burned area estimates for the two products over
Asia from 2000–2006 were almost a factor of 2 different, and
the interannual variation in the burned area estimates differed
as well. When compared to the annual average burned area
estimates of GFEDv2 for the same time period, GFEDv2 was
50 % greater than the MCD45A1 burned area estimates and
almost a factor of 2 higher than the L3JRC estimates.

In light of the above discussion, we examine some of the
sources of uncertainty in FINNv1 in more detail. To test the
sensitivity of the emissions to the input land cover, we used
the GLOBCOVER global vegetation map (downloaded from
http://ionia1.esrin.esa.int/index.asp, January 2010), to assign
land cover for detected fires in FINNv1. Globally, the annual
(2006) total emissions of CO did not change significantly
(2 %) between the default case and the GLOBCOVER run,
although emissions of NOx and NH3 change by as much as
24 %. However, the amount of some landcover types that is
assumed to burn globally in each run changes substantially
when the different land cover datasets are applied, which can
have large impacts on the estimated emissions from a region
since different land covers have varying emission factors and
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fuel loadings that can lead to variations in emission esti-
mates. For example, globally for 2006, the GLOBCOVER
simulation estimates that more than 3 times the amount of
temperate forest burns compared to the default run driven by
the MODIS LCT data. Additionally, the LCT data implies
that more shrubland and grasslands burn globally. Regional
variation is also high. For example, the GLOBCOVER as-
signed 70 % more forest fires to the contiguous U.S., Mexico,
and Central America, leading to 20 % higher CO and 24 %
higher NMOC emissions than the default simulation in these
regions. In this case, the MODIS LCT assigned more shrub-
land, cropland and grassland fires. The total emissions esti-
mated using GLOBCOVER were only 10 % lower in Canada
and Alaska than the default simulation, due to fewer forest
fires assigned in these areas.

In summary, a quantitative assignment of uncertainty is
difficult, due to the uncertainties associated with the land
cover classifications, the fire detections, the assumed area
burned, the biomass loading, the amount of fuel burned, and
emission factors. van der Werf et al. (2010) provide the re-
sults of extensive Monte Carlo simulations for the GFEDv3.1
model and show uncertainties in the global carbon emissions
greater than a factor of two for some years. Further, they
note that regional and seasonal uncertainties are larger on
regional and monthly scales. At this time, we follow other
efforts (e.g., Wiedinmyer et al., 2006; Mieville et al., 2010)
and assign the uncertainty as approximately a factor of two
for the FINNv1 estimates. We will continue to apply in situ
measurements, satellite observations, and model simulations
to evaluate the accuracy of the estimates provided here. Fu-
ture versions of FINN will contain updates intended to re-
duce these uncertainties.

5 Conclusions

Open biomass burning injects significant amounts of par-
ticulate matter and trace gases into the atmosphere. The
Fire INventory from NCAR version 1.0 (FINNv1) estimates
these emissions daily on a global basis at a resolution of
1 km2. The inclusion of a number of important individual
trace gases and particulate species is presented. FINNv1
also provides speciation profiles for several lumped chem-
ical mechanisms used by some chemical transport models.
FINNv1 includes updated emission factors for non-methane
organic compounds, which may have an important impact on
the way in which global and regional chemistry is simulated.
Strengths of FINNv1 include: it quickly provides modelers
with reasonable, high temporal/spatial resolution fire emis-
sion estimates based on updated emission factors, and it is
easily adapted to more accurately target specific regions of
interest.

For many chemical species, the FINNv1 emission es-
timates agree well with other inventories; specifically the
GICC and the GFEDv3. However, this does not in itself

establish the absolute accuracy of the estimates because open
burning emission estimates are subject to inherent limita-
tions that lead to large uncertainties. These uncertainties
are associated with the input data used for fire identification
and land cover classifications, assumptions used to estimate
burned area, fuel loading and consumption, and estimates of
the amount and types of emissions from the identified fires.
Thus, the uncertainty assigned to the FINNv1 estimates is
about a factor of 2. Future work will compare the FINNv1
estimates to in situ measurements, satellite observations, and
chemical transport models. Incorporation of more robust re-
lationships between rapid fire detections and actual burned
area could be included to better simulate burned area in the
model framework.
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