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Abstract. We compare five global inventories of monthly tively. These results suggest that there is still large uncer-
CO emissions named VGT, ATSR, MODIS, GFED3 and tainty in global estimates of emissions and it increases if the
MOPITT based on remotely sensed active fires and/or burnedomparison is carried by out taking into account the temporal
area products for the year 2003. The objective is to highlight(month) and spatial (0°5x 0.5 cell) dimensions. Besides
similarities and differences by focusing on the geographi-the area affected by fires, also vegetation characteristics and
cal and temporal distribution and on the emissions for threeconditions at the time of burning should also be accurately
broad land cover classes (forest, savanna/grassland and agparameterized since they can greatly influence the global es-
culture). Globally, CO emissions for the year 2003 range betimates of CO emissions.

tween 365 Tg CO (GFED3) and 1422 Tg CO (VGT). Despite
the large uncertainty in the total amounts, some common spa-

tial patterns typical of biomass burning can be identified in

the boreal forests of Siberia, in agricultural areas of East-1 Introduction

ern Europe and Russia and in savanna ecosystems of South

America, Africa and Australia. Regionally, the largest differ- Since the late 70s, prescribed and wild vegetation fires have
ence in terms of total amounts (CY100%) and seasonality been recognized as a major source of atmospheric trace gases
is observed at the northernmost latitudes, especially in Nortland aerosol particles that affect the composition of the atmo-
America and Siberia where VGT appears to overestimate thephere and the global climate (Crutzen et al., 1979). Fires
area affected by fires. On the contrary, Africa shows the besare a significant anthropogenic source of greenhouse gases
agreement both in terms of total annual amounts €£31%)  (CO; and CHy): deforestation and changing agricultural
and of seasonality despite some overestimation of emissiongractices have contributed 25% to the increase in €i6ce

from forest and agriculture observed in the MODIS inven- pre-industrial time (IPCC, 2007). Other carbonaceous com-
tory. In Africa VGT provides the most reliable seasonality. pounds are also emitted by the incomplete combustion of
Looking at the broad land cover types, the range of contribu-vegetation such as CO: G@nd CO are in fact responsible
tion to the global emissions of CO is 64—-74%, 23-32% andfor 90-95% of the total carbon released by fires (Andreae
3-4% for forest, savanna/grassland and agriculture, respe@nd Merlet, 2001). According to IPCC (2001) about 40% of
the CO annual budget in the atmosphere is due to fires and
fires are responsible for almost all of its inter-annual vari-

Correspondence tdD. Stroppiana ability (Novelli et al., 2003; van der Werf et al., 2004). For
BY (stroppiana.d@irea.cnr.it) example, the 1997/1998 El fb event has been linked to
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increased fires in the boreal regions and in the tropics and téake into account the amount of biomass available for burn-
a strong atmospheric CO anomaly (Langenfelds et al., 2002ing, the biomass actually burned by the fire and the amount of
Novelli et al., 2003; van der Werf et al., 2004). Moreover, gases and aerosols emitted for each unit of burned biomass.
CO is an important sink for hydroxyl radicals (OH) and it is These parameters are generally land cover type dependent.
a precursor of ozone ) and for these reasons it plays akey  From the late Nineties, inversion models have been de-
role in chemical transport models of atmospheric pollutantsveloped to derive emissions from CO concentrations mea-
(Jain, 2007). sured in the atmosphere (Manning et al., 1997; Bergam-
The remaining fraction of total carbon emitted by fires aschi et al., 2000; &ron et al., 2002). Exploitation of re-
(5%) is released as particulate matter (Reid et al., 2005)motely sensed concentrations of atmospheric gases is more
Even if lower in percent, these particles have a strong efrecent and has rapidly increased with the use of the NASA-
fect on the radiation budget. The aerosols released by th#1OPITT (Measurements OF Pollution In The Troposphere)
combustion process scatter and absorb incoming solar radinstrument (Chevallier et al., 2009éfon et al., 2004; Liu et
ation and change the atmospheric radiation budget (Hobbal., 2005; Arellano et al., 2006). The latter is also known as
et al.,, 1997; Podgorny et al., 2003) besides their influencdop-downapproach and consists of estimating carbon surface
on cloud formation and on cloud microphysical processedfluxes from the atmospheric concentrations.
(Langmann et al., 2009). Black carbon, which constitutes Large differences in both the geographic distribution and
5-10% of the particle emissions from fires (Liousse et al.,temporal dynamics of global and regional CO emission esti-
1996; Reid et al., 2005) and has a direct effect on absorbingnates are reported in literature; these differences are primar-
radiation in the atmosphere, can also reduce albedo when dély due to uncertainties in the input data on burned area and
posited on snow and ice, thus inducing a positive radiativefuel loads (Langmann et al., 2009) and in either modeling or
forcing (global warming). Also, land cover change, which inversion techniques @ron et al., 2004).
is one of the main causes of vegetation fires, itself induces a Recent developments in remote sensing have made widely
change of surface albedo. available global datasets of active fires and burned areas,
These are only some of the major and complex processewhich can be exploited for the estimation of emission. Ac-
that impact on the global climate and have been discussed itive fire counts (the number of active fires per grid cell) have
a number of studies (Innes et al., 2000). Also, climate vari-been used for a long time for depicting temporal and spatial
ability and change itself can influence fire frequency (Wester-patterns of vegetation fires (Cooke et al., 1996; Dwyer et al.,
ling et al., 2006). Finally, let us note that recent publications2000) as well as for quantifying the area burned (Giglio et
have pointed out that fires can be a source of extremely toxi@l., 2006). Since active fire mapping relies on the detection
products such as mercury (Friedli et al., 2009). of the high thermal emission from the flaming front of the
Great uncertainty still exists in the assessment of gas anfire, it is an important source of information for the detection
particulate emissions because of the higher temporal dyef small events and of fires burning below dense canopies.
namic of vegetation fires with respect to other sources suchHowever, active fire mapping is significantly affected by the
as fossil fuel combustion (Liousse et al., 2004; Langmann epresence of clouds at the time of observation and is a sample
al., 2009); fires vary from place to place and from year toof the total daily fire activity. By integrating the perimeter
year and are characterized by high seasonality (Anyamba eif the area affected by the fire, a burned area product should
al., 2003; Hely et al., 2003; Boschetti et al., 2004; Michel provide a better quantification of the area affected by the fire.
et al., 2005). Remotely sensed data potentially have all théBurned area mapping is less affected by could cover due to
characteristics for quantifying seasonal and inter-annual inthe persistence of the burned signal. However, burned area
formation on the emissions from vegetation fires because ofmapping can be rather difficult over large areas especially
their global and quasi continuous coverage (Cooke et al.where the remotely sensed signal can be confused with other
1996; Generoso et al., 2003). Moreover, the high frequencysurface targets (e.g. low albedo surfaces such as shadows,
of acquisition of satellite data is particularly suited for com- water and some types of soil). Since neither active fire counts
pounds such as CO since its average global lifetime in thenor burned area mapping can provide a satisfying global pic-
atmosphere is about two months. ture of the geographical and temporal variability of vegeta-
Two approaches have so far been developed to estimation fires, both are still used by the scientific community for
CO emissions from fires. Thaottom-upapproach relies on the estimation of the emission.
the model provided by Seiler and Crutzen (1980) and has The objective of this paper is to present the comparison of
been widely applied at continental and global scales with varfive global inventories of monthly CO emissions from vege-
ious spaceborne sensors (Barbosa et al., 1999; Stroppianatattion fires for the year 2003. We named the inventories VGT,
al., 2000; Conard et al., 2002; Schultz, 2002; Michel et al.,ATSR, MODIS, GFED3 and MOPITT after the name of the
2005; van der Werf et al., 2006; Yan et al., 2006; Konare etsensor used to build the dataset. In particular, we aim to high-
al., 2008, Liousse et al., 2010). In this approach, estimatedight similarities and differences in the seasonality and in the
of the surface burned by fires is converted into emitted gasegeographical distribution of emissions at the global and con-
and aerosols with a multiplicative model of parameters whichtinental levels and for three broad land cover types: forest,
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savanna/grassland and agriculture. The comparison of globdlA) to derive gaseous and particulate emissions for the
inventories of CO emissions from biomass burning is of par-2000-2007 period (Liousse et al., 2010). It is based on the
ticular interest for the atmospheric science community sinceL3JRC burned area product (Tansey et al., 2008) derived
emissions from fires are the least known input to models offrom the 1km daily images of the VEGETATION (VGT)
atmospheric circulation (Bian et al., 2007). sensor onboard the SPOT (Satellite Pour I'Observation de
Despite the large literature on regional estimates, very fewla Terre) satellites. Developed by a consortium of four Eu-
studies have attempted so far to compare global datasets obpean research institutions, the Universities of Leicester,
burned areas or pyrogenic emissions from fires and everhisbon, Louvain-la-Neuve, and the European Commission
fewer have specifically addressed the issue of comparingloint Research Centre (EC-JRC), this data set provides the
both spatial and temporal distributions (Bian et al., 2007;area burned globally on a daily time step for seven years
Jain, 2007; Chang and Song, 2009). The inventories analf2000 to 2007) at a resolution of 1km. A further calibra-
ysed here are derived from different burned area and/or action was applied to the estimated burned area fordibed-
tive fire products and satellite sensors; four of them are basedous broad-leaved treéGLC03) and thedeciduous shrub
on abottom-upapproach while a fifth dataset is derived with cover (GLC12) land cover classes of the GLC2000. Cor-
atop-downapproach which exploits the concentrations of at- rections to the 1 km burned area map derived from L3JRC
mospheric gases as measured by the MOPITT instrument angere based on the analysis of high resolution satellite data
inverse modelling techniques. We also analyze the distribu{Landsat Thematic Mapper). Monthly CO was estimated for
tion of CO sources among forest, savanna/grassland and ag@ach land cover type using the Biomass Density (BD [kgm-
culture land cover classes for the VGT, ATSR and MODIS 2]), Burning Efficiency (BE [unitless]) and Emission Factor
products. We focused on CO emissions because biomag&F [gCOkg-1]) values reported in Mieville et al. (2010) and
burning is the major source of this chemical compound inLiousse et al. (2010).
the troposphere. Moreover, CO emissions are often used as
a reference for the estimation of other pollutants during the2.1.2 The ATSR inventory
combustion process (Andreae and Merlet, 2001).
This inventory was extracted from the Inventory for Chem-
istry Climate studies (GICC) produced by the CNRS-
SA (Centre National de la Recherche Scientifique-Service
d’Aéronomie) and CNRS-LA in the context of the ACCENT-
GEIA program bttp://www.accent-network.org/ Emis-
sions of several chemical species from biomass burning for
the period 1997-2005 have been quantified in three steps
Mieville et al., 2010). First, the Global Burnt Area 2000
BA2000) product was used to derive CO emissions for
e year 2000. GBA2000 was released by the EC-JRC in
artnerships with eight research institutionsé@uire et al.,
003) and provides the area burned globally, for each month

, . of the year 2000, as derived from 1 km VGT images (Tansey
(Bartholone and Belward, 2005) built from the 1km SPOT et al., 2004). The resulting emissions from BD, BE and EF

VE.GETATION imagery. The GLC2000 has a spatu_atl reso described in Mieville et al. (2010) and Liousse et al. (2010)
lution comparable to those of the remotely sensed fire infor- . .
: . . . S were re-gridded to a 025« 0.5 resolution and used to cal-
mation used to build the inventories analysed in this study. . ; L
. . -~ “"ibrate, in terms of spatial and temporal distribution of CO
Although other land cover maps are available with a finer =~ ="’ T ; . )
emissions, the active fire counts contained in the World Fire

re§olut|on (e.g. Globcover) we deemed this spatial detail UN-tas (WFA) product of the European Space Agency (Arino
suitable for our purposes.

The fourth inventory (GFED3) was also derived from a anq Plummer, 2.001)' The V.VFA provides the geographical lo
S . . cation of night-time active fires, detected by the Along Track
satellite fire product but with a different set of data for the . .
) - o ... Scanning Radiometer (ATSR-2) sensor onboard the ERS-2
fuel load, burning efficiency and emission factors. The fifth

inventory (MOPITT) was derived from remotely sensed CO (European Remote Sensing) satellite, for the _perlod .1995_
: ; S 2002, and by the Advanced Along Track Scanning Radiome-
observations coupled with an active fire dataset.

ter (AATSR) sensor onboard the ENVISAT platform since

2 Data and methods

The five CO inventories (Table 1) can be divided into three
categories. In the first category, three inventories (VGT,
ATSR and MODIS) were built directly from recent global

fire products derived from satellite time series which were
processed to map either the occurrence of fire events or th
area burned. These inventories used common land cover ma
and set of biomass densities, burning efficiency coefficients
and emission factors. The common land cover map selecte
for this work is the Global Land Cover 2000 (GLC2000)

21 Global CO inventories 2003 http://earth.esa..int/ers/eeogleaetta.htrr_1)|. It mu;t be .
noted that the WFA gives access to a long time series, but is
2.1.1 The VGT inventory restricted to night-time fire events and shows a relatively high

level of false detection as demonstrated by Mota et al. (2005).
This inventory was built by the Centre National de la The calibration was carried out separately for three latitu-
Recherche Scientifique-Laboratoire d@@logie (CNRS- dinal bands {90°S to —15°S; —15°S to 15 N; 15° N to
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Table 1. Remotely sensed CO emission inventories considered in this analysis for the year 2003.

Inventory  Fire observations Global product EO system  Reference

VGT Burned area L3JRC 200087 SPOT-VGT Liousse et al. (2010)
ATSR Nighttime active fires WFA 1996-65 AATSR Mieville et al. (2010)
MODIS Active fires MODIS 2001-029  MODIS Chin et al. (2002)
GFED3 Burned area MODIS 20009 MODIS Van der Werf et al. (2010)
MOPITT  Active fires WFA 1996-08 MOPITT Petron et al. (2004)

aTansey et al., 2008 Arino and Plummer, 200% Justice et al., 2002 Giglio et al., 2006€ Giglio et al., 2006.

9(° N) based on the assumption that within the same latitu-scale; these differences are fully detailed in van der Werf et
dinal band and vegetation class all fire pixels of the WFA al. (2010).

product represent the same average burned surface, and thus

the same average emitted CO. Finally, the WFA time serie.1.5 The MOPITT inventory

of night-time fire counts was translated into CO emissions

for the 1997—2005 period using the same set of coefficientd "€ MOPITT instrument measures the CO content of the tro-
as the VGT inventory. posphere and the emission inventory was built usirigpa

downmodel (Fetron et al., 2004). A set of a-priori sources
2.1.3 The MODIS inventory of CO emissions was combined with the global chemistry

and transport Model for OZone and Related chemical Trac-
This inventory is based on the 8-day fire counts at 1-km resoers (MOZART; Horowitz et al., 2003), which is character-
lution derived from the MODIS (Moderate Resolution Imag- ized by a 2.1 x 2.8 resolution, to relate perturbations in
ing Spectroradiometer) sensor onboard the Terra and Aquthe CO surface emissions to perturbations in the CO tropo-
satellites (Justice et al., 2002). It uses the Version 4 of thespheric amounts for 63 trace gases. This relationship needs
monthly Climate Modeling Grid (CMG) (NASA/University to be “inverted” to transform the differences between the ob-
of Maryland, 2002) fire product at 0.% 0.5° resolution,  served and the modeled CO distributions into corrections of
from January 2001 to December 2004. The conversion facthe specified a-priori CO fluxes éBon et al., 2004). The
tors proposed by Giglio et al. (2006) were used to build a sefinversion is designed to produce the best linear unbiased es-
of monthly burnt area estimates for the year 2003 (Chin et al.fimate of the emissions by solving a weighted least squares
2002). The MODIS CO inventory was finally derived using problem. The technique is described in detail itrBn et
the same coefficients as the VGT and ATSR inventories andal. (2002). Inversion is done for fifteen large regions over the
reported in Mieville et al. (2010) and Liousse et al. (2010). globe. The a-priori emissions from technological activities

and biofuel use have no seasonality and are based on annual
2.1.4 The GFED3 inventory estimates from the EDGAR-3 inventory (Emission Database

) o ) for Global Atmospheric Research) (Olivier and Berdowski,

The Global Fire Emissions Database version 3 (GFED3) ré-2001); the a-priori emissions from biomass burning were de-
cgntly releas_ed (van der_Werf et al., 2010),. provides. eMmiSyived on a monthly basis from the ATSR fire count&{@n
sions from biomass burning at 6.5 0.5 spatial resolution gt 5. 2004). The dataset was interpolated to a resolution of

and a monthly time step globally for the period 1997-2009.¢ 5 0.5 to be consistent with the other datasets.
The source fire information is the burned area dataset, which

is composed of daily burned area maps derived from 500np.2  |nventory comparison

MODIS data (Giglio et al., 2009; Giglio et al., 2010). With

respect to the dataset used for the GFED version 2 (GiglioThe five inventories are compared over the globe and
et al., 2006), in the GFED3 burned areas are directly derivedix continental windows: North America (180-5@, 30—

from the satellite images and the use of active fire counts75° N), Europe (30W-45E, 26-72 N), Northern Asia

is restricted to those cases where the 500 m direct measur¢45-180 E, 26—72 N), South America (117-33V, 30—
ments are not available. The fire activity is combined with a50° S), Africa (30 W-63 E, 26 N-50° S) and South East
global biogeochemical model to describe the vegetation comAsia (63—180 E, 26 N-50° S) (Boschetti et al., 2004). We
pound. Compared to the previous GFED2 dataset, severdirst compare maps of annual CO and totals over geographi-
changes have been applied to the algorithm for the parameal areas. Since totals may hide compensation effects (Gen-
eterization of the vegetation. In the GFED3 inventory the eroso et al., 2003), we also analyse the spatial agreement of
emission estimates are generally lower and the differenceannual totals by computing the coefficient of determination
are more evident at the regional scale rather than at the globglR?) by regressing all 05x 0.5 cells (each cell value is the

Atmos. Chem. Phys., 10, 121782189 2010 www.atmos-chem-phys.net/10/12173/2010/



D. Stroppiana et al.: Comparison of global inventories of CO emissions 12177

sum of the monthly 2003 values) of the geographical win- With the exception of VGT, estimates compared in this
dows and the globe. We also compare seasonality (month bwork are within the ranges given by previous studies. The
month emissions) as provided by the five inventories. GFED2 dataset (van der Werf et al., 2006) gives for the pe-

A further analysis is carried out only for the VGT, ATSR riod 1997-2004 a minimum for global CO emissions from
and MODIS estimates which were made available per landvegetation fires of 337.6 Tg CO in 2000 and a maximum of
cover type: we look at the distribution of the emissions 592.2 Tg CO in 1998; for 2003 it provides an estimate of
among three broad land cover types and derived by groupin@98 Tg CO emitted from biomass burning. Bian et al. (2007)
the GLC2000 classes where fires occur: forest (GLC2000compared six inventories of CO emissions from biomass
classes 1, 2, 4, 5, 6, 9), savanna/grassland (GLC2000 classbsrning and found annual totals to range between 489 Tg CO
11 to 14) and agriculture (GLC2000 classes 16 to 18)and 518 Tg CO. According to IPCC (2001), the contribution
(Mieville et al., 2010). Vegetation characteristics, particu- from vegetation fires to the CO global budget ranges between
larly the high variability of the amount of biomass available 300 and 700 Tg COl/year although this source is recognized
for burning, can in fact have a significant weight on the dis-as the most variable part of the CO budget. Jain (2007)
tribution of emissions in space and time (Michel et al., 2005).compared three global burned area datasets (GLOBSCAR,
GBA2000 and GFED?2) and found the annual CO emissions
to be in the range 320.6—390.4 Tg COlyear although the esti-
mates for the year 2000 might not be representative because
of a below average fire activity in some regions of the globe
(van der Werf et al., 2010).

Maps of CO emissions for the year 2003 from the five inven- N @l of the northern continental windows VGT shows
tories are presented in Fig. 1 and annual totals for the contith® greatest annual totals due to the highest rate of emission
nental windows and the globe are summarized in Table 2. [POUrces in Alaska, Western and Eastern US, Western Europe
Fig. 1 we also present (lower right corner) the map of agree-a”d Russia (Fig. 1). Only the VGT inventory identifies boreal
ment. which shows for each 0.5 0.5° cell the number of fires in Northern Asia as the most important source of CO
inventories with total CO emissions greater than zero. Thet39%) with the African contribution ranked second (21%)
global amounts range from about 365 Tg CO (GFED3) tO(Taplg 2). In North America and Europe the Coefficient of
1422 Tg CO (VGT), with VGT almost two times greater than Yariation (CV=o/y) for annual totals is above 145% and
the second largest value given by MODIS (769.6 Tg CO).it is 88% in Northern Asia mainly due to the contribution of
Figure 1 clearly depicts the extreme pictures given by VGT,2 large area of high CO emissions from VGT (above 0.1 Tg
with extensive sources of CO in the Northern Hemisphere CO/year/0.5 cell) in Siberia. If the VGT inventory is left
and by both ATSR and GFED3 with the lowest emissions. InOUt from the computation, CV drops to 55%, 61% and 51%
the case of ATSR, the lower rate of emission sources can b&" North America, Europe and Northern Asia, respectively.
ascribed to the use of night-time active fires, which represenf\ccording to tpe VGT inventory fires in Europe contribute
an under-sampling of the total daily fire activity. In the case @ Much as 6% to the global annual emissions of CO from
of GFED3, the reasons are more difficult to be identified duePiomass burming whereas the proportion given by the other
to the interaction of the estimates of the area burned and fud[Ventories is 1-2%. Since a large difference exists also be-
consumption. Van der Werf et al. (2010) compared GFED3Ween VGT, ATSR and MODIS, which were derived with

to GFED2 and found that changes of these two factors playf®mMmon parameters, the observed high emissions in VGT
differently at the regional scale to produce a lower global rate@'® due to an overestimation of the area burned in the L3JRC
of CO emissions. From the analysis of the GFED2 inventowprOdUCt' In the northern regions the difference in burned area
(data not shown) we hypothesize that the lower estimate Ofestlmate§ is amplified by forest fuel loads, which can be more
the area burned in GFED3 might play a key role in the re-than 20 times greater than the savanna's, and by forest veg-
duced estimates of CO. The MOPITT inventory shows the€tation composition (e.g. the fraction of tree cover), which
greatest number of G25ells with emissions from biomass can favor emissions of incomplete combustion products such
burning; however, this is due to the original resolution of @ CO. Chang and Song (2009) observed a large difference
the product (2.1x 2.8), which might bias spatial compari- between estimates of the MCD45A1 (MODIS Collection 5
son with the other inventories derived at a higher resolutionPreduct) and L3JRC burned area products over the period
This effect is also highlighted in the agreement map of Fig. 12000 to 2007 for northern latitudes and found that, over the
where grey cells correspond to MOPITT emissions and are/ears, the greatest difference occurred Jgst_for 2003. Despite
widespread over the globe. In the agreement map the blue rdD€ 1arge difference of the total CO emissions, some com-
gions mainly correspond to areas where only VGT and MO-MON spatial patterns of high CO emissions can be indetified
PITT have sources of CO emissions from biomass burningjn Fig. 1 in central and eastern Siberia: south of Lake Baikal
the red regions are instead the areas where all datasets inde®?d @long the border with Mongolia and China.

tify the presence of sources of CO emissions.

3 Results and discussion

3.1 Geographical distribution of CO emissions

www.atmos-chem-phys.net/10/12173/2010/ Atmos. Chem. Phys., 10, 1P2783-2010
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Table 2. Total CO emissions [Tg] for the globe and the continental windows and the percentage [%] computed with respect to the global
totals. MOPITT values are highlighted in grey as it is the doly-downmodel.

Total CO [Tg] Percentage [%]
VGT ATSR MODIS GFED3 MOPITT VGT ATSR MODIS GFED3 MOPITT
N. America 277.6 48.1 19.2 14. 255 19 9 2 4 4
Europe 87.8 7.3 13.2 1.6 9.3 6 1 2 0 2
N. Asia 559.1 139.5 241.6 78.. 102.0 39 25 31 21 17
S. America 121.7 93.1 35.6 53. 121.9 9 17 5 15 21
Africa 302.7 201.7 367.4 164. 274.8 21 37 48 45 46
South East Asia 74.0 57.9 92.6 52 60.5 5 11 12 14 10
Global 1422.0 5475 769.6 365. 594.0 100 100 100 10C 100

0.0-0.005

0.005-0.01
0l 0.01-008

W ooso1

Fig. 1. Maps of CO emissions [Tg] for the year 2003 for Ddxid cells; in the right lower corner the map of agreement (i.e. the number of
inventories for each cell with CO emissions greater than zero;=gfe\blue= 2, green= 3, yellow=4, red=5). The agreement map has
been filtered with a median filter (33).

In the southern continental windows the inventories appeaspite the common spatial patterns of emission sources in
to have a more similar geographical distribution of emissionSouth America from ATSR, MODIS and GFED3, the total
sources (Fig. 1). In South Americatotals from VGT and MO- amount can be as low as 35.6 Tg CO as given by MODIS,
PITT coincide (121 Tg CO, Table 2) but sources (i.e. fires)which represents an underestimation of the total emissions
are located in different areas of the continent. In fact, VGT from biomass burning. Giglio et al. (2006) suggested that the
shows emissions from the Argentinean savannas whereas ajuality of the burned area maps over closed canopy forests of
the other inventories agree in pointing out the highest emis-South America south of the Equator might have been lowered
sions from biomass burning in the savannas south of théby cloud and tree canopy covers, which prevents the observa-
Amazonian forest (Fig. 1). Further analyses should be cartion of the surface and affects the mapping of hot spots more
ried out to clearly identify the source of error in the L3JRC than of burned areas.
burned area dataset, which leads to this overestimation. De-
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The inventories best agree over Africa (164.7-367.4 Tdfires in Africa which are characterized by a very low tempo-
CO, CV=31%) and South East Asia (52.6-92.60 Tg CO, ral persistence (Roberts et al., 2009). Some of the limitations
CV =24%) where MODIS provides the greatest estimates.involved in the use of hot spots for emission estimation could
The geographical distribution of emission sources is alscbe overcome with the Fire Radiative Power (FRP) approach
very similar with three regions of intense burning: Central proposed by Wooster et al. (2005). The Fire Radiative En-
African Republic, Western Africa and, in the south of the ergy (FRE), resulting from the integration over time of the
continent, the region encompassing Demaocratic Republic oFRP, can in fact be directly linked to the fuel consumption.
Congo, Zambia and Mozambique. Emissions from African Moreover, the use of the frequent images from the SEVIRI
vegetation fires cover 37% of the global CO emissions ac{Spinning Enhanced Visible and InfraRed Imager) sensor on-
cording to ATSR and between 45% and 49% according toboard the Meteosat Second Generation (MSG) platform can
GFED3, MODIS and MOPITT inventories. Africa remains a integrate fire information over the day to reduce the effect of
key continent for the global carbon cycle although it accountstemporal sampling. This approach can be successfully ap-
for 14% of the global population and only 3% of the global plied for monitoring biomass burning in open vegetation of
emissions from fossil fuel use (Williams et al., 2007) that in- Africa where fire size and intensity are suitable for the lower
creases if regional specificities (biofuel, two wheel emissionsspatial resolution of the SEVIRI sensor.

...) are taken into account (Assamoi and Liousse, 2009). Finally, GFED3 is confirmed to be the lowest estimate
In this continent in fact emissions due to biomass burningamong all despite the larger proportion of 0&ells with

and land use change are comparable to emissions from fossitO emissions greater than zero with respect to, for exam-
fuel use and are not negligible in the total balance (Canadelple, ATSR: indeed most of these cells have low emission val-
et al., 2009; Williams et al., 2007). Vegetation fires from ues (orange colour key). Previous studies have observed the
southern Africa most contribute to the total continental bud-underestimation of the GFED2 dataset and in particular in
get of emitted CO between 54% (MOPITT) and 63% (VGT). tropical areas (Kopacz et al., 2010).

Only for the MODIS inventory burning in the northern Africa In South East Asia MODIS provides the highest estimates
produces a greater proportion of emissions (52%) with re{92.6 Tg CO) followed by VGT (74.0 Tg CO), ATSR and
spect to the south (48%). The proportions between norttMOPITT with totals around 60 Tg CO and GFED3 (52.6 Tg
and south are generally the opposite when the area burne€O). Chang and Song (2009) found that the L3JRC burned
rather than the emissions, is analysed because of the exrea product underestimates burning in low and sparse veg-
tensive and frequent fires which occur in the Sudania ancetation covers of semi-arid Australia but our maps in Fig. 1
Guineo-Congolia/Sudania eco-regions; however, the landhow a very similar distribution of CO sources over continen-
cover classes affected by fires in the south, more specificallyal Australia with higher values given by VGT. The greatest
in the Zambezian eco-region, are characterized by greateotal for this window from MODIS is due to emissions in
fuel loads, which result in greater fuel consumption (Robertsforested regions of Southern China, Myanmar, Cambodia,
et al., 2009). When considering the emissions [Tg CQ] forNorthern Laos and Vietham. GFED3, ATSR and MOPITT
the northern part of the continent, we observe the follow-have the same geographical distribution but lower emission
ing ranking in decreasing order: MODIS (191.2), MOPITT values compared to MODIS. On the contrary, VGT shows
(126.4), VGT (112.55), ATSR (89.1) and GFED3 (74.1). high emissions along the northern border of the Sichuan
For southern Africa, the ranking is: VGT (190.3), MODIS Basin in China; in this area the evergreen forest is fragmented
(176.4), MOPITT (148.9), ATSR (112.6) and GFED3 (90.7). and mixed with herbaceous vegetation. We think that the
Looking at the maps of Fig. 1, the VGT inventory signif- L3JRC product might erroneously map as burned some ar-
icantly underestimates biomass burning in Western Africaeas covered by herbaceous vegetation. The contribution of
(i.e. along the border between Guinea and Mali) despite theSouth East Asia to the global emissions of CO is not negli-
calibration applied for correcting this underestimation by thegible (10-15%) and it can be even more important in terms
L3JRC burned area product for GLC2000 classesp@f de-  of burned area for its frequent and extensive fires in tropical
ciduous broadleaved tree coyesnd 12 @leciduous closed- savannas (Chang and Song, 2009).

open shrubs These lower emissions from VGT were ob-  The difference of the spatial patterns of annual CO emis-
served also by Tansey et al. (2008). sions is quantified by the correlation analysis which com-

In Africa ATSR shows a lower number of emissions pares two inventories at a time (Table 3). The coefficient
sources although the spatial pattern is similar to that of theof determination g2) computed between VGT and each of
other inventories; it is likely that the use of night-time ac- the other inventories is generally the lowest for the north-
tive fires leads to an underestimation of the burned area asrn continental windows and it is null for South America
a consequence of the strong diurnal cycle of fires (Robertglue to the different location of CO sources discussed above.
et al.,, 2009). Moreover, the temporal sampling due to theln Europe, Northern Asia, South America, and Africa the
short duration of fires is enhanced in the case of polar orbit-greatest correlation is achieved between MODIS and GFED3
ing satellites, which are characterized by a limited overpasg0.43< R? < 0.71). In North America the highest? (0.49)
frequency. This is particularly true in the case of savannais between ATSR and MODIS. In South East Asia the best
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Table 3. The coefficient of determination®Rderived by regressing CO estimates for the’@8lls for each window and the globe. In the
parenthesis the number of cells used in the regression after discarding cells with zero emissions in both products.

VGT ATSR MODIS GFED3 MOPITT

N. Am. VGT 1

ATSR 0.04 (9067) 1

MODIS 0.08 (9254) 0.49 (3217) 1

GFED3 0.03 (9092) 0.24 (1694) 0.31 (3154)

MOPITT 0.02 (13040) 0.05(12376) 0.07(12371) 0.03(12371)
Europe VGT 1

ATSR 0.08 (5017) 1

MODIS 0.21 (5197) 0.40 (3115) 1

GFED3 0.16 (5047) 0.36 (1983) 0.71 (3033)

MOPITT 0.05(10526) 0.03(10448) 0.05(10449) 0.03(10447)
N. Asia VGT 1

ATSR 0.08 (14112) 1

MODIS 0.14 (14579) 0.38(6650) 1

GFED3 0.16 (14277) 0.22(4975) 0.43 (6473)

MOPITT 0.10(19579) 0.12(19331) 0.22(19320) 0.18(19319)
S. Am. VGT 1

ATSR 0.00 (5309) 1

MODIS 0.00 (6410) 0.20 (5497) 1

GFED3 0.00 (5598) 0.1 (4370) 0.57 (5479)

MOPITT 0.00(13636) 0.17(13625) 0.17(13627) 0.08(13626)
Africa VGT 1

ATSR 0.27 (5100) 1

MODIS 0.44 (5895) 0.37 (5290) 1

GFED3 0.47 (5455) 0.26 (4668) 0.49 (5255)

MOPITT 0.44 (13634) 0.21(13626) 0.47(13630) 0.45(13625)
South East Asia VGT 1

ATSR 0.14 (4401) 1

MODIS 0.43 (5567) 0.12 (4613) 1

GFED3 0.09 (5007) 0.04 (3660) 0.15 (4562)

MOPITT 0.07 (16257) 0.09 (16257) 0.05(16257) 0.02(16257)
Global VGT 1

ATSR 0.11(43018) 1

MODIS 0.20 (46873) 0.28(28255) 1

GFED3 0.11 (44453) 0.13(21248) 0.29(27812)

MOPITT 0.13(89275) 0.15(88195) 0.21(88169) 0.15(88160)

correlation is between VGT and MODISR{=0.43). In  for inter-calibration of the products. With the exception of
Africa the similar geographical distribution of emissions Africa, MOPITT is least correlated to the other inventories
shown in Fig. 1 and discussed above is confirmed by the outas pictured by this analysis.

come of this analysis of correlation. Note that a greater value At the global level, the agreement is very low suggesting
of R? means a high spatial correlation of the annual totalsthat similarities are better highlighted at the regional scale.
between two inventories but not necessarily a good agreeThe maximumr? is achieved between MODIS and GFED3
ment in terms of absolute values. Vice versa a good agreetR? = 0.33). The MOPITT inventory is best correlated to
ment in terms of total emissions might hide a significant dif- MODIS and GFED3.

ference in the spatial distributions of CO sources such as in

the case of South America between VGT and MOPITT (Ta-

ble 2). However, the regression relationships can be used
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Fig. 2. Seasonality of CO emissions [Tg CO montf for each continental window from the five inventories.

3.2 Seasonality of CO emissions ber); in these two months 67% and 73% of the emitted CO
comes from fires irclosed deciduous broadleaved forests
The temporal distribution of monthly emissions (i.e. season-(GLC2000 class 2). In Northern Asia emissions last from
ality) is an important input parameter for both biomass burn-February/March until September/October. In this window
ing studies and models of the circulation of atmospheric pol-seasonality has the largest variability among the five invento-
lutants (Kopacz et al., 2010); especially in the case of chemyies. In May 2003, the VGT and MODIS inventories show a
ical compounds such as CO which is characterized by a lifelarge area of biomass burning in a belt spanning from Euro-
time in the atmosphere of about two months (Crutzen andpean Ru