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Abstract. New burned area datasets and top-down con-tively constant (around 2.1 Pg C yedj before declining in
straints from atmospheric concentration measurements of py2008 (1.7 Pg C year) and 2009 (1.5 Pg C yeat) partly due
rogenic gases have decreased the large uncertainty in fir® lower deforestation fire emissions in South America and
emissions estimates. However, significant gaps remain iriropical Asia. On a regional basis, emissions were highly
our understanding of the contribution of deforestation, sa-variable during 2002—-2007 (e.g., boreal Asia, South Amer-
vanna, forest, agricultural waste, and peat fires to total globaica, and Indonesia), but these regional differences canceled
fire emissions. Here we used a revised version of theout at a global level. During the MODIS era (2001-2009),
Carnegie-Ames-Stanford-Approach (CASA) biogeochemi-most carbon emissions were from fires in grasslands and sa-
cal model and improved satellite-derived estimates of arearannas (44%) with smaller contributions from tropical defor-
burned, fire activity, and plant productivity to calculate fire estation and degradation fires (20%), woodland fires (mostly
emissions for the 1997-2009 period on a°Gspatial reso- confined to the tropics, 16%), forest fires (mostly in the ex-
lution with a monthly time step. For November 2000 on- tratropics, 15%), agricultural waste burning (3%), and tropi-
wards, estimates were based on burned area, active fire deal peat fires (3%). The contribution from agricultural waste
tections, and plant productivity from the MODerate resolu- fires was likely a lower bound because our approach for mea-
tion Imaging Spectroradiometer (MODIS) sensor. For thesuring burned area could not detect all of these relatively
partitioning we focused on the MODIS era. We used mapssmall fires. Total carbon emissions were on average 13%
of burned area derived from the Tropical Rainfall Measur- lower than in our previous (GFED2) work. For reduced trace
ing Mission (TRMM) Visible and Infrared Scanner (VIRS) gases such as CO and gHieforestation, degradation, and
and Along-Track Scanning Radiometer (ATSR) active fire peat fires were more important contributors because of higher
data prior to MODIS (1997-2000) and estimates of plantemissions of reduced trace gases per unit carbon combusted
productivity derived from Advanced Very High Resolution compared to savanna fires. Carbon emissions from tropical
Radiometer (AVHRR) observations during the same period.deforestation, degradation, and peatland fires were on aver-
Average global fire carbon emissions according to this ver-age 0.5 Pg Cyeat. The carbon emissions from these fires
sion 3 of the Global Fire Emissions Database (GFED3) weremay not be balanced by regrowth following fire. Our re-
2.0 Pg Cyear! with significant interannual variability dur- sults provide the first global assessment of the contribution
ing 1997—2001 (2.8 Pg C yearin 1998 and 1.6 Pg C yeat of different sources to total global fire emissions for the past
in 2001). Globally, emissions during 2002—2007 were rela-decade, and supply the community with an improved 13-year

fire emissions time series.
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1 Introduction satellite information on fire activity (ATSR) and/or aerosol
optical depths from the Total Ozone Mapping Spectrometer
Over the last decade, the role of fire in shaping the enviTOMS). In addition to improving contemporary estimates,
ronment and atmosphere has been increasingly appreciatédng-term time series during the 20th century have been con-
(e.g., Langmann et al., 2009; Bowman et al., 2009). Firestructed, primarily with the aim of understanding changes
is one of the most important disturbance agents in terrestriain ecosystems, the carbon cycle, and atmospheric chemistry
ecosystems on a global scale and is widely used by humans t@/ouillot et al., 2006; Schultz et al., 2008; Mieville et al.,
manage and transform land for many purposes, especially i2010).
tropical and subtropical ecosystems. Fires contribute signifi- The early approaches to estimate global fire emissions
cantly to the budgets of several trace gases and aerosols (AfiSeiler and Crutzen, 1980; Crutzen and Andreae, 1990) de
dreae and Merlet, 2001) and are one of the primary causefacto estimated the contribution from different sources, be-
of interannual variability in the growth rate of several trace cause estimates were based on biome-averaged fuel loads
gases, including the greenhouse gases @@ CH; (Lan-  and fire frequencies (in savannas and forests) and estimates
genfelds et al., 2002). of per-capita clearing rates in combination with population
In many regions, pre-industrial levels of fire activity may densities to estimate deforestation and shifting agriculture
have been comparable to or even higher than contemporargmissions. In these studies a clear distinction was made
levels (Pyne, 1982; Marlon et al., 2008). In deforestationbetween deforestation fires where forest is removed perma-
regions, however, humans are known to have increased firaently and shifting agriculture where the clearing of forest
activity (Fearnside, 2005; Schultz et al., 2008; Field et al.,is followed by a few years of production, after which the
2009). Fire activity has also increased in more remote reforest is allowed to regrow. If we exclude fuelwood burn-
gions due to humans (e.g., Mollicone et al., 2006). In addi-ing (which is not assessed in this study) then emissions esti-
tion, climate change may lead to more frequent and intensenates from Seiler and Crutzen (1980) were 2.6 Pg Cyear
fires if drought conditions in areas with abundant fuel loads(range of 1.7-3.5), with agricultural waste burning estimated
become more severe (Kasischke et al., 1995; Westerling eto be the largest source of fire carbon emissions (33%), fol-
al., 2006). lowed by shifting agriculture (29%), savanna (21%), defor-
To understand how fires influence and interact with theestation (12%), fires in temperate areas (4%) and fires in bo-
Earth system, quantitative information on emissions and aeal areas (1%). For the tropics, Crutzen and Andreae (1990)
breakdown of emissions into different sources is requiredlater revised the emissions estimates for deforestation and
This breakdown of emissions is especially important to quan-savanna fires upwards, with savanna burning becoming the
tify the extent to which fires contribute to the build-up of at- main source of emissions.
mospheric C@since only deforestation fires, fires in drained ~ More recently, global satellite-derived burned area infor-
peatlands, and fires from other areas that have had increasation has become available @goire et al., 2003; Simon
ing levels of disturbance are a net source of,G@the at- et al, 2004; Giglio et al., 2006). These datasets have been
mosphere. In many other areas, £€@missions from fires used in combination with biogeochemical or dedicated fuel
are balanced by carbon uptake during regrowth on decaddbad models to estimate emissions (Hoelzemann et al., 2004;
timescales. For other trace gases and aerosols, this distintto and Penner, 2004; van der Werf et al., 2006; Jain et al.,
tion is less important but a breakdown into categories is2006). These studies point towards fire carbon emissions be-
useful to better characterize non-g@nthropogenic climate tween 1 and 3PgCyeat (excluding biomass burned for
forcing and to understand how human activities are affectingdomestic purposes such as cooking) with considerable un-
atmospheric chemistry. For example, all fires contribute tocertainty and large interannual variability (Randerson et al.,
emissions of methane (G} but the amount of Cilreleased  2005). The partitioning between different sources drew less
per unit biomass combusted varies greatly between differenéttention in these new global studies because it did not lie
fire types. Peat fires, for example, may emit almost ten timesat the core of the calculations, although the very different
more CH; per unit biomass combusted than fires in savannasuel consumption estimates for different sources were ac-
(Yokelson et al., 1997; Andreae and Merlet, 2001; Christiancounted for. Other studies have focused more on a particu-
etal., 2003). lar sector; Yevich and Logan (2003), for example, calculated
Seiler and Crutzen (1980) made the first global estimategmissions from the burning of biofuels and agricultural waste
of fire emissions, which subsequently have been refined andnd suggested that the latter source was substantially smaller
updated (e.g., Crutzen and Andreae, 1990; Galanter et al(~0.2 Pg C year?) than in earlier estimates.
2000; Andreae and Merlet, 2001 based on unpublished data Besides improvements in quantifying global fire emis-
from Yevich). Hao et al. (1996) used climatological informa- sions, our understanding of the multifaceted role of fire in the
tion to better understand the temporal distribution of emis-Earth system is improving from studies quantifying the dif-
sions, while Schultz (2002) and Duncan et al. (2003) im-ferent ways fires influence climate. Randerson et al. (2006),
proved the understanding of the spatial and temporal distrifor example, showed that the impact of (increasing) boreal
bution of fires, as well as their interannual variability using forest fires on climate warming may be limited or even result
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in regional cooling because of the negative forcing from in- combined MODIS burned area with fuel statistics and com-
creased surface albedo following a fire. In the tropics, aerosobustion completeness based on the Normalized Difference
emissions from fires have been shown to influence the radiVegetation Index (NDVI) to estimate emissions for tropical
ation budget at regional scales (Duncan et al., 2003). Cli-Asia at 500 meter resolution. For the global scale, however,
mate modeling studies suggest these aerosols may length@ombining native resolution burned area and a coarser reso-
or intensify periods of drought in the Amazon (Zhang et al., lution biogeochemical model for fuels may provide a useful
2008) and in Indonesia (Tosca et al., 2010). At a global scaleinterim solution until these biogeochemical models can run
changing levels of fire emissions influence 8 out of the 13 ra-at the native resolution of the satellite data. As an example,
diative forcing terms identified in the IPCC 4th AssessmentLehsten et al. (2009) used 1 km burned area to driveay1
(Bowman et al., 2009). namic vegetation model with 100 subgrid elements in Africa

Improvements in emissions estimates are also necessary to account for stochastic processes.
calibrate and/or validate prognostic fire modules in dynamic Here we used new burned area estimates and an im-
global vegetation models and climate-carbon models for theproved biogeochemical model at O £patial resolution and a
period they overlap with satellite observations to make bet-monthly time step to investigate global patterns of fire emis-
ter predictions about future fire activity (e.g., Thonicke et al., sions. Our main objectives were to quantify temporal and
2001; Arora and Boer, 2005; Kloster et al., 2010). Thesespatial variability of fires during 1997—2009 and to assess the
models can also take advantage of a better understandinglative contributions of deforestation, savanna, forest, agri-
of the drivers of fires based on new satellite information. cultural, and peat fires to fire emissions during the MODIS
Archibald et al. (2009), for example, showed that tree coverera. We used MODIS data on burned area and active fires
density, rainfall over the last 2 years, and rainfall seasonality(Giglio et al., 2010), land cover characteristics (Friedl et al.,
explained more than half of the variability in burned area in 2002; Hansen et al., 2003), and plant productivity (Myneni
southern Africa. In addition, interannual variability in pre- et al., 2002) to study fires over the November 2000-2009
cipitation rates controls part of the variability in fire-driven period. Information from other sensors (TRMM-VIRS and
deforestation rates from year to year, with strongest relationATSR) for burned area (Giglio et al., 2010), and AVHRR for
in Equatorial Asia where annual variability in precipitation is plant productivity (Tucker et al., 2005) was used to extend
highest (Le Page et al., 2008; van der Werf et al., 2008).  our estimates back in time starting in 1997.

Recently, several burned area datasets have been devel-
oped at 500m or 1 km resolution (Roy et al., 2008; Plum-
mer et al., 2006; Tansey et al., 2007 Giglio et al., 2009).2 Methods and datasets
Comparisons with Landsat-based burned area have reducezd1
uncertainties, but large differences persist between the dif-"

ferent approaches (Roy et al., 2009; Giglio et al. 2010). Ide—rhe york presented here builds on our earlier work in which
ally, these moderate resolution burned area datasets woulle combined information on fire activity (Giglio et al., 2003,
be combined with fuel-load modeling at the same resolut|0n2006) with global biogeochemical modeling (van der Werf
to improve estimates of emissions. This would provide angt 51 2003: Randerson et al.. 2005 van der Werf et al.
added benefit from the perspective of validating fuel loads;406). we publicly released the resulting fire emissions time
and fuel consumption with ground measurements. HOWeVelggrieg that was named the Global Fire Emissions Database
ywth the exception of Ito and Penner (2004),_vvho built a ded-\,arsion 2 (GFED2). We refer to the improved emissions
icated 1-km fuel model, most global modeling frameworks (ime series described here as GFED version 3 (GFED3).
are based on global biogeochemical models that were develr,e mode| we used was originally derived from the satellite-

oped at coarser spatial resolutions because of conceptual anghen Camegie Ames Stanford Approach (CASA) model
data constraints. Many of these models, for example, also fpotter et al., 1993; Field et al., 1995; Randerson et al.

used to estimate the net carbon balance of terrestrial €C0SY§Y96). In this methods and datasets section we start with a
tems. This requires additional model complexity, including e overview of the model structure including minor mod-
tracking the flow of carbon through multi-decadal vegetation, ifications (Sect. 2.2), describe the major input datasets used

litter, and soil carbon pools, representing the age dynamicg, grive the model (Sect. 2.3), explain the major changes we
of different forest types, and capturing climate change ef-aqe to the model (Sect. 2.4), and conclude with a descrip-

fects on primary production and ecosystem respiration. Onjqn, of our approach for assessing uncertainties (Sect. 2.5).
regional scales, fire-dedicated research has employed native

resolution satellite data; see for example Hely et al. (2007)2.2 Modeling overview

for savanna regions in southern Africa. Working also at mod-

erate resolution (1 km), Wiedinmyer et al. (2006) combined CASA calculates carbon “pools” for each grid cell and time
data on fire activity, land cover, and literature-derived fuel step based on carbon input from net primary productivity
load and combustion completeness to estimate emissions fqNPP) and carbon emissions through heterotrophic respira-
North America, while more recently Chang and Song (2010)tion (Ry,), fires, herbivory, and fuelwood collection. The

Introduction
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16— 1.00 . Table 1. Minimum and maximum combustion completeness (CC,
— y= 100X unitless) or maximum burn depth for different fuel types (cm).
Ry
S
o 127 Fuel type CGin CGCmax Max. burn
g depth (cm)
om Leaves 0.8 1.0 -
a 8 Stems 0.2 0.4 -
< Fine leaf litter 0.9 1.0 -
9 Coarse woody debris 0.4 0.6 -
O 4+ Boreal organic soils - - 15
é Tropical peat organic soils — - 50
0 2 I
8 12 16 Naughton et al., 1989) and fuelwood collection based on na-
Saatchi et al. (2007) AGLB (kg C m_2) tional fuelwood use statistics and population densities (fol-

lowing van der Werf et al., 2003; see Fig. S1). Although
Fig. 1. Comparison of CASA predicted aboveground live biomass fuelwood collection and combustion is calculated interna“y,
(AGLB; leaves and stems) with estimates from Saatchi et al. (2007)we do not further discuss or present these emissions because
based on plot measurements and remote sensing metrics for th@ore comprehensive analyses are available (e.g., Yevich and
Amazon Basin. The red dashed line indicates a 1:1 slope. Thé_ogan, 2003); the module is included to more realistically
regression was forced through the origin. simulate spatial variability in fuel availability for other types

of fires.

) _ For each grid cell and month, fire carbon emissions were
CASA version used here had a ®:30.5 gridand amonthly - yhen pased on burned area, tree mortality, and the fraction

time step. NPP was calculated based on satellite-derived et aach carbon pool combusted (combustion completeness,
timates of the fraction of available photosynthetically active CC). Each carbon pool was assigned a unique minimum
radiation (fAPAR) absorbed by plants: and maximum CC value with the fine fuels (leaves, fine lit-
ter) having relatively high values while coarse fuels (stems,
coarse woody debris) having lower values (Table 1). The ac-
tual combustion completeness was then scaled linearly based
on soil moisture conditions with CC closer to the minimum

: L value under relatively moist conditions, and vice versa (see
when temperaturel{) or moisture (P) conditions are not op- :
b (P) b van der Werf et al., 2006 for more details). Burned area and

timal. NPP was delivered to living biomass pools (Ieavest tality will be di d further bel
and roots for herbaceous vegetation, and leaves, roots, anf & mortaiity will be discussed further beiow.

stems for woody vegetation) following the Hui and Jackson Lo
. K . 2.3 Main driver datasets
(2005) allocation scheme with more NPP delivered to leaves

and stems when mean annual precipitation (MAP) was highkey datasets for our model were burned area, active fires,
and larger amounts of NPP delivered to roots when MAP was, g ¢ APAR, which are described below. Additional datasets
low (ter Steege et al., 2006). By introducing this partitioning ;,sed to drive the model are summarized in Table 2, and the

scheme we captured 87% of the variability in biomass den+nain changes we made to the model are summarized in Ta-
sity in the Amazon (Fig. 1), based on a biomass density asy|e 3.

sessment combining forest inventory plots with satellite data

(Saatchi et al., 2007). Since the main NPP dl’ng‘i’ARAR 2.3.1 Burned area and active fires

and incoming solar radiation at the surface) were relatively

uniform over the Amazon and other tropical forest areas, theMe used the Giglio et al. (2010) burned area time series

original partitioning based on fixed fractions of NPP would that is based on four satellite data sets. At the core lies

yield little spatial variability in biomass density estimates. a 500 m burned area mapping algorithm based on a burn-
Carbon in the living biomass pools was transferred to lit- sensitive vegetation index, with dynamic thresholds aided by

ter pools depending on turnover rates and satellite-derivedctive fires applied to MODIS imagery (Giglio et al., 2009).

changes infAPAR (Randerson et al., 1996) and subse- Over 90% of the area burned over 2001-2009 was mapped

quently decomposed based on turnover times regulated bthis way. This represented a major advance from earlier

temperature and soil moisture conditions (Potter et al., 1993)work (Giglio et al., 2006) in which less than 10% of the

Other loss pathways include herbivory based on empiricburned area was mapped directly. Local and regional scale

relations between NPP and herbivore consumption (Mc-elationships between MODIS active fires and burned area

NPP= fAPAR x PARX &(7.p) 1)

where PAR is photosynthetically active radiation, and
the maximum light use efficiency (LUE) that is downscaled
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Table 2. Data sets used to drive the CASA-GFED modeling framework.

Variable Role in CASA Data product name Source Product Reference
resolution
Precipitation Soil moisture, impact- Global Precipitation Clima- Multi-satellite 1°x1° Huffmann
ing NPP,Rk, combus- tology Project (GPCP) ver- and rain gauges etal. (2001)
tion completeness sion 1.1
Temperature Soil moisture, impact- Climatology: 1ASA Station data 05<0.5° Leemans
ing NPP and R and Cramer
(2001)
IAV: GISTEMP Station data 2x2° Hansen
et al. (1999)
fAPAR NPP calculation 2000-2009: MOD15 MODIS x1km Myneni
et al. (2002)
1997-1999: GIMMSg AVHRR 8x8km Tucker
anomalies with MODIS et al. (2005)
climatology
Solar radiation NPP GISS, ISCCP-FD 280km Zhang
et al. (2004)
Vegetation continuous NPP allocation, mor- MOD44 MODIS 500<500 m  Hansen
fields tality, partitioning of et al. (2003)
burned area
Land cover classification  Partitioning of burnedMOD12 with UMD MODIS 500x500m  Friedl
area classification et al. (2002)
Ecoregion classification Classifying  humidEcoregions of the World Synthesis of  Vectordata  Olson
tropical forest biome existing maps et al. (2002)

and peatlands in
Southeast Asia

Burned area Emissions calculation =~ GFED3 burned area MODIS °x0.5° Giglio
et al. (2010)

Burned area derived from Emissions calculation GFED3 burned area MODIS, VIRS, 0.5 x0.5° Giglio
fire hot spots when MODIS 500m ATSR etal. (2010)

maps were

unavailable
Fire hot spots (2001— Deforestation rates MOD14 MODIS X1 km Giglio
2009 climatology used et al. (2003)
pre-2001)

were used to map remaining areas in the MODIS era, whilebins within the 0.8 grid cell. For this, the MOD12Q1 land
a mix of VIRS (Giglio et al., 2003) and ATSR (Arino et al., cover map for 2001 (Friedl et al., 2002) at 1km resolu-
1999) active fire data were used to map pre-MODIS burnedion in combination with the University of Maryland (UMD)
area in a similar way. Several corrections were made to artand cover classification scheme, and the MOD44 vegeta-
rive at a consistent, long-term burned area dataset, see Giglitton continuous fields (VCF; fraction tree, herbaceous, and
et al. (2010) for more details. This new burned area datébare cover; Hansen et al., 2003) for 2004 was used. The
set compared well to independent burned area estimates falistribution of burned area over land cover and fraction tree
North America, as well as to subsets of burned area derivedover (FTC) is shown in Fig. 2. In addition, the fraction of
from Landsat in tropical regions. burned area that occurred on tropical peatlands in Indone-
The burned area dataset includes an uncertainty assessia and Malaysian Borneo was obtained usingTiéwestrial
ment as well as information on the partitioning of burned areaEcoregions of the Worlthap (Olson et al., 200http://www.
over different land cover classes and fractional tree coveworldwildlife.org/science/data/item1875.himésampled on
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Table 3. Improvements in biogeochemical modeling framework for GFED3.

Parameter Description of modification Impact on model estimates

Burned area We now primarily use 500 m burnedstimates of burned area significantly improved
area maps from MODIS during 2001-in North America (Giglio et al., 2010); fire emis-
2009 instead of regional relationshipssions estimates are no longer impacted by re-
between fire hot spots and burned areayional variations in fire hot spot to burned area
relationships

Spatial resolution Increased frorfi b 0.5 Factor of 4 increase in spatial resolution; smaller

errors due to heterogeneity in landscape

Leaf senescence Reduced carry-over of leaves duribgcreased biomass in herbaceous fuels, more in
the dry season to the following wet seadine with measurements (e.g., Savadogo et al.
son in herbaceous vegetation 2007; Williams et al., 1998)

NPP allocation Changed from a fixed to a dynamic aBetter representation of spatial variability
location based on mean annual precipin aboveground biomass in highly produc-
itation (Hui and Jackson, 2006) tive ecosystems as compared with Saatchi et

al. (2007)

Sub-grid cell information on burned Changed from uniform distribution of Improved representation of spatial and tempo-

area distribution over land cover andburned area to herbaceous and woodyal variability in fuel type burning and mortality

fractional tree cover bins fuel classes to dynamic distribution rates; better ability to apply emission factors
based on sub-grid cell information

Deforestation rates Previous calculation based solely @tbility to separately estimate deforestation emis-
burned area changed to combinesions; fuel loads in deforestation regions are no
burned area in wooded ecosystems anlbnger impacted by other fire activity in the grid
fire hot spot persistence (Morton et al.cell (e.g., agricultural maintenance fires)

2008; Roy et al. 2008)

Deforestation emissions Newly introduced; deforestation emillew insights into deforestation fire activity; abil-
sions based on clearing rates in thaty to track deforested land through time to cal-
wooded fraction of the grid cell culate emissions from respiration (forthcoming

work)

Uncertainty Assessment of uncertainties Monte Carlo approach provided insight about the

spatial and temporal variability of uncertainties
in global fire emissions.

a 500 m resolution grid. To partition sub grid scale burned2002) and the longer time series of NDVI observations from
area over the various land cover types for the pre-MODISAVHRR (Tucker et al., 2005). For 2000 onwards, we ob-
era and when the 500 m burned area maps were not avaitained MOD15 data from collection 5 at 4 km monthly reso-
able, we used a monthly climatology based on burned aredution, including quality assurance meta data (QA) from the
partitioning during the MODIS era instead of information Boston University web sitehftp://cliveg.bu.edu/modismisr/
derived from active fires in the pre-MODIS era. This was index.htm). The 4 km monthly product was produced by av-
done to avoid inconsistencies among different active fire anderaging the 1 km monthly product. The monthly 1km pixels
burned area products and does not impact total burned areaalues were derived from the 8 day 1 km MODJ3FPAR
only the partitioning. For example, the ATSR nighttime de- (native resolution). The QA for the 4km product was calcu-
tection will give a smaller weight to those fires exhibiting a lated as the fraction of monthly 1 km pixels that were judged

more pronounced diurnal cycle compared to MODIS. high quality relative the total number of pixels within a 4km
pixel (16). The QA for each 1 km monthly pixel was spec-
2.3.2 fAPAR ified as high quality if at least one of the 4 eight-day pixels

used the main algorithm. If none of the 4 inputs were from

Our approach to estimatingAPAR for the full study period the main algorithm' then the value ¢gfAPAR for that mo'nth
was to take advantage of the sophisticated MODIS radiativeV@S Set to the maximum value and the QA to low quality. We
transfer algorithms for calculatingAPAR (Myneni et al.,  Only used 4km pixels with greater than or equal to 75% high

Atmos. Chem. Phys., 10, 11707735 2010 www.atmos-chem-phys.net/10/11707/2010/
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100 Besides these changes to input data, two major modifica-
Evergreen needleleaf forest % . . ) .
Evergreen broadieat forest !i tions were made. First, we adjusted the burned area estimates
Deciduous necdleleat forest | [N 02% to better account for fire-driven deforestation and used these
pecous osdt et 2 estimates to calculate deforestation fire emissions as a sepa-
Closed shrublands ’ 08% rate class within each grid cell (Sects. 2.4.1, 2.4.2). Second,
Open shrublands L | 11.1% 10 the sub-grid cell information on the partitioning of burned
ioocy savannas l e area according to land cover type and fraction tree cover
Grasslands 92% bin was used to better estimate the contribution of different
Croplands 47% sources, and to partition total burned area within thé gkl
Urban and built-up 0.1% . .
Barren or sparsely vegetated 09°% 1 cell into h_erbac_eo_us and woody burr_1ed area. Be3|d_es defor-
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 estation fires this included savanna fires, woodland fires, for-
Fraction tree cover (%) est fires, agricultural fires, and peat fires. Savanna fires were

_ o further separated into grassland and savanna fires on one
Fig. 2. Percent of burned area within each land cover classhand and woodland fires on the other (Sect. 2.4.3). These

(MOD12Q1, UMD land cover classification) as a function of frac- on¢ aji0wed, amongst others, for better estimates of trace
tional tree cover (MOD44, 5% bins). Numbers on the right denote .
as emissions and aerosols (Sect. 2.4.5).

the average contribution of each land cover type to global burned?

area over 2001-2009. . .
2.4.1 Tropical deforestation rates

quality data (main algorithm) to calculate the mean within Active fire observations may be more successful in capturing
the 0.5 grid cell. fire activity in tropical high tree cover regions than burned
To extend thefAPAR time series back to 1997 we ob- area datasets (Roy et al., 2008). In addition, the number of
tained GIMMS (Global Inventory Monitoring and Modeling times an active fire is observed in the same grid cell (fire per-
Study) NDVI available at biweekly 8km resolution, which sistence) yields information on the fuel load and type of burn-
we aggregated to monthly, 0.8esolution. We then derived ing; fires in grassland and savanna areas burn rapidly with
fAPAR for each months) and year §) of 1997-1999 (as near-complete combustion of existing fuels, so if a fire is de-
well as January and February 2000) anc®0aid grid cell  tected in a grid cell it rarely burns in the same grid cell during

(i) as: the consecutive overpass (Giglio et al., 2006). Deforestation
M fires, however, may burn over longer time periods before fu-

fAPAR,, ;= (_) AGpyyi+ My, 2) els are depleted. More fires are observed in the same location
G /; when forest is replaced with agriculture that requires near-

complete removal of biomass than when land use following
deforestation is pastureland (Morton et al., 2008). To better
. H:)redict deforestation fire extent in the tropics, we therefore
monthly anomalies (calculated separately for each mont . L .
. . combined burned area and active fire detections as a proxy
over the 2001-2008 period of overlaphG,, ,; is the o . : .
. for the area cleared by fire in deforestation regions. We first
GIMMS NDVI anomaly andM,, ; is the mean MODIS sea- . )
. . ' . ; separated burned area for the®Ogsid cell into area burned
sonal cycle. This equation was only used in those grid cells .
: : . in wooded and in herbaceous cover (see Sect. 2.4.3). We then
where thep-value derived from the linear correlation was
; . .~ assumed that the cleared area was the product of the wooded
below 0.05. Otherwise the climatology was used. The hlghburned area and fire persistence
correlation of the MODIS and GIMMS anomalies justified : b ’ :
this simple approach (see Fig. S2) This proxy was calculated for each 0.§rid cell and for
g ' each month, with the fire persistence averaged over all 1 km
2.4 Modifications made to the modeling framework observations within the 0°5grid cell. Specifically, the fire
persistence was computed as the total number of active fire
While the overall structure of our modeling framework did Within the 0.5 grid cell within a month divided by the num-
not undergo major changes, new input datasets and severBer of 1km grid cells where active fires were observed in
smaller modifications led to substantial changes in our esthe month. The proxy was used only in the humid tropical
timation of fire carbon emissions. We modified the model forest biome based on the WWF ecoregions map (Olson et
so that for the period from November 2000 onwards, it nowal., 2001). Although empirical, it compared reasonably well
exclusively uses MODIS data for burned area, active fire det0 independent assessments of deforestation rates. Our ap-
tections, vegetation productivity’ @PAR), land cover clas- proach captured about 49% of the variability in country-level
sification, and fractional tree cover estimates. Data from thedeforestation rates over 2000-2005 when compared with a
VIRS and ATSR sensors were used to extrapolate fire infordeforestation assessment based on the hybrid use of Landsat
mation back in time (Giglio et al., 2010). and MODIS data (Hansen et al., 2008). Total pan-tropical
deforestation rates based on our proxy were about 82% of

where(j’i—f‘G”)i is the slope of the linear correlation between
MODIS fAPAR monthly anomalies and GIMMS NDVI
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__ 10000 - . ~ ness so it ranged from its “normal” value (based on plant
e : T moisture content or soil moisture within the range defined in
=3 : ’ Table 1) to 1, and fire-induced tree mortality from 80% to
MT . ) : ..

o MY 1IN BA 100% based on the fire persistence with the minimum value
X : set at a fire persistence of 1 and maximum values defined
@ -~ RO PA . . .

® 1000 - AMRO T when fire persistence was 4 (the 95th percentile of cleared
.‘; : 7 area weighted persistence).

2 :

3  BE MA 2.4.2 Tropical deforestation fire emissions

> AC ACMAML

S 100f T L] Deforestation fire emissions were calculated based on
= “DR : biomass density from the wooded fraction of each grid cell

100 1000 10000 and deforestation rates (Sect. 2.4.1). The fate of the defor-

ested land was tracked using a new sub-grid cell class rep-
resenting land that had been deforested. Carbon pool den-
sity in this class was based on the carbon pool density of

Fig. 3. Comparison of modeled deforested area with estimates . - .
from PRODES for states in the Brazilian Amazon (red, total for 1€ forested fraction, with the combusted fraction subtracted.

2001-2006) and from Hansen et al. (2008) for tropical forest coun-In case the grid cgll underwent multiple deforestation events
tries (black, total for 2000-2005). The dashed black line depictsOVer the study period, the carbon pools of the deforested part
the 1:1 slope. Modeled deforestation rates were based on a me@f the grid cell were based on an area-weighted average of the
ric combining burned area in woody vegetation types with fire per- previously and newly deforested fractions. NPP allocation in
sistence (FP). Note the log scale; inset in top left shows the samé¢he deforested fraction was treated the same as for herba-
data on a linear scale. The red solid line indicates the linear fitcegus cover. Ry, in deforested grid cells usually exceeded
with PRODES data (slope of 0.7%? =0.78, n=9), and black  NPP due to decomposition of remaining forest carbon pools
solid line shows the linear fit with Hansen et al. (2008) data (slopein the grid cell, with the effect larger if the combustion com-
of 0.66; R2 =0.49; n = 15), both forced through origin. Modeled epleteness was low.

fire-driven deforestation rates were 82% of the total rates from th Combini the def tati t ith bi d it
independent estimates. Abbreviations are DR (Democratic Repub- ombining the deforestation rates wi lomass density

lic of Congo), ME (Mexico), BO (Bolivia), MY (Myanmar), ML estimates in the qude_d fraction of_the gri(_j cell, we found
(Malaysia), IN (Indonesia), and the Brazilian states of AC (Acre), that fuel consumption in deforestation regions was on av-
RR (Roraima), AM (Amazonas), RO @Rdonia), PA (Pa&), and  erage 1&5kgC per n burned for Southern Hemisphere
MT (Mato Grosso). South America. These estimates were near the upper bound
of field measurements (Kaufmann et al., 1995; Guild et al.
1998) while those for Central America43kg C per n
those from Hansen et al. (2008). The state-level comparisomurned) and Northern Hemisphere South AmericatAg
against Landsat-derived PRODES (Programaleuto do  C per nf burned) were closer to average measurements, al-
desflorestamento da Am@ia) deforestation estimates for though still on the high side. The difference in modeled
the Brazilian AmazonHttp://www.obt.inpe.br/prodesfrom fuel consumption between these three regions was mostly
the Brazilian National Space Research Institute (INPE) wasdue to higher fire persistence that boosted our combustion
more favorable; we captured about 78% of the variability completeness in Southern Hemisphere South America com-
and again 82% of the total deforestation over the 2001-2006ared to other regions. In areas outside tropical America,
period (Fig. 3). Cleared area was used to adjust the VCHire persistence was lower and so were our fuel consump-
fields over time; starting from the year 2004 (the base yeation estimates; aboutis3 kg C per né burned for Africa and
for the VCF product) backwards in time the cleared fraction 744 kg C per n? burned for Central Asia. Only in Equatorial
was added to the fraction tree cover and subtracted from thésia was fuel consumption comparable to tropical America
fraction herbaceous cover, and vice versa for 2004 onwardg10+6 kg C per m3 burned), this was likely caused by our in-
This was only done for the VCF in C.9rid cells to ensure  ability to separate increased fire persistence due to repetitive
proper partitioning of NPP to herbaceous and woody compoburning of aboveground material from increased fire persis-
nents; the 500 meter VCF maps used to partition burned aretence due to burning of peatlands. In other words, the high
over different fractional tree cover bins remained unchangeduel consumption in Equatorial Asia may be a consequence
due to the lack of annual maps or additional information thatof the co-existence of forests and peat soils, especially in de-
could be used to adjust the maps at native resolution. forestation areas where drainage canals expose peat soils to
In addition to the use of fire persistence in the deforestafire and oxidation during the deforestation process.
tion rate assessment, it was also used to amplify combustion For the southern Amazon, our fuel consumption estimates
completeness and fire-induced tree mortality in deforestatiomesembled those found by a related modeling approach focus-
zones (Fig. 4). Specifically, we set the combustion completeing on the state of Mato Grosso, Brazil, which highlighted

Reported area deforested (kmz)
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Fig. 4. Flowchart of our approach to partition burned area and emissions into different fire types. FP is fire persistence, FTC is fraction tree
cover, TR tropics, and ET extratropics. The tropical “peat” class is not shown, but is based on the fraction of burned area detected in tropical
peatlands and the TR scheme for estimating depth of burning into the organic soil. Since boreal fires burned in vegetation classes defined a
savanna but more likely resembling open forest, the approach to estimate the forest fraction is based on excluding fires in vegetation classe
without woody vegetation (Sect. 2.4.3). Note that fires in grasslands and savannas, woodlands, and forests burn both herbaceous and wooc
fuels, while agricultural fires burn only herbaceous fuels, and deforestation fires burn only woody fuels. Agricultural and forest fraction of
emissions were subtracted before woodland and grassland and savanna burning were calculated.

the possibility of high combustion completeness and thusg(and higher combustion completeness) regardless of post-
high fuel consumption in these areas (DeFries et al., 2008¢learing land use for pasture or soy. It is important to note
van der Werf et al., 2009). Especially if forests are re-that our fuel consumption estimates are annual means and
placed with large-scale agriculture, such as for soy plantamay include multiple deforestation fires in the same area dur-
tions, all aboveground biomass and even part of the belowing a single dry season. This makes it challenging to compare
ground biomass will be combusted through repeated burnsur estimates with literature values, which in many instances
(Morton et al., 2006). Our average fuel consumption esti-were based on observations from a single burning event.
mates for Southern Hemisphere South America were close

to those calculated for conversions to soy plantations (var2.4.3 Partitioning of non-deforestation fires

der Werf et al., 2009), despite 2000-2005 trends indicat-

ing h|gher deforestation rates for Catt|e ranching in Amazo-A novel aSpeCt of this work was to Separate deforestation fires
nia where complete combustion of forest biomass is not refrom other types of fires. In addition, we used the partition-
quired. However, very large deforestation event§@0 ha) ing of 500 m burned area over the different land cover types
have accounted for the majority of deforested area in thawithin the 0.5 grid to separate the non-deforestation fires in
Brazilian Amazon in recent years (Walker et al., 2009), indi- Several fire types. The model tracked woody and herbaceous

cating a trend towards mechanization of the clearing proces¥egetation separately within each grid cell. Because woody
fuels are an order of magnitude larger than herbaceous fuels,
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separating these two sources should provide better emissiorsome, and to be able to assign them a different emission fac-
estimates. In previous versions we applied the same amourbr. However, this distinction is somewhat arbitrary; below
of burned area to both fractions, with a mortality scalar basedve will refer to deforestation and degradation emissions to
on fraction tree cover to ensure that tree mortality was low incover all non-savanna (so excluding grassland, savanna, and
open savanna ecosystems and increased with increasing tresmodland fires) or agricultural fires occurring in the tropical
cover density. Here, however, we used the partitioning offorest domain irrespectively of whether they caused perma-
burned area maps over 5% fraction tree cover bins (Fig. 2) tmment land use changes (deforestation) or were, for example,
separately estimate the woody and herbaceous burned areascaped fires (degradation).
within each 0.8 grid cell (Fig. 4). The amount of burned We next calculated the fraction of emissions associated
area (BA) was distributed over tree cover bins (TC) that werewith forest fires. In the boreal region, according to the
each sized 5 percent point9 @part. We calculated the frac- UMD classification a large fraction of the burned area were
tion of the total burned area occurring in the wooded part ofobserved in savanna-type ecosystems that more likely re-
the grid cell as: sembled forests with relatively low tree cover (e.g., taiga);
we therefore labeled fires in shrublands and woody savan-

Fraction of tree cover weighted burned a(BEWBA)  (3) nas (class 7-9) as forest fires in this region. We defined
1220 the boreal region as all land with below zero degrees Cel-

Y BA; xTC; sius mean annual temperature and more than 100 mm¥year
_i=1 mean annual precipitation. The precipitation threshold was
i=20 included so that high latitude arid grassland areas such as
E1 BA; those found in Mongolia were treated as grassland. Boreal

forests were unique in that emissions included burning in

The resulting average fraction of burned area occurring inforest, shrubland, and wood savanna classes. In other re-
woody fuel types is shown in Fig. S3. For each grid cell gions, forest emissions were based only on burned area that
we thus had herbaceous and woody burned area estimategcurred within the forest classes (Fig. 4).
that were used to drive the sub-grid cell carbon flux calcu- The remainder of emissions stemmed from grasslands and
lations, with the most important difference being the inclu- savannas, with the latter ranging from open savannas to
sion of wood and coarse woody debris pools. More detailsyoodlands. To distinguish grassland and open savannas from
on changes in the carbon model are described below; hergoodlands, we separated these two sources based on the
we focus on how we partitioned the emissions into differentdominant source of emissions; if herbaceous emissions dom-
sources (Fig. 4). The simplest partitioning within our model inated then we labeled them grassland and savanna fires, oth-
framework was for grassland fires (herbaceous) versus forerwise woodland fires (Fig. 4).
est fires (woody). However, most land cover types consist of
a mixture of herbaceous and woody plant functional types,2.4.4 Additional changes (tree mortality, combustion
such as savannas, where trees and grasses are interspersed completeness, leaf litterfall)
over the landscape. We therefore based the partitioning of
non-deforestation and non-peat fires into grassland and saFree mortality {/,,) was modeled similar to earlier model
vanna, woodland, forest, and agricultural fire emissions usversions as a function of fractional tree cover so that savanna-
ing the partitioning of burned area within different landcover type ecosystems had only 1% mortality which started to in-
types defined by the MODIS MOD12Q1 product (Friedl et crease when tree cover exceeded 30% to reach the maximum
al., 2002) with the UMD classification scheme. of 60% mortality in areas with more than 70% tree cover fol-

To calculate agricultural waste (AGW) emissions, we mul- lowing:
tiplied the herbaceous emissions with the fraction of total
herbaceous burned area occurring in agricultural areas (clas®,, =0.01+ 0.59/ (1 + (2% (0-50-TCWBA))) 4)
12 in the UMD land cover classification). Another class
of emissions that was solely derived from either the herba- While in earlier version this mortality scalar was fixed in
ceous or woody emissions (versus the mixture) were fires ireach grid cell based on the fraction tree cover in the grid cell,
wooded areas outside the humid tropical forest domain, buhere we used sub-grid cell information to model mortality
still containing evergreen broadleaf forest. We confined ourmore dynamically, allowing it to change over time. Specifi-
deforestation-clearing estimate (Sect. 2.4.1) to humid tropi-cally, we used an estimate of tree cover weighted by burned
cal forests defined in spatial extent by the WWF ecoregionsarea (TCWBA) that changed for each time step (Eq. 3).
map (Olson et al., 2001). Fire emissions from trees that oc-Two region-specific modifications to Eq. (4) were made; we
curred in grid cells containing evergreen broadleaf forest butscaled the mortality in deforestation regions to values be-
outside the humid tropical forest domain were here includedween 80 and 100% based on fire persistence (as described in
as degradation emissions to separate them from deforest&ect. 2.4.1) and (similar to earlier modeling versions) applied
tion and degradation fires within the humid tropical forest a fixed mortality of 60% in forested regions in temperate and
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Table 4. 1997-2009 area-averaged fire return time, NPP, fuel consumption per unit area burned (BA), and combustion completeness for
different regions.

Regiort Area Fire return time NPP Fuel consumption (g C#of BA) Combustion completeness (-)
(Mkm?) (Year) (gCnr2yearl) sStanding Surface Soil  Total Standing (burrfed) Standing (al} ~ Surface

BONA 11.25 550 235 270 488 1904 2662 0.38 0.23 0.69
TENA 7.94 540 388 219 407 0 627 0.40 0.17 0.75
CEAM 271 197 674 682 803 4 1489 0.45 0.22 0.79
NHSA 3.02 139 1001 455 551 2 1007 0.56 0.20 0.81
SHSA 14.79 72 796 668 634 9 1311 0.55 0.29 0.82
EURO 5.41 827 400 202 462 3 667 0.43 0.21 0.80
MIDE 12.03 1363 35 30 169 0 198 0.59 0.16 0.93
NHAF 14.73 12 366 108 269 0 377 0.60 0.09 0.86
SHAF 9.92 8 627 108 340 0 448 0.55 0.07 0.83
BOAS 15.28 236 257 157 398 1424 1979 0.34 0.21 0.70
TEAS 18.25 130 205 50 142 61 253 0.40 0.30 0.84
CEAS 6.63 94 545 800 650 8 1459 0.47 0.29 0.80
EQAS 2.61 130 1213 2937 1181 5382 9500 0.49 0.47 0.77
AUST 7.98 15 238 53 206 0 259 0.69 0.09 0.88

1 see Fig. 7 for the list of region abbreviatiodsEraction combusted of all litter and all biomass killed by fi¥eEraction combusted of all litter and biomass.

boreal regions (based on a mean annual temperature threshutside areas with below’@ mean annual temperature were
old of below 15°C) where tree cover density was often far not included.

below 70%. We made this modification in recognition that  |n North America, organic soil burning had a mean depth
stand-replacing crown fires often occur in many temperateof 843 cm during 1997-2009 and with this parameteriza-
and boreal forests. A map of mean fire-induced tree mortaltion our fuel consumption estimates agreed with the 0.8—
ity is shown in Fig. S4. Although in some areas of the bo-3kg CnT? dominant range (and outliers to 5kgCHR)

real forest mortality can approach 100%, particularly in areasound in recent literature (DeGroot et al., 2007; DeGroot
with moderate and severe fires, we applied a 60% mortalityet al., 2009; Boby et al., 2010). Average depth of burning
to reflect the observation that within burn perimeters therein Indonesia (38:8 cm) was similar to results from a large-
are often many areas that are incompletely burned, or evegcale assessment of depth of burning in Borneo using LIDAR
entirely unburned. measurements (Ballhorn et al., 2009), resulting in a burning

The key fuel component in the boreal region is the soil, depth of 3318.cm.
which is most often the major source of emissions. This In addition, we modified the leaf litterfall parameteriza-
is also the case for Equatorial Asia, most importantly in In- tion; in previous versions the amount of leaves and grasses
donesia (Page et al., 2002). Organic soil burning was moddecreased only slightly after the growing season. This led to
eled in a similar fashion as combustion completeness; we se larger than desired build-up of leaves, and thus to an over-
a minimum and maximum burning depth value (0 and 15 cmestimation of fuel, especially in areas dominated by herba-
for the boreal region, 0 and 50 cm for Equatorial Asia), which ceous fuels such as savannas. By lowering the turnover time
was then scaled based on soil moisture conditions (from bot®f leaves to 6 months and modifying other parts of the algo-
the current and the previous month) for the boreal region, andithm, the leaf litterfall component, the leaf pool build-up and
a combination of soil moisture conditions and fire persistencdts depletion following the growing season performed better.
for Equatorial Asia. Specifically, we used the square rootAverage fuel consumption estimates for savanna-dominated
of the product of the soil dryness scalar (1 minus soil mois-regions (Africa and Australia) were about half of those pre-
ture) and fire persistence to describe the potential for fires teviously found (Table 4 versus Table 4 in van der Werf et al.,
burn into the soil, a process that may not be fully captured2006).
by satellite measurements. Following an approach similarto Measurements of Savadogo et al. (2007) in savanna-
our earlier work (van der Werf et al., 2006), we modified the woodlands in West Africa showed that grazing lowers fuel
turnover rates of the soil pools to mimic measured organicloads by up to 50% compared to areas without grazing. They
soil carbon stocks (see Sect. 2.4.6). For the boreal region, walso found significant differences in fuel loads between an-
assumed that only in those areas with a mean annual tempenual and perennial grasses. Although our model includes
ature below zero the organic soil burns, while the fraction ofgrazing based on a global relation between plant productiv-
emissions in Indonesian peatlands was derived from the fracity and herbivory, fine-scale differences like these cannot be
tion of area burned observed on grid cells identified as peateproduced due to the relatively coarse spatial resolution of
(see Giglio et al., 2010). Due to the lack of spatially-explicit our model. Fuel loads between different treatments varied
maps, peat and organic soil burning outside Indonesia anthetween 170 and 450 g CTh (Savadogo et al., 2007). In
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Fig. 5. Frequency distribution of fuel consumption in different re-
gions (See Fig. 7 for the list of region abbreviations), with deforesta- ‘

tion fires marked in red. Note the logarithmic y-axis scale and the rsA
different x-axis scales for each plot. Each bar represents 0.1kgC
per n? of burned area, averaged over 1997—2009, centered upon its
mean.

BONA Boreal North America NHAF Northern Hemisphere Africa
the 0.5 grid cell encompassing their study region, modeled TENA Temperate North America SHAF  Southern Hemisphere Africa
M Central America BOAS Boreal Asia

minimum fuel loads were 200 g C—fﬁ, based on fuel build NHSA Northern Hemisphere South Americe ~ CEAS  Central Asia

up after one year. Maximum fuel loads were 550gCm 154 23;‘32‘;"” Hemisphere South Americe - SEAS 283:13?.: o

when fires were excluded in our model, which was somewhatMDE  Middie East AUST  Australia and New Zealand
larger than observed in the field. In savanna areas of northern

Australia, Williams et al. (1998) performed a landscape-scale™ig- 7. Map of the 14 regions used in this study, after Giglio et
experiment where fuel loads were found to range between 75'- (2006) and van der Werf et al. (2006).

and 650 g C m? with most fires burning in areas with 100—

200 g C nT? of fuel. For Australia as a whole, we found that : . ' .
. above, with EFs for tropical forest fires applied to deforesta-
most fires consumed less than 100 g Crof fuel although L . .
tion fires. For tropical peat burning we were aware of only

a substantial amount of burning occurred in areas where con- dv th I 4 soils f he field for lab
sumption ranged between 100-400 g CnfFigs. 5, 6). In onel stu thh at co ectel 3%'02 rog::t fe 1€ hi or ad o][atory
the area where Williams et al. (1998) performed their mea-ana ysis (Christian etal., ). EFs from this study for re-

; duced species were about twice as high as those for tropical
surements average fuel consumption was about 2509 m : . . . .
. . . forest fires. Deforestation and degradation fires in the non-
of fuel while maximum fuel consumption (reached when

fires were excluded for 5 years) was 600 g CArof fuel. humid tropics received thg average EF from (1) grasslands
. . . and savannas and (2) tropical forest fires because they repre-
While far from exhaustive, these comparisons were encour- . : .
aqin sent a mixture of these fire types, and we applied the same EF
9ing. to woodland fires. We did not apply separate emission factors
for above- and belowground fuel components in extratropical
forest fires because available field measurements had a large
Our modeling framework calculated carbon fluxes. Emis-@nge of variability that integrated across these two sources

sion factors (EF) were then used to translate the fire carbo@ €missions. EFs were reported per kilogram dry matter
loss to trace gas and aerosol emissions. EFs have been m imed. Based on mass balance equations of the EFs (CO

sured in most fire-prone biomes, compiled by Andreae and”™ CO + CHi), we used a dry matter carbon content of ap-
Merlet (2001) and updated annually (M. O. Andreae, per_pro?<|mately 48% to convert .mc_)del estl_mates of fire c;arb_on
sonal communication, 2009). We used separate EFs frorﬁmlssmns.to dry matter emissions (prlor.to the appllcatlon
this database for fires in (1) tropical forests, (2) grassland®! EFS). with the exception of 44% for agricultural fires and
and savannas, (3) extratropical forests, and (4) agriculturaP®”° for peatfires. The EFs we used for several trace gas and
residues. The EFs were based on the mean of the measur@€0S0l species are given in Table 5.

ments for each species within each of the 4 biomes described

2.4.5 Trace gas emissions
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Table 5. Emission factors used for different fire types, in g specie per kg dry matter burned.

Deforestatioh Savannaand WoodlaAd Extratropical  Agricultural Peat firds
Grassland forest waste burning

Carbor? 489 476 483 476 440 563
CO, 1626 1646 1636 1572 1452 1703
(6]0) 101 61 81 106 94 210
CHy 6.6 2.2 4.4 4.8 8.8 20.8
NMHC 7.00 3.41 5.21 5.69 11.19 7.00
Ho 3.50 0.98 2.24 1.78 2.70 3.50
NOx 2.26 2.12 2.19 341 2.29 2.26
N2O 0.20 0.21 0.21 0.26 0.10 0.20
PM; 5 9.05 4.94 7.00 12.84 8.25 9.05
TPM 11.8 8.5 10.2 17.6 12.4 11.8
TC 6.00 3.71 4.86 8.28 6.19 6.00
oC 4.30 3.21 3.76 9.14 3.71 4.30
BC 0.57 0.46 0.52 0.56 0.48 0.57
SO, 0.71 0.37 0.54 1.00 0.40 0.71

1 Based on Andreae and Merlet (2001) and Andreae (M. O. Andreae, personal communication,22Bas¢d on the average of the grassland and savanna, and deforestation
emission factor. The same emission factor was applied to deforestation and degradation emissions outside the humid tropical foPeBabmhmn Christian et al. (2003) for
COy, CO, and CH; other species based on deforestation fﬁ‘dsry matter carbon content based on carbon content ip, @®, and CH emission factors.

2.4.6 Spin-up Table 6. Reported and best-guess uncertainties) (for various

. {oarameters influencing fire emission estimates.
We spun up CASA for 250 years based on average inpu

data from 1997-2009 so that carbon relea®g (ires, her-

bivory, fuelwood collection) matched input (NPP), indicat- Parameter Uncertainty
ing that all carbon pools were in steady state. Because of Burned area Reported standard deviation
the long turnover rates of slowly decomposing soil pools, (Giglio et al., 2010)
these pool sizes were tuned prior to the spin up to match  Deforested area Reported burned area
measured carbon densities (Batjes et al., 1996) by adjusting ) standard deviation2
the turnover times of the slow soil pools by a single scalarin  Woody biomass 22%
each 0.5 grid cells. Fire return times for forests were based ~ He"baceous biomass 44%
L . . . Tree mortality 25%
on the mean fire interval for each basis region (Fig. 7) and for Depth of soil burning 50% of range

each 10% fraction tree cover bin to create region-specific and

to some extent ecosystem-specific average fire return times

(I_:Ig' 85)' This approaCh substituted space for tlm(_e (_Chu-l Based on a comparison of Amazon biomass with data from Saatchi et al. (2007).

vieco et al., 2008) and was undertaken to create realistic fued pouble the uncertainty of woody biomass due to more factors impacting herbaceous

loads in areas that burned extensively during the study perioaiomass that may not be accurately represented at low spatial resolution, such as time
. . S . . since last fire, grazing, etc.

but may have had infrequent fire activity in earlier periods.

Combustion completeness  50% of range

2.5 Uncertaint
Y al. (2007), though the latter used error propagation instead of

While the burned area assessment underwent a formal unce®Monte Carlo simulation.

tainty assessment, a similar approach for estimating uncer- Specifically, we attributed best-guess uncertainties to
tainties in fuel loads, combustion completeness, and emisseveral parameters used to calculate emissions (Table 6).
sion factors was not yet possible due to a lack of ground trutiNormally-distributed uncertainties for the light use efficiency
data. However, to get an initial estimate of the spatial vari-(scaling directly to biomass density), burned area, combus-
ability in uncertainties in carbon emissions we propagatedion completeness, and burning depth into organic soil were
the uncertainties from the burned area estimates through owrsed. We performed 2000 runs based on spin-up data from
model in a set of Monte Carlo simulations. We also as-the main run and with the biomass pools adjusted with the
signed subjective best-guess estimates of other model pahange in LUE (which led to a linear change in biomass den-
rameter uncertainties in these simulations (Table 6) follow-sity), and then ran 1997—2009 and changed the other param-
ing approaches described by French et al. (2004) and Jain eters independently. We focused the uncertainty analysis on
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Table 7. Annual emissions estimates (Tg C ye&) over 1997—2009 for different regiohs

Regior? Year Mean  Contribution
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 (%)
BONA 19 116 36 14 5 69 60 139 66 50 40 49 44 54 2.7
TENA 2 8 11 12 6 10 9 4 6 11 20 13 8 9 0.5
CEAM 14 60 14 27 9 13 28 8 27 20 14 14 19 20 1.0
NHSA 20 51 14 19 17 9 54 26 13 11 25 13 13 22 1.1
SHSA 201 412 298 137 143 231 214 327 459 241 572 194 91 271 13.4
EURO 4 6 3 9 5 2 5 3 5 4 7 2 2 4 0.2
MIDE 1 2 2 1 2 2 2 2 1 2 3 1 2 2 0.1
NHAF 581 586 511 532 428 479 506 407 532 442 441 445 362 481 23.9
SHAF 514 682 534 514 514 483 597 579 621 548 533 578 544 557 27.7
BOAS 42 338 85 141 103 191 333 16 48 96 46 165 66 128 6.4
TEAS 57 31 18 37 33 49 43 25 27 35 35 40 31 36 1.8
CEAS 65 187 160 56 40 91 69 166 87 83 165 64 106 103 5.1
EQAS 1069 184 33 21 70 285 71 109 123 368 21 25 101 191 9.5
AUST 118 112 182 146 186 153 128 155 89 147 122 78 136 135 6.7
Global 2705 2775 1901 1665 1561 2066 2118 1966 2105 2059 2043 1681 1524 2013 100.0

1 Annual estimates for other trace gases, as well as the contribution of different fire types, can be fouitpd/@ww.globalfiredata.org/2 See Fig. 7 for the list of region
abbreviations.

carbon emissions and not all errors were included; we did

R . X \il G‘rassla‘nd & s‘avann‘a fires ‘ ‘ cv - 1%
not, for example, include errors in the fractional tree or land 39 I Woodland fires CV=16%|
cover that were used in several places in our model. B Deforestation & degradation fires OV =377

The uncertainty we assigned to biomass was based on the 25 [ Agricultural fires CV =18%]
I Peat fires CV =176%

comparison with Amazonian biomass (Fig. 1). Specifically, “g
we used the square root of the mean of the squared residual = 2.0
of the comparison. Since the scatter increased with biomass @
density (heteroskedasticity), the standard deviation was ap-
plied as a scaling factor (here the light use efficiency) instead
of an absolute value. For herbaceous fuels, the same stang |, ,
dard deviation was used but we doubled the value to accoun *
for additional uncertainties such as the amount of grazing
and our inability to accurately determine the time since the
previous fire (one of the key factors regulating the amount
of herbaceous fuels) due to our relatively coarse resolution 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
model set-up. Standard deviations for combustion complete- Year

ness and depth of burning were estimated subjectively a%ig. 8. Cumulative annual carbon emissions from different fire

half of their respective ranges. For depth of burning into or-types and their coefficient of variation (CV) during 1997-2009.
ganic soil in boreal regions, for example, the standard devia-

tion was set to 7.5cm. These values are relatively large and
should account for the substantial uncertainty here, whichd Results
probably exceeds uncertainties in combustion completeness,
although no formal assessment was done. 3.1 Emissions
For combustion completeness, burned area, and the depth
of burning into organic soil, we truncated the distributions 3.1.1 Global overview
to avoid physically unrealistic scenarios. For example, if
the combustion completeness exceeded unity or the depth dfverage — carbon emissions over 1997-2009 were
burning was negative, these were cut-off at 1 and 0, respec2-0 Pg Cyear' with considerable interannual variability,
tively. Therefore uncertainties in some areas were not neceespecially over the 1997-2001 period (Figs. 8, 9, Table 7).
sarily normally-distributed, and the mode of the Monte Carlo Emissions in the peak fire year 1998 (2.8 Pg yépwere

runs was not necessarily the same as the values we report 4% higher than those in 2001 (1.6 Pgyedr From 2002
our best estimates. through 2007, emissions were relatively constant from

year to year on a global scale. Regionally, however, large

-
o

missions (
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. ) . . Fig. 10. Relative contribution (%) from different regions to 1997-
Fig. 9. Monthly fire emissions estimates (TgCmon#f) over  g0g average global total burned area and fire emissions of carbon,
1997-2009 for different regions (Fig. 7), as well as the global to- CO, and CH. The different regions were composed of BONA
tal with and without African emissions (bottom). Note the different 5,4 BoAS (Boreal), TENA, EURO, CEAS (Temperate), CEAM,
y-axis scales for each plot. NHSA, and SHSA (Tropical America), MIDE, NHAF, and SHAF
(Africa), SEAS and EQAS (Tropical Asia), and AUST for Aus-

variations occurred but high fire years in some regions&

cancelled low fire years in other regions. In 2006 for
example, emissions in Southern Hemisphere South Americgreae, personal communication, 2009) the role of savanna

were relatively low while in Equatorial Asia emissions roqinng'jike Africa and Australia diminished while the role
were higher than in any other year except 1997. In 2007u¢'torest and deforestation fires in areas with higher woody

the reverse occurred with high emissions in Southemmy,q| 544 increased (Fig. 10). This is because of more com-
Hemisphere South America and low emissions in Equatorial)|ta oxidation of fuels and thus reduced production of,CH
Asia. In 2008, almost all regions experienced below averag

. . . 3 “I%CO and other reduced trace gases in grass fires compared to
emissions, with the notable exception of boreal Asia, leadingires jn shrublands, forests, and peatlands. Africa, for exam-

tc_> a r.eIativer. low f?re year globally (1.7 Pg yé&?' This ple, accounted for 72% of global burned area, 52% of global
situation persisted in 2009, aI'tho.ugh .boreal AS|§1 Was NOWe4 hon emissions, 44% of CO emissions and 36% of CH
also low and even though emissions in Equatorial Asia in-¢misions (Fig. 10). On the other hand Southeast and Equa-
creased somewhat, 2009 was the year with lowest emissiog, o asia accounted for only 2.5% of global burned area but
over our study period (1.5 Pg yed. o due to higher fuel loads, including peats that emit more re-
Over half of the global carbon emissions were from guced trace gases per unit carbon combusted, these regions
Africa (Table 7), with emissions from Africa south of the accounted for 22% of CO and 32% of GEmissions. Since
equator (28%) somewhat exceeding those from Hortheriyne syrface area of Equatorial Asia was much smaller than

Hemisphere Africa (24%). South America accounted for any of our other regions, the emissions density was highest
15% of global carbon emissions, mostly from Southernin this region (Fig. 11).

Hemisphere South America. On average, Equatorial Asia
was the fourth most important region (10%) with its relative 312  Partitioning between fire types
contribution growing considerably during El fNd years. In
1997, for example, we estimated that emissions from EquatoFires in grasslands and savannas were the largest contribu-
rial Asia contributed to 40% of global emissions. According tor to global fire carbon emissions, accounting for on av-
to our estimates, the boreal region accounted for 9% of toerage 44% of total emissions during 2001-2009 (Figs. 12,
tal global carbon emissions with emissions from boreal Asia13). 23% of fire carbon emissions were net carbon emis-
almost 2.5 times as high as those from boreal North Amer-ijons (likely not compensated for by regrowth) either due to
ica and comparable to emissions from Australia. While thetropical deforestation, degradation, or peat fires, most im-
Scandinavian countries and Finland were not included in theyortantly in Southern Hemisphere South America (37% of
boreal region in our assessment, emissions here were neglill deforestation fires) and Equatorial Asia (all tropical peat
gible compared to boreal North America and Asia. fires and 19% of all deforestation fires). Since the partition-
When translating our estimated carbon emissions to emising in the MODIS era was assumed to be the most reliable,
sions of trace gases (Andreae and Merlet, 2001; M. O. An-we focused our analysis on the 2001-2009 period (Fig. 12,
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were modest compared to other sources with the exception
of Australia (CV of 0.29 for grassland and savanna fires).

3.1.3 Uncertainties

Results of the Monte Carlo simulation indicated that glob-
ally, uncertainties were around 20%o()lfor annual carbon
estimates during the MODIS era (2001-2009) and somewhat
higher during the years before when burned area was derived
from ATSR and VIRS hot spots (Fig. 14). Regionally, uncer-
1 10 20 5 100 200 500 1000 2000 tainties were highest in boreal regions and Equatorial Asia
where organic soil burning occurs (Fig. S6). One factor that
Fig. 11. Mean annual fire carbon emissions (g Chyear?), av-  had a major impact on the spatial distribution of the uncer-
eraged over 1997-2009. This quantity is the product of the fuelizinties was whether mapped burned area was available, or
consumption (€.g., Fig. 6) and the burned area within the grid cellyhether purned area estimates were derived from fire hot
divided by the total area of the grid cell. spot —burned area relations. For the latter, uncertainties were
much higher. This was not only the case in the pre-MODIS
era, but also for about 10% of the total burned area in the
Table S1). However, considering the full 1997-2009 period,\oDIS era for which no burned area maps were available
the contribution of peat fires to total global emissions in- Gijglio et al., 2010). Because uncertainties were often higher
creased from 4% to 5% because of high peat fire emissions ithan the absolute burned area and because negative burned
1997. The major regions contributing to net fire carbon emis-grea estimates were truncated at 0, the mode of the Monte
sions were Southern Hemisphere South Americaand EquatQario runs was higher than the estimates reported through-
rial Asia. While deforestation emissions in Southern Hemi- 5t the paper (Figs. 14, S6). The uncertainty analysis focused
sphere South America were substantially larger than thosgy, carbon emissions, for trace gas emissions the added un-

in Equatorial Asia, total net emissions in Equatorial Asia certainty of emissions factors should be taken into account
exceeded those in Southern Hemisphere South America bgandreae and Merlet, 2001).

cause of the important role of peat burning.

Forest fires were a dominant contributor to emissions in3.2  Fuel consumption
the boreal regions (96% in boreal North America and 81% in
boreal Asia) while agricultural waste fires were important in Fuel consumption (reported here as gC pérai area
Europe, the Middle East, and Central Asia. Almost all fires burned) broadly followed biome distributions with low
in Central Asia north of the Black, Caspian, and Aral Seashiomass density biomes such as grasslands and savannas
were in agricultural areas (Fig. 13). Since these agriculturaburning less fuel than high biomass density types such as
fires may not leave a clear burned area signal in the 500 nforests (Fig. 6). Fuel consumption in our model depended
data used here, our emissions estimates for these fires wets biomass availability, tree mortality, and combustion com-
likely conservative because we detected only a fraction ofpleteness (Fig. S7). The relatively abrupt increase in fuel
the actual agricultural fire activity. Part of this underestimate consumption when moving from savannas to woodlands and
may be compensated for in our modeling approach becauskom woodlands to tropical forests was mostly caused by in-
our framework did not explicitly include harvest, leading to creases in tree mortality. In areas with low tree cover density
an overestimation of fuel loads. the tree mortality was low (1%) so fuels consisted mainly

On a global scale, peat fire emissions were most variablef litter and (dead) grass, while in tropical forest areas up
from year to year as measured by the coefficient of variationto 100% of the biomass was susceptible to fire. In addition,
(CV, standard deviation divided by the mean, Fig. 8). Theirthe combustion completeness was increased in deforestation
CV of 1.76 was about a factor 5 larger than the CV of de-areas when fire persistence was high; this led to higher fuel
forestation and degradation, and forest fires (0.37 and 0.36)consumption in the southern Amazon, for example, as com-
Agricultural waste burning and grassland and savanna firepared with Africa. High fuel loads were also found in peat-
were relatively constant on a global scale with coefficients ofland areas in Indonesia, most notably the southern part of
variation of 0.18 and 0.11, respectively. Regionally, defor- Borneo and northwestern Sumatra. Equatorial Asia had by
estation fires also were more variable, especially in North-far the highest mean fuel consumption (Table 4), because the
ern Hemisphere South America (CV of 1.37) and Equatorialmajority of fires burned in peatlands and forested areas.
Asia (1.10). The main deforestation region (Southern Hemi- In grasslands and savannas, areas with lower fire return
sphere South America) had a CV of 0.64. Agricultural wastetimes, higher precipitation rates, or higher tree densities had
burning and grassland and savanna fires were not only relhigher levels of fuel consumption. High precipitation rates
atively constant on a global scale; also regional variationdead in general to more fuels, causing the gradient of fuel
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Fig. 12. Percent contribution of different fire types to annual fire emissions in each region. Absolute values are given in Table S1. Average
percentages are given for the 2001-2009 MODIS period as well as for the full 1997—2009 time period (in parenthesis).
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includes degradation. Woodland and savanna fires were separated

based on the relative contributions from woody or herbaceous fuel€i9- 14. Annual uncertainties expressed as the Sth, 25th, 50th, 75th,
to total emissions, respectively. and 95th percentiles of 2000 runs from a set of Monte Carlo simu-

lations. Circles denote the estimates reported throughout the paper,

which do not necessarily align with the 50th percentiles due to trun-

cation of several parameters in the Monte Carlo simulations. Num-
consumption observed in Africa and Australia (Fig. 6). Therebers on the top of the plot indicate luncertainties in annual fire

is evidence that since increased precipitation rates are ofteamissions in percent of the median estimate from Monte Carlo sim-
accompanied by increased tree cover density, the amount aflations, assuming a Gaussian distribution. Note that uncertainties
grass available to burn decreases. In our model this wagre larger on regional and monthly scales (Fig. S6).

compensated for by an increase in fire-induced tree mor-

tality. Savanna fires in South America had considerably

higher levels of fuel consumption than those in Africa, which Northern Hemisphere Africa, average fuel consumption here
in turn consumed more carbon than most of the fires inwas higher (448gCm? in Southern Hemisphere Africa
Australia. Because in Southern Hemisphere Africa com-vs. 377 gC m? in Northern Hemisphere Africa). Although
paratively more fires were detected in woodlands than infuel consumption was somewhat skewed (exacerbated by the
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log scale in Fig. 5), median fuel consumption was closelution are likely to be more successful in understanding these
to the mean; most fires in Northern Hemisphere Africadynamics over time. Multi-decadal moderate resolution time
burned between 200 and 300 g Cfnand between 300 and  series of burned area are also crucial for detecting these types
400 g C m72 in Southern Hemisphere Africa . of changes in fire regimes.

In boreal forests most fires burned between 2 and Fire emissions estimates in deforestation regions have
5kg Cn12 (Figs. 5 and 6). When considering all fires, av- been used in the past to complement other approaches to cal-
erage fuel consumption was 2662 g Cfin boreal North  culate deforestation emissions, for example those based on
America and 1979 gCn? in boreal Asia (Table 4). Less reported deforestation rates, biomass density inventories, and
than 10% of these fuels were from the burning of standingdeforestation biomass loss trajectories (e.g., Houghton et al.,
trees and leaves; most was related to burning of the duff laye2003). In the IPCC 4th Assessment, for example, deforesta-
and organic soils (Table 4). Average fuel consumption in bo-tion emissions were estimated by doubling tropical fire emis-
real Asia was lower than in boreal North America becausesions to account for emissions from other sources, including
a larger fraction of burned area occurred in areas with lowerrespiration of leftover plant materials and soil carbon follow-
fuel loads (e.g., in grasslands and agriculture (Figs. 5 and 6)ing deforestation (Olivier et al., 2005). Following this ap-

proach and using the GFED3 time series described here, to-
tal deforestation estimates (including peat carbon emissions)

4 Discussion would be 1 Pg C year, supporting earlier satellite-based de-
forestation estimates for the 1990s (DeFries et al., 2002;

4.1 Source contributions Achard et al., 2004). However, besides the substantial un-
certainties in our deforestation fire emissions estimates, the

Deforestation, degradation, and peatland fires doubling of the estimate to arrive at total deforestation car-

bon emissions is prone to large errors and more research is

We found that on average, about a quarter of total carbomeeded to lower uncertainties. One feature that is likely ro-
emissions from fire (or 0.5Pg Cyed) contributed to the bust is the pattern of interannual variability, supporting for
build-up of atmospheric Cbecause they were likely not or example the downward trend in deforestation emissions ob-
only partly balanced by regrowth. This deforestation, degra-served over the past few years in Brazil (e.g., Nepstad et al.,
dation, and peatland component of global fire emissions wag009). One exception was found in the year 2007; while
confined to the tropics (Figs. 13, S8). Roughly 3/5th of this PRODES-reported deforestation rates were below average,
stemmed from deforestation and degradation fires inside théire emissions for Southern Hemisphere South America were
humid tropical forest biome, 15 from deforestation and  higher than in any other year in our record (see also Gloude-
degradation in the non-humid tropical forest biome, and themans et al., 2009). While the exact causes for these dif-
remaining 1/8* from tropical peat burning (Table S1). ferences remain unclear (e.g., Torres et al., 2010), precip-

While crucial for interpreting the atmospheric €®ig- itation rates may explain part of the variability (Admg et
nal, the uncertainty in this net carbon emissions estimate isl., 2008; Le Page et al.,, 2010). This precipitation-fire-
large. There are reasons to believe that our estimates ameforestation link is more pronounced in Equatorial Asia
conservative. First, the approach used to estimate deforestéField et al., 2009; van der Werf et al., 2008), where emis-
tion rates captured about 80% of total deforestation rates resions increased again in 2009 due to Eidlconditions after
ported by other studies. Whether the remaining 20% is dudwo very low fire years, but not to levels seen during earlier El
to deforestation or degradation not involving fires (e.g., log- Nifio events in 1997, 2002, and 2006. Combining Southern
ging) or whether our simple approach underestimated fireHemisphere South America and Equatorial Asia, emissions
driven deforestation rates is unknown. Second, we focusedrom these two important deforestation regions resulted in
on the tropical forest biome for deforestation. In addition, below-average deforestation fire emissions in the latter part
net emissions may occur in areas outside this biome. Hanseof our record.
et al. (2010), for example, found higher rates of forest loss While the sum of deforestation, degradation, and peat fire
in boreal and temperate regions than in the tropical foresemissions accounted for about a quarter of total carbon emis-
biome over 2000-2005. These may be partly compensatedions, for CH these sources were key contributing to 44% of
for by regrowth or forest thickening in other regions, but may total CH; emissions of 20 Tg Cilyear 1. This was mostly
also indicate net forest loss. In our analysis of the burneddue to the large EF for CHin peat areas, which was three
area time series, some of the woodland areas, especially itimes as high as the EF for tropical deforestation fires, and al-
southern Africa, had fire return intervals that did not appearmost 10 times that of the EF for grassland and savanna fires.
sustainable. This suggests our approach may have excluded
some types of degradation fires because itis not trivial to sep-
arate these fires from those that are part of a natural cycle (or
a sustainable human-driven fire regime). Case studies that
investigate the fate of the burned areas at higher spatial reso-
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Agricultural waste burning 3000

, s

, )
Our estimates of fires in agricultural areas, including emis- .| Agriculture |
sions from leftover crop residues, are likely conservative for _ \
several reasons. First, most of these fires are small in compar ~ Slale
ison to the native 500 meter pixel resolution of the MODIS gmo’
burned area time series we used, making change detectiol o Savanna
difficult. Second, these fires often follow harvest in many & 1500
cropping systems, leading to a smaller drop in the vegetation &
index than what may occur in less managed ecosystems ani § 1000 Deforestation
again making it difficult to calculate burned area. Hence,
we probably underestimate the area burned in agricultural sook B
waste burning areas. Fuel loads may compensate for par Agsr'i‘éﬁ',?gre
of this; since harvest is not explicitly included in the model
(although the drop inf APAR will translate into a transfer O Seiler & Crutzen  Crutzen & Andreae This study
of biomass from leaves to litter) we will likely overestimate (1980) (1990)

fuel loads. On average, we found emissions from this source o _ o _

to be 55 TgCyearl, which is factor 4 lower than found by Flg. 15. Partitioning of total fire carbon emissions according to_

Yevich and Logan (2003). The spatial distribution of emis- Seiler and Crutzen (1980), Crutzen and Andreae (1990), and this

sions closely resembles those found by Korontzi et al. (2006)5{32138 We used the extratrgplcal assessment of Seiler and Crutzen
L - . ) to complete the tropical assessment of Crutzen and Andreae

which is nOt_Surp“S'ng becguse the datasets used are simil 1990). Note that we did not separate emissions from shifting agri-

Noteworthy is that Korontzi et al. (2006) found that between ¢ tyre from other types of deforestation in this study; our “defor-

8 and 11% of fire hot spots were observed in agricultural ar-estation” class therefore includes all fire types in tropical forest re-

eas over 2001-2003; combining this with average emissiongions.

of 1.9 Pg Cyear! we found during these years results in a

similar estimate as found by Yevich and Logan (2003) if we

assume that each fire hot spot represents and equal amouier these fires was 55 g CTR, near the low end of many re-

of emissions. While hot spots integrate the effects of burnedcent field estimates. In contrast, our burned area time se-

area and fuel consumption, they do not necessarily scale linties indicated that even the most frequently burning savanna

early with emissions (e.g., van der Werf et al., 2006). Nev-areas (those receiving between 1000 and 1500 mm of rain

ertheless, this independent assessment provides one line annually), burned on average only once every 4 years dur-

evidence that we need to develop new higher resolution aping 2001-2009. Consequently, fuel consumption was higher

proaches to estimate burned area in these areas. in our study. In addition, we considered woodland burning.

These two factors compensated for lower estimates of burned
area in this study.

Savanna and woodland burning

o .. Forest fires
The largest source of global carbon emissions were fires in

grasslands and savannas (44%), and when combined withiq,,gh fuel loads were high in forests, globally the role
fires in woodlands, this set accounted for 60% of total globalyt torest fires (excluding deforestation fires and woodland
emissions. This is not surprising given the prominent role Ofburning) was relatively modest; about 15% of total carbon
savanna-dominated Africa and Australia in the global bud-gmissions was due to the burning of forests. Our model did
get. Our distinction between grasslands and savannas Ot separate ground from crown fires and thus fuel consump-
one hand, and woodlands on the other was somewhat aqp, jn horeal North America and boreal Asia was relatively
bitrary (based on whether herbaceous or woody fuels wergmijar There are indications though that the fire regime in
the dominant source of emissions). In earlier studies (€.9.pqreal North America is more characterized by crown fires
Crutzen and Andreae, 1990) this distinction was not madey e ground fires are more prevalent in boreal Asia (Harden
The combined estimates of savanna, grassland, and woog al., 2000; Wooster and Zhang, 2004). Even though the
land emissions from our analysis and Crutzen and Andreag,,eqround fuel component is relatively small, not includ-

(1990) agree to within 5% (Fig. 15). The approaches useqy,q hese dynamics is an additional source of uncertainty.
to derive these estimates, however, are fundamentally differ-

ent. Crutzen and Andreae (1990) assumed that all savannf1.1 Comparison against GFED2

areas in the tropics burned with frequencies ranging from

every year to every 4 years based on data from Menaut eDur revised estimate of carbon emissions from global fires
al. (1991). They also assumed that mean fuel consumptiomvas on average 13% lower than what we found previously
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and previously we assumed that fires burning in the herba-

ceous fraction of these forests were grassland fires that only

burned aboveground fuels. It is, however, more realistic to
assume that this herbaceous fraction is due to larger distances
between trees (i.e., more open taiga areas) and that the fires
also consume the soil organic matter in the areas between
trees.

. All areas dominated by grassland and savanna fires had a
2% decrease in fire emissions due to the modifications we made
31% to better represent senescence of herbaceous fuels and thus

r [ the turnover times of herbaceous leaves. The decrease in

| emissions in Southern Hemisphere Africa was smal%o),

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 Average mostly because lower average fuel consumption (-41%) was

[ ; ] s | partly compensated for by a 38% increase in burned area.
0% 20% 0% 10% 20% S0 Burned area also increased in Northern Hemisphere Africa

Fig. 16. Differences in fire carbon emissions estimates between(ZO% more burned area) and Australia (6% more burned

GFED3 and GFED2, a5 2 percent of GFED? estmates. POSIiNGo, T 70q cecrease in emissions n Cential Asia was

numbers indicate GFEDS is higher than GFED2 and vice versa. . . .

caused primarily by lower fuels; burned area did not change
substantially here.
) ] Other areas that experienced a reduction in estimates of

(van der Werf et al., 2006) for the 1997-2008 period (Fig. 16; ire carbon emissions included temperate North America and

GFED2 was not updated after 2008). The decrease in CQsgntral America, as well as Northern Hemisphere South

emissions also was 13% (Fig. S9), although in many regionsymerica. These decreases in emissions were mostly caused

the ratio of C to CO changed considerably between GFEDZ,y, |ower levels of burned area and in the case of temperate
and GFED3. Trace gas calculations based on the modeledorth America also a reduction in fuel consumption. Burned

carbon fluxes were impacted in two contrasting ways. Firstares giso decreased significantly in Europe leading to a 66%

in GFED2 we assumed a dry matter carbon content of 45%eqyction in carbon emissions. The decreases in Southeast

while mass balance equations based on the data in Table @_31%) and Equatorial Asia{17%) also were largely due
from An.dreae and Mgrlet (2001) indicate that 48% is MOreyy reduced levels of burned area, that was partly compen-
appropriate for most fire types. The calculated carbon emisgateq for by higher levels of fuel consumption in Equatorial
sions thus represent 6% less dry matter emissions to whiclAgja |ncluding peat-specific emission factors resulted in an

emission factor.s were subsequently applled to derive tra_c%crease in CO emissions in Equatorial Asia (9%).

gas fluxes. This had the effect of reducing trace gas emis- ggcase of the large range in fuel consumption, changes in

sions. However, here we included peat-specific emission facp,ineq area do not necessarily translate directly into changes

tors for tropical peatland fires for CO and GHvhich were i, oissions; it depends where those changes occur. Our cur-
higher than those used previously when they were based Ofent model was for a large part driven by mapped 500 meter
deforestation emission factors. In addition, the deforestatior}, ;ned area (in the MODIS era, where more than 90% of the
and degradation fires i_n the non_—humiq tropicallfor.est biometotal burned area was mapped directly) while in GFED2 the
as W¢|| as woodland fires received hlgher emission factor%odd depended solely on a regression tree relationship be-
than in GFED2. These two types of adjustments more or les§een fire hot spots and burned area. The improved burned
compensated each other on a global scale. area led to higher quality predictions that better matched ob-

Regionally, differences were larger than the global com-servations across the continental US, Canada, and Alaska
parison suggests, but interannual variability was relatively(Giglio et al., 2010). Together with the other improvements
similar in both versions. The only regions where emissionsdescribed above (summarized in Table 3) we believe that sev-
increased substantially were boreal North America (+43%)eral important sources of uncertainty were substantially re-
and the Middle East (including the Sahara, +126%). Thisduced in GFED3.

was mostly due to increases in burned area (11 and 90% re-

spectively) and, for boreal North America, higher levels of 4.1.2 Comparison against other bottom-up estimates

fuel consumption (+39%). The higher fuel consumption in

boreal North America was primarily the result of 1) an in- Few global estimates of fire emissions exist that employ new

crease in the fraction of area burned in forest, and 2) the inburned area datasets; most assessments were based on pi-

clusion of soil burning in the herbaceous fraction of grid cells lot burned area studies for the year 2000; GBA2000 (Gre-

occurring in forested regions. Specifically, tree cover den-goire et al., 2003) and GLOBSCAR (Simon et al., 2004).

sity is relatively low in the forests of boreal North America These burned area estimates have been used in different ways
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to estimate emissions. Hoelzemann et al. (2004) coupledhave estimated emissions for the boreal region, with large
GLOBSCAR burned area (and ATSR fire hot spots in burneddifferences partly related to the complex fuel composition
area data gaps) with biomass density estimates from th&here belowground fuels may comprise the largest fraction
Lund-Potsdam-Jena (LPJ) dynamic global vegetation modebf the fuels (e.g., Amiro et al. 2001; DeGroot et al., 2007).
(DGVM) to estimate total emissions of 1.7 Pg C yehin Both our previous work and the emission estimates presented
the year 2000. For the same year and using the GBA200Mere fall in the range of previous emissions estimates (Kasis-
burned area dataset, Ito and Penner (2004) estimated emishke et al., 2005; Soja et al., 2004) but uncertainties will
sions from open fires of 1.4 Pg C yearcombining satellite-  remain large because several parameters (most importantly
derived vegetation information and literature-based values othe depth of burning into organic soil) remain difficult to val-
combustion completeness and relations between vegetatiodate. Our emissions estimates for North America (including
types and fuel loads, most at the native (1 km) burned aredexico) are substantially lower then those from Wiedinmyer
resolution. Earlier versions of our modeling work estimatedet al. (2006), especially for the US.
emissions in 2000 of 2.7 Pg C year(GFED1, van der Werf While both inventory and satellite-based estimates de-
et al., 2004) and 2.0 Pg Cyedr(GFED2, van der Werf et  scribed above use the product of burned area, fuel loads,
al., 2006). and combustion completeness to calculate emissions (Seiler
The substantial differences between these studies was dushd Crutzen, 1980), studies using satellite-measured fire ra-
in part to differences in burned area data; Jain et al. (2007}iative power (FRP) do not require these input datasets —
employed three different burned area datasets in their Ineach with substantial uncertainty- but directly integrate FRP
tegrated Science Assessment Model (ISAM) to find thatto total fire radiative energy (FRE), which is in turn re-
CO emissions ranged between 320 and 390 Tg COYear lated to total emissions (Wooster et al., 2002). Roberts
with much larger regional differences than the range ofand Wooster (2007) used geostationary Spinning Enhanced
global burned area estimates would suggest. These CO esW4sible and Infrared Imager (SEVIRI) active fire observa-
mates are substantially lower than earlier inventory methodstions and calculated emissions for southern Africa for July-
Galanter et al. (2000), for example, estimated CO emission®ctober 2004 of 259-339 Tg dry matter (DM) burned, or
from savanna and forest burning of 554 Tg CO yéarEs- 127-166 Tg C assuming a DM carbon content of 48%. For
timates for the year 2000, however, are probably not repthe same region and time period, GFED2 emissions were
resentative for mean annual emissions because emissio887 Tg C while GFED3 estimates were 404 Tg C. FRE-based
from several important fire areas (including tropical Asia andestimates using MODIS observations are also substantially
America) were below average (van der Werf et al., 2004).lower than our estimates: Ellicott et al. (2009) estimated
Globally, our results now indicate that emissions for the yearDM emissions averaged over 2001-2007 for all of Africa
2000 were 1.7 Pg C yeat while the average for 1997-2009 were 716 Tg DMyear! (351 Tg Cyear!) and 305 Tg DM
was 2.0 Pg Cyeat. When taking the full uncertainty range year ! for South America (149 TgCyeat). For Africa,
into account, our estimates still overlap with those mentionedGFED2 estimates were 1175 Tg C year while GFED3 esti-
above with the exception of van der Werf et al. (2004), which mates were 1018 Tg C yedr, exceeding those of Ellicott et
produced substantially higher estimates. Interannual varial. (2009) by factors of 3.3 and 2.9, respectively. The dif-
ability, however, is still comparable to the results from van ference was somewhat smaller for South America; while El-
der Werf et al. (2004) supporting the conclusion that fires inlicott et al. (2009) estimated emissions of 149 Tg C yéar
Indonesia, Central and South America, and the boreal regiothe GFED2 based estimate was 373 Tg C yé4R.5 times
contributed substantially to the high G@nd CH, growth  higher) and GFED3 estimates 334 Tg Cy&a(2.2 times
rates during the 1997-1998 EIid. higher). Thus, there remains a large discrepancy between
Much progress recently has been achieved in estimatingiogeochemical model estimates combining burned area and
emissions at regional scales. Lehsten et al. (2009) estimatefdiel consumption and FRE/FRP approaches, with the latter
fire emissions for 2001-2005 from Africa based on L3JRC having a factor of 2—3 lower emissions.
burned area data (Tansey et al., 2008) and the SPITFIRE fire
model embedded in the LPJ-Guess DGVM. They estimated}.1.3 Comparison against regional top-down
that over this time period on average 9B km?year! assessments
burned, emitting 72370 Tg Cyear®. We found that over
the same time period 2470 km?year! burned which  Since trace gas and aerosol emissions from fires are trans-
emitted on average 1031 TgCyeér Average fuel con- ported into the atmosphere, and many of these gases are mea-
sumption for the continent was thus comparable in these apsured by satellite, atmospheric measurements may be used
proaches, 417 gCnfyear! (this study) vs. 371gCm? to validate bottom-up estimates if the transport and chemi-
year! (Lehsten et al., 2009), although the spatial distribu- cal pathways are modeled correctly. If this approach is used,
tion of burned area varied substantially. emission factors translating carbon or dry matter emissions
Besides Africa, the boreal region and Australia may beto trace gas or aerosol emissions are required. Since these
the most intensively studied fire regions. Several authorsemission factors are sometimes poorly known and since their
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spatial and temporal variability is rarely taken into account, 25% higher. Several factors contribute to these uncertainties,
care should be taken translating findings of top-down assesswhich are described further below.

ments directly to carbon or dry matter emissions, although

these shortcomings are probably less important for the study#.2.1 Burned area

of interannual variability (e.g. Gloudemans et al., 2009).

Pfister et al. (2005) estimated that3®Tg CO was emit-  Global-scale moderate resolution burned area maps as used
ted from fires in Alaska and Canada between June and Auhere have improved over the last few years and compare fa-
gust 2004, which was significantly higher than estimatesvorably against high-resolution case studies in temperate and
based on GFED2 (16 TgCO) but in line with our new re- boreal forest regions, as well as in savanna regions in south-
sults (30 TgCO), mostly due to somewhat higher burnedern Africa (Giglio et al., 2009, 2010). In wooded savannas,
area and higher CO emission factors. Turquety et al. (2007purned area may be somewhat underestimated (Roy et al.
found comparable emissions. Another regional assessme@009) while burned or cleared area in deforestation regions
employing satellite-based CO focused on Indonesia and suhas not undergone a formal validation. Other uncertainties
rounding countries between 2000 and 2006 and indicatedrise from the native resolution of the burned area product,
that GFED2 overestimated emissions from Sumatra but thain our case 500m. Here we have assumed that these grid
emissions from Borneo matched reasonably well with thecells burn completely when flagged as burned. In reality,
distribution of CO columns observed in the atmosphere (varhowever, this is often not the case. Early season burns, for
der Werf et al., 2008). In this area, carbon emissions inexample, are patchier than late season fires in Australia (e.g.,
GFED3 are somewhat lower than those in GFED2 for 2001-Russell-Smith and Edwards, 2006). The patchiness may lead
2006 but due to the inclusion of specific peat emission fac-to an error in burned area estimates. Overestimation of area
tors, the CO emissions are somewhat higher GFED3 for Borburned may occur as a consequence of including unburned
neo, and lower for Sumatra. In Borneo, however, GFED3patches within pixels classified as burned. On the other hand,
indicates that 2002 and 2006 emission peaks were of simunderestimation of area burned may occur in pixels where
ilar magnitude while several atmospheric indicators (CO,only a small fraction of the area burned, leaving little signal
aerosols) indicate that 2006 was higher (Logan et al., 2008for the burned area algorithm to operate on. Errors may also
Tosca et al., 2010). be expected from fires in tropical forest areas where persis-

Focusing on Africa, Chevallier et al. (2009) used MOPITT tent cloud cover obscures the surface (Roy et al., 2008). By
and the LMDZ-INCA chemistry transport model to estimate combining burned area with fire persistence, we have made
emissions with GFED2 CO emissions as a-priori input for the first attempt to distinguish deforestation fires from other
2000-2006. While Northern Hemisphere African CO con- types of fires in this biome, and at the same time increase
centrations appeared in agreement with those seen from MOburned area estimates here to better capture reported cleared
PITT, those from the Southern Hemisphere were found toor deforested areas.
be too low, on average by 26%. GFED3 CO emissions are
5% higher in Southern Hemisphere Africa than GFED2 and4.2.2 Fuel loads
likely more in agreement with the results from Chevallier
et al. (2009), but the 22% decrease in Northern Hemispheréd\lthough uncertainty in burned area datasets is still substan-
Africa will likely reduce the agreement between modeled andtial and the highest quality datasets still do not capture all
observed CO fluxes. burned area (Roy et al., 2009), some are of substantially

In short, we expect that overall the newly calculated emis-higher quality than earlier attempts to characterize burned
sions lead to better predictions of atmospheric trace gas andrea around the world indicating that fuel loads, combustion
aerosol burdens. However, improvements in some region§ompleteness, and emission factors are now becoming the
will be accompanied by deterioration in other regions, simi- most uncertain components of emissions estimates at a global
larly to the situation when we replaced version 1 with versionscale (Hoelzemann et al., 2004). This ordering has existed

2 (Stavrakou et al., 2009). on regional scales for many years where higher resolution
(e.g., Landsat) data has been available (French et al., 2004).
4.2 Uncertainties Our model captured biomass density estimates in the Ama-

zon (Saatchi et al., 2007), fuel build-up in savanna regions
By combining new burned area with improved biogeochemi-of Africa (Savadogo et al., 2007) and Australia (Williams et
cal modeling to better model fuel loads we have attempted tal., 1998), and estimated fuel consumption in boreal Amer-
reduce uncertainties in global fire emissions estimates. Howica in agreement with field measurements and higher spatial
ever, our estimates are still uncertain to at lea20% (1o) resolution studies, see Sects. 2.2-2.4. However, discrepan-
on global, annual scales for carbon emissions (Fig. 14), anaties remained and variability in reported fuel consumption
higher for trace gas and aerosol emissions or when smalleis large. Part of the reason may be related to scale; mea-
regions or shorter time windows are considered. In addi-surements are often made on small plots and are less fre-
tion, the uncertainties in the pre-MODIS era were up toquently extrapolated over the area within a fire perimeter.
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This scaling is crucial for making realistic comparisons with needed to better represent this variability. While a relatively
global-scale models, especially in heterogeneous landscapdarge body of research providing ground measurements of
that may include a range of ecosystem types, fuel loads anémission factors is available, understanding the variability of
burn severities. these emission factors for large-scale research applications
Savanna and grassland fuel loads in GFED2 may havés challenging (Van Leeuwen and van der Werf, 2010). Im-
been too high (Roberts et al., 2008; Ellicott et al., 2009). By proving the representation of depth of burning into peat and
improving the scalar that determines the transfer of leave®rganic soil may also be difficult because of limited avail-
to litter our modeled fuel loads are now lower than in pre- ability of observations and concurrent meteorology, although
vious work and are in better agreement with measurementsew approaches hold considerable promise (Ballhorn et al.,
from several field studies. Fuel loads are still higher than ob-2009; Boby et al., 2010). Validating combustion complete-
served in some areas though; the mode of fuel consumptioness is problematic as well; in grassland and savanna areas
in Africa was 300—-400 g C per #rburned while most field  the errors may be small because fine fuels are almost always
studies indicate fuel consumption is around 200 g C p&r m observed to burn completely. In deforestation regions, how-
burned or even lower. The model, however, does a reasorever, the variability is large due to differences in land man-
able job in simulating fuel build-up over the first few years agement and post-fire land use that will be difficult to model
after a fire. The model bias may have several causes. Firsgnd validate with the currently available information.
field campaigns may focus on frequently burning regions that
have little time to accumulate fuels. For example, it is often4.3 Future developments
stated that most savannas burn every year or every other year.
Our burned area data, however, indicated that only 14% ofSeveral of the uncertainties in our estimates are related to
the landscape exposed to fire in Africa burned annually. Folandscape heterogeneity within our Drsodeling grid. Al-
Australia, fire return times were mostly between 5 and 10though we have made a distinction between deforestation
years, and 2% of the total area burned annually. Second, ifires, peat fires, fires occurring in the herbaceous parts of the
fires burn preferentially in a certain part of the grid cell then grid cell, and fires occurring in the wooded parts of the grid
our approach will overestimate fuel loads. For example, ifcells, our approach is a first attempt and other key parameters
we find that on average 50% of a grid cell burns we assumd€.g., fAPAR) are still taken as the average of the°Ogid
the whole grid cell has a fire return time of 2 years and eacteell thus ignoring this sub grid scale variability. In addition,
year 50% of the whole grid cell is burned. Another possi- We cannot distinguish the fire history within a grid cell; if
bility though is that 50% of the grid cell burns annually and for example a grid cell burns for 50% on average each year
the other 50% does not burn. In the latter case emissions aré Makes a substantial difference whether 50% of the area
lower than in the former because fuel loads are smaller. Ifourns every year or whether the whole grid cell burns every
this is the case, our approach could overestimate emissionvo years.
by ~30%. In reality the error is smaller because its mag- Modeling at higher spatial resolution may partly over-
nitude decreases with increasing fire return time. We alsccome some of these issues. Ideally, fire emissions results
expect to have reduced these errors moving from GFED2 tavould be based on the native resolution of important datasets
GFED3 by increasing the spatial resolution by a factor 4. Fi-(burned areaf APAR) that are available at 500 meter reso-
nally, fuel consumption in Africa showed substantial spatial lution. This appears to be feasible from a technical point of
variability, with increasing values towards the equator. Forview. An added benefit is that this would allow for better
southern Africa, most measurements were made in the morgalidation with local measurements. Geo-location issues, es-
arid and less productive areas (e.g., South Africa, Zambiapecially when combining input datasets from different plat-
while satellite data indicates that areas further north (Angolaforms (Hyer etal., 2009), and realistically extrapolating other
D.R. Congo) see more fire activity. Since parts of these arinput datasets (e.g., climate data) to the finer resolution are
eas are woodlands, they boost the average fuel consumptigmportant issues that have to be addressed.
estimates. Besides improving spatial resolution and the quality of in-
put datasets, there is a clear need to better understand the
4.2.3 Combustion completeness and emission factors partitioning of combusted biomass into trace gases. While
a large number of emission factor measurements used for
Both combustion completeness and emission factors vary to this partitioning have revealed the broad-scale differences
large extent based on geographical and meteorological condin emission factors between biomes (Andreae and Merlet,
tions as well as fuel composition (e.g. Kortontzi et al., 2003;2001; Janhll et al., 2009), a clear description of spatial and
Shea et al., 1996; Andreae and Merlet, 2001). While ourtemporal variability in emission factors is challenging with
combustion completeness values as well as depth of burneurrently available information (Van Leeuwen and van der
ing in peatlands and organic soils were scaled based on soiVerf, 2010). Multi-species satellite measurements or contin-
moisture conditions, this should be seen as a simple approaalous tower measurements in important biomass burning re-
to incorporate spatial and regional variability; more work is gions are needed to better understand the rules governing the
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— While Africa was by far the largest source of fire €0
emissions, emissions of reduced trace gases like CO and
CHg, in tropical America and tropical Asia were almost
as high due to a larger share of deforestation and peat
fires emitting higher amounts of reduced trace gases
per unit biomass combusted. Deforestation, degrada-
tion, and tropical peat fires contributed to almost half of
global fire emissions of CH

partitioning, including seasonal and environmental controls
on reduced gas production.

5 Conclusions

We have updated our Global Fire Emissions Database
(GFED, now version 3) using improved satellite input data
and made several modifications to our modeling framework.
These modifications include explicitly accounting for defor- — Emissions estimates were more reliable than our previ-
estation and forest degradation fires in the model, partition-  ous attempts to characterize global fire emissions, but
ing fire emissions into different source categories, and adding  uncertainties remained and were on the order of at least
an uncertainty analysis. The main findings can be summa-  20% (1) for global, annual carbon sums. Uncertainties
rized as follows: were higher in the boreal region as well as in Equatorial
Asia due to difficulties in estimating fuel consumption

in organic soils. In addition, deforestation-fire carbon
emissions were uncertain primarily due to uncertain-
ties in cleared or burned area estimates and secondarily
from challenges in estimating fuel loads and combus-
tion completeness. Since the burned area assessments

— Global fire emissions averaged over 1997-2009 were
2.0Pg Cyear! according to our modeling framework
with important contributions from Africa (52%), South
America (15%), Equatorial Asia (10%), the boreal re-
gion (9%), and Australia (7%).

The largest contributor to global fire carbon emissions
were fires in grasslands and savannas (44%), with an-
other 16% emitted from woodland fires. Forest fires,
mostly confined to temperate and boreal regions ac-
counted for 15%. We estimated that about 23% of fire

used here may underestimate the amount of burned area
in wooded savanna and agricultural areas, and our ap-

proach to model deforestation fires may also underes-

timate cleared areas, our estimates are likely conserva-
tive.

carbon emissions stemmed from tropical deforestation,
degradation, and fires burning in tropical peatland areas.
These fire emissions of approximately 0.5 Pg C yéar
were probably a net source of G@ the atmosphere
because they may not be compensated for by regrowth.
This estimate does not include carbon fluxes from de-
composition of remaining plant material following de-
forestation fires, and is confined to the tropics. Agri-
cultural areas contributed about 3% of the global to-
tal carbon emissions from fires, but this estimate was
likely conservative. These numbers represent averages
during 2001-2009 when MODIS burned area observa-
tions were available; the role of peat burning increased
somewhat when considering the 1997—2000 period duesridded 0.5x0.5° monthly burned area, emissions esti-
to high emissions in 1997 and 1998 in Indonesia. mates, partitioning into different sources, the C4 fraction of

_ Emissions were highest in 1998 (2.8 Pg C y&amith CO, emissions, and biospheric fluxes (NPP ang Rere
almost all fire regions experienciné above normal fire provided to the scientific community for large-scale research
activity, followed by 1997 (2.7 Pg C yeat) mostly due as GFED3 throughttp://www.globalfiredata.orgnd will be

to emissions from Indonesia. The years 2000, 2001,updated frequently.
2008, and 2009 had lower amounts of fire activity with
mean emissions of1.6 PgCyear®. From 2002 to
2007, fire emissions were relatively constant around
2.1 Pg Cyear!. Within this period, positive anomalies
in some regions cancelled negative anomalies, most no-

tably in 2006 and 2007 when fire emissions in SouthAcknowledgementsThis research was supported by the EU
America were low and high, respectively, while fire Seventh Research Framework Programme (MACC project,
emissions in Equatorial Asia showed the reverse patterncolact number 218793), and NASA grants NNXO8AF64G,

The global decrease in fire emissions observed duringNNXOSAE97A’ and NNXOBALO3G.

2008 and 2009 was partly due to decreasing deforestal-Eolited by: J. Rinne
tion and tropical forest degradation fires. o

— Future fire emissions estimates could take better advan-
tage of native resolution burned area afilPAR es-
timates, which would enable a better representation of
heterogeneity in the landscape and enable more useful
comparisons with ground measurements. Due to lack
of spatially-explicit input datasets necessary to estimate
fuel loads, difficulties in estimating depth of burning
in boreal and tropical peat areas, and unreliable burned
area estimates in deforestation areas, it is unlikely that
in the near future uncertainties will be reduced to levels
comparable to those associated with fossil fuel emis-
sions.

Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/10/11707/2010/
acp-10-11707-2010-supplement.pdf
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