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Abstract. We screened the algorithm 2 (308 K threshold) sions (Bey et al., 2001; Kinne et al., 2003; Langenfelds et
European Space Agency (ESA) World Fire Atlas (WFA), al., 2002). Recent analyses based on data from the Global
for the period 1997-2002, using ancillary land cover, night-Burned Area 2000 (GBA2000) project (&goire et al., 2003)
lights and volcanic activity datasets, combined with statisti- estimate that 3.5 million kfburned globally during the year
cal techniques to detect the occurrence of space-time clus2000 (Tansey et al., 2003), corresponding to 2580 teragrams
ters of anomalous observations. The WFA is built using (Tg, dry matter) of burnt biomass (Ito and Penner, 2003).
night time data from the Along Track Scanning Radiome- Multi-annual, very broad geographical scale analyses of
ter (ATSR) onboard the Second European Remote-Sensinfire occurrence are scarce, and rely primarily on active fires
Satellite (ERS-2). The spatial resolution of the data is 1 kmdata. Dwyer et al. (2000) and Stroppiana et al. (2000) anal-
and the satellite revisiting period is 3 days at the equator. Theysed 21 months of global, daily daytime imagery from the
WEFA is the first and longest archive of global fire observa- Advanced Very High Resolution Radiometer (AVHRR) at
tions and has been used in numerous biomass burning stud-km spatial resolution, from April 1992 to December 1993.
ies. Known limitations of the WFA are the inclusion of warm Arino and Rosaz (1999) and Arino and Plummer (2001)
surfaces, gas flares, and city lights, and an underestimation afescribed the European Space Agency (ESA) World Fire
actual global fire activity, due to the time of satellite overpass.Atlas (WFA), which is being produced using global daily
Nevertheless, it has been considered that the WFA containsight time data from the Along Track Scanning Radiometer
a relatively small proportion of observations that do not cor- (ATSR-2) at 1 km spatial resolution. Giglio et al. (2003) used
respond to vegetation fires, which is not corroborated by ourdata from the Tropical Rainfall Measuring Mission (TRMM)
findings. During the study period, the annual percentage olisible and Infrared Scanner (VIRS), to map pan-tropical
false alarms and non-vegetation fires varied from a minimum(40° N to 40° S) fire activity between January 1998 and Au-
value of 20.6% in 1997 to a maximum of 27.9% in 1998. Gasgust 2004. Other studies have analysed fire activity over
flares and hot bare soils are the major sources of false alarmsmaller areas and shorter time periods, for example in sup-
and non-vegetation fires. port of field research campaigns (Olson et al., 1999; Pereira
et al., 1999; Anyamba et al., 2003) or to document excep-
tional fire events (Malingreau et al., 1985; Gutman et al.,
2000; Wooster and Strub, 2002).

Active fires detected by satellite provide a good indication

Vegetation fires play an important environmental role overf the spatio-temporal patterns of global fire incidence, but

large areas of the Earth surface, influencing ecosystem pr'® inadequate to estimate biomass burning, due to areal and

ductivity (Houghton, 2003; Potter et al., 2003), vegetation ©€MPoral sampling problems (Pereira et al., 1999a; Dwyer

distributions patterns (Bachelet et al., 2001), and climate€t al., 2000). Nevertheless, active fire data sets have been

(Oglesby et al., 1999; Menon et al., 2002). Fires also relO_found useful by atmospheric chemistry researchers, to im-

resent a significant source of aerosols and trace gas emi&ove charactgrlsgtlon of the interannual variability anq sea-
sonality of emissions, and to assess the effects of biomass

Correspondence tal. Pereira burning on the distribution dynamics of aerosols and trace
(jimcpereira@isa.utl.pt) gases. The ESA WFA has been extensively used for these

1 Introduction
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Fig. 1. Hierarchical arrangement of the WFA data classes used in the study.

purposes, in spite of the limitations described by Arino and3.7um, 11.0um and 12.um. The spatial resolution of
Plummer (2001). Table 1 lists articles that used ESA's WFAthe ATSR-2 is 1km at nadir. A swath width of 512 km al-
data, mentioning the study area, the analysis time frame, antbws a revisiting period of 3 days at the equator. (Arino and
the main topic of the research. Plummer, 2001). Additional information about the ATSR

A careful and thorough visual analysis of the WFA prod- can be found at http://www.atsr.rl.ac.uk/documentation/docs/
uct in various regions of the world, namely in deserts anduserguide/index.shtml.

sparsely vegetated areas, suggested that the product con-The WFA (http://dup.esrin.esa.int/ionia/wfa/index.asp) is
tained a relatively large number of observations that did notyyjit using data acquired at night by the ATSR-2 nadir view
correspond to vegetation fires. The purpose of the preserdamera. WFA data are available from November 1995 to
work was to remove those observations from the WFA andjyly 2005, with a gap between January and June 1996.
provide the global change research community with an im-we restricted our analysis to the six full years of ATSR-2
proved multi-annual, global fire activity dataset. Some of 4ata, from January 1997 to December 2002. After this pe-
authors listed in Table 1 attempted screening of the WFA toriod WFA data are obtained with the Advanced Along-Track
remove non-vegetation fire data (for example, Generoso e§canning Radiometer (AATSR), onboard the Environment
al., 2003; Hoelzemann et al., 2003; Pereira, 2003; Pereirgatellite (ENVISAT). We do not analyse AATSR data in this
et al., 2004; Schultz, 2002), but less thoroughly than in thestygy.

present study, and for shorter periods of time. Interannual variability of vegetation fires at the global

Throughout the paper we use the following terminology scale is large (Duncan et al., 2003a), and is strongly
(Fig. 1): observationorcountisthemoregenericdesigna’tior]nfluenced by climatic condiéions (H(’)Imgren et al
and refers to each and every WFA element. False alarm des;q1.  |11shimoto et al. 2004). Our six-year anai-
ignates observations that do not correspond to fires. They c sis ’encompasses a s'trong warm phase of the El
be data acquisition/processing errors or hot ground surface lino Southern Oscillation (ENSO) during 1997-1998,

Fires are observations that display a high temperature resulté cold phase from late 1998 through 2001, and an-
ing from energy generated by a combustion process. They in- '

20 9 X : other warm phase during the second half of 2002, ac-
clude vegetation fires, gas flares and volcanic eruptions. Th%ording to the National Oceanic and Atmospheric Ad-
latter two are jointly designated non-vegetation fires. Our

lis to classi d ; the WEA dataset all ob ministration (NOAA) National Weather Service/Climate
goatis 0 classify an remove from the ataset all 0b-pregiction Center (http://www.cpc.ncep.noaa.gov/products/
servations other than vegetation fires.

analysismonitoring/ensostuff/ensoyears.shtml).  Thus, it
ought to adequately characterise fire interannual variability,
at least to the extent that it is affected by this global scale
climatic phenomenon.

2.1 The World Fire Atlas The detection of observations for the WFA is based only
on the 3.7um channel, which is highly sensitive to radiation
The ATSR-2 is a low spatial resolution sensor for environ- emitted at temperatures from 500 K to 1000 K. Use of night-
mental monitoring, carried onboard the Second Europeariime data is meant to minimise false alarms due to sun-glint,
Remote Sensing Satellite (ERS-2). It has four visible andreflection off cloud edges, and bright soil surfaces. It is also
mid-infrared channels centred at 0/58, 0.67um, 0.87um expected to reduce false alarms caused by hot ground sur-
and 1.6um, and three thermal-infrared channels centred atfaces. The detection capability of the 3. channel ranges

2 Data and methods
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Table 1. Articles that used World Fire Atlas data.

1411

Article Study area Time frame Topic

Balis et al. (2003) Northern Greece Summer 2001 Aerosols
Beirle et al. (2004) Central Australia 1999-2001 NO

Brooks and Legrand (2000) Northern hemisphere Africa 1984-1993 Aerosols
Bruzzone et al. (2003) Africa, Australia, Mexico, and Brazil 1996-1999 2NO
Chandra et al. (2002) Africa, Brazil, and Indonesia 1979-2000 3 O

Chin et al. (2002) Global 1990, 1996, 1997  Aerosols
Clerbaux et al. (2001) Global June 1997 CcoO

Davison et al. (2004) Indonesia Aug—Nov 1997 Aerosols
Duncan et al. (2003a) Global 1979-2000 Cco

Duncan et al. (2003b) SE Asia Sep-Nov 1997 CQ@, O
Edwards et al. (2003) Africa, Atlantic Ocean Jan 2001 3 0

Formenti et al. (2002) South Africa 1998-1999 Aerosols
Generoso et al. (2003) Global 1997-2001 Aerosols
Goloub and Arino (2000) Africa, America, Asia 1996-1997 Aerosols
Gumbricht et al. (2002) Botswana 1999-2000 Peat fire detection
Hoelzemann et al. (2004) Global 2000 40+ chemical species, and aerosols
Jenkins et al. (1997) Africa, Atlantic and Indian Oceans Not provided 3 O

Jenkins and Ryu (2003) Atlantic ocean, W. Africa, S. America 1979-2000 3 O

Jenkins and Ryu (2004) Tropical Atlantic, Africa, S. America  1998-2001 3 O
Kasischke et al. (2003) Alaska, Canada, Russia 1997-2002 Fire counts
Kelha et al. (2003) Scandinavia, W. Russia 1999-2000 Fire counts
Kim et al. (2001) Pantropical 1998-1999 30
Ladshtter-Weillenmayer et al. (2004)  Tropical Pacific ocean Sep 1999 3 O
Langmann and Heil (2004) Indonesia 1997-1998 Aerosols
Legg and Laumonier (1999) Indonesia Aug-Sep 1997 Burned area
Martin et al. (2002a) Global July 1996 NO

Martin et al. (2002b) Global 1996-1997 30

Newchurch et al. (2001) Global 1978-1999 30

Pereira (2003) Tropical savannas - Burned area
Pereira et al. (2004) Southern Africa - Burned area
Pinty et al. (2000) Africa 1996 Albedo change
Pochanart et al. (2003) Thailand 1997-2000 CcoO

Richter and Burrows (2002) Africa 1997 NO
Roddenbeck et al. (2003) Global 1982-2000 £0

Sauvage et al. (2004) Equatorial Africa 1997-2003 3 0

Schultz (2002) Global 1996-2000 CcO

Silva et al. (2003) Southern Africa 2000 Burned area
Spichtinger et al. (2004) Panboreal 1997-1998 CcoO

Staudt et al. (2001) Pacific Ocean March—April 1999 CO

Sudo et al. (2002) Global 1988-1999 Multiple chemical species
van der Werf et al. (2003) Global 1998-2001 C

van der Werf et al. (2004) Global 1997-2001 £QCO0, CH,
Wooster and Strub (2002) Indonesia 1997 Burned area
Yurganov et al. (2004) Northern Hemisphere 1996-2001 CcoO

Zhao et al. (2000) Northern Japan 1995-1997 HCN

Zhao et al. (2002) Northern Japan 1995-2000 CgHg CoHp, HCN

from a burning area of 0.1 ha at 600K to 0.01 ha at 800 Klarger than 312K (saturation temperature), and the second

(http://dup.esrin.esa.int/ionia/wfa/algorithm.asp).

Woostersets the threshold at 308 K. In this study we used only the

and Rothery (2002) calculated a sensor saturation envelopdataset created with the 308 threshold, designated algo-

for observations of sub-pixel sized hotspots at 317, as a
function of hotspot temperatureQ) and hotspot size (.

rithm 2. Underestimation of fire activity, considered the
main limitation of the product (Kasischke et al., 2003), is ex-

Two versions of the WFA are provided by ESA. The first pected to be less severe with this threshold. The trade off is

includes all pixels with brightness temperature at 7

www.atmos-chem-phys.net/6/1409/2006/

a higher number of false alarms (Arino and Plummer, 2001).
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Table 2. Annual results of WFA screening.

Year  Original Screened %Screened Vegetation %Vegetation

Fires Fires
1997 164221 33878 20.63 130343 79.37
1998 238137 66397 27.88 171740 72.12
1999 155718 39461 25.34 16 257 74.66
2000 150416 39790 26.45 110626 73.55
2001 141215 35460 25.11 105755 74.89
2002 176909 38868 21.97 138041 78.03
Mean 171103 42309 24.56 128794 75.44

Single-channel (with the AVHRR channel 3, at 3;/%) al- an extent that is dependent on fire intensity. This limitation
gorithms for active fire detection were used before, namelyis shared by other sensors, such as the AVHRR and MODer-
by Muirhead and Cracknell (1985), Malingreau and Tucker ate resolution Imaging Spectrometer (MODIS), and is more
(1988), Setzer and Pereira (1991), and Pereira and Setzesevere in coarser resolution instruments, such as the Geo-
(1993). Martn et al. (1999) and Li et al. (2001) reviewed stationary Operational Environmental Satellite (GOES). The
limitations of this approach and discussed alternative algothermal thresholds of algorithms 1 and 2 were designed to
rithms. achieve an acceptable trade off between omission and com-

mission errors. They may be too restrictive to capture active
Between January 1997 and December 2002 there are SOMas that affect only a small fraction of the area of a pixel.

periods with missing (not a single 512km by 512km data ynqerestimation of fire activity at high latitudes during the
frame available) or incomplete data (a variable number ofy,, oo summer was first described by Arino and Plummer

512km by 512 km data frames not available). The year 200Q5001) and confirmed by Kasischke et al. (2003). Arino and

has 14 days with missing data. In 2001 there are 16 dayp) mmer (2001) considered commission errors to be less of
of incomplete data and 25 days with missing data. In 200 problem in the WFA than omission errors. They were

there are 15 days of incomplete data and 12 days with misSgyihyted primarily to urban lights and oil and gas flares.

ing data. Above 60 degrees latitude north, data are missgommission errors due to hot ground surfaces in deserts and
ing from February to August 1997, due to processing prob-gnarsely vegetated areas were mentioned only for the algo-
lems. The various modes of operation of ERS-2 in 2001 af~jiym 5 product. Overall, Arino and Plummer (2001) consid-
fected significantly the geo-location accuracy of the ATSR 41a4 the main advantages of the WFA to be the low level of

data, mainly due to yaw mispointing in the satellite gyro-1ess . mmission errors, and the adequate spatial distribution and
mode (http://dup.esrin.esa.int/ionia/wfa/2001-ESAQ02-indeX.|yation accuracy of the hotspots.

asp). The average magnitude of the location accuracy errors

varied from 10 km between February and May 2001, downto2 2  Screening procedure

2—-3 km from June 2001 onwards. Arino and Plummer (2001)

discussed WFA limitations, identified during an extensive in- The screening, or filtering, of false alarms and non-
ternational product assessment. The main limitation of thevegetation fires from among the set of observations included
WEFA, for both temperature thresholds in channel 3, is underin the WFA was implemented in two stages. In the first stage,
estimation of actual fire activity. This problem is less severea series of spatial masks were used to classify false alarms
for algorithm 2. Omission errors are attributed mainly to the and non-vegetation fires generated by specific types of land
timing of image acquisition, the instrument revisit time, the cover, gas flares, and volcanic activity. In the second stage,
spatial resolution of the ATSR, and the thermal thresholdsthe WFA data were visually analysed, to classify erroneous
selected. Fire activity tends to peak during the afternoonpobservations not detected in the first stage. This two-stage
both for wildfires and for prescribed burns. Thus, the night classification of WFA observations is exhaustive, i.e. it ad-
time ATSR overpass samples a moment of reduced activitydresses each and every count in WFA, but it is not mutu-
in the diurnal fire cycle. The revisit time of the ATSR at the ally exclusive, i.e., a given observation may be captured by
equator is three days, meaning that many short duration firemore than one filter. This may not be the ideal classifica-
are not observed. Biome specific differences in fire persistion structure, but it was impossible to construct a priori a
tence are likely to introduce a bias in favour of the detectionstrict partition of the data. With the procedure followed, the
of forest fires, to the detriment of shorter duration savannanumber of observations allocated to each filter is independent
fires (Giglio et al., 2006). The spatial resolution of 1 km also from the order in which the filters were actually applied to the
limits the ability of the ATSR to detect many small fires, to data. The screening procedure required the use of ancillary

Atmos. Chem. Phys., 6, 1409-1424, 2006 www.atmos-chem-phys.net/6/1409/2006/



B. W. Mota et al.: Screening the World Fire Atlas 1413

datasets, namely a land cover map, a stable lights map, anéations. Gas flares are identified in the stable lights dataset

volcanic activity location data. based on their large circular appearance and lack of coin-
cidence with populated places (Elvidge et al., 2001). The
2.3 Screening based on land cover gas flares mask covers an area of 887 007.kifihe WFA

also contains counts generated by volcanoes. Elimination of
Two global land cover products are contemporary with thethese observations was based on volcanic activity timing and
WFA data, and thus are potentially appropriate for screenindocation data from the Global Volcanism Program (GVP) of
non-vegetation fire counts. These products are the Globahe Smithsonian Institution http://www.volcano.si.edu/, from
Land Cover (GLC) 2000 map (Fritz et al., 2003), and the Volcano World http://volcano.und.edu/ and from the Hawaii
MODIS MOD12 Land Cover map (Strahler et al., 1999; Institute of Geophysics and Planetology (HIGP) MODVOLC
Friedl et al., 2002). The accuracy of the MODIS land cover WWW page http://modis.higp.hawaii.edu/.
map is 71.6:0.25%. Accuracy assessment for the GLC 2000 Detailed reports available from these sources describing
map is still in progress, but preliminary results indicate an ac-aspects of eruptions relevant for determining the nature of
curacy level comparable to that of the MODIS product. Giri WFA observations, such as the extent and direction of lava
et al. (2005) provide a detailed comparison of these two landlows, were used when deemed necessary. According to the
cover maps. The GLC2000 map (www-gvm.jrc.it/glc2000) GVP, 119 volcanoes were active globally between 1997 and
is based on SPOT-VEGETATION satellite imagery acquired2002. The geographical coordinates of all 119 volcanoes
during the year 2000, at a spatial resolution of 1km. The mapwere plotted together with the WFA data, and the dates of
distinguishes 22 land cover classes. The MOD12 Land Coveall WFA counts within a 10 km radius buffer around the vol-
map also has a spatial resolution of 1km, and is based ogano location were compared against dates of reported vol-
12 months of data acquired between 15 October 2000 and 16anic activity. The GLC2000 land cover map and Landsat
October 2001. It uses the International Geosphere-Biospherscene bands 5-4-3 color composite quick-looks, with a nom-
Programme (IGBP) 17-class global vegetation classificatiorinal spatial resolution of 240 m—480 m (United States Geo-
scheme. The legend of the GLC 2000 map was consideretbgical Survey (USGS) Global Visualization Viewer, http://
more adequate for the purposes of the present study. It sepglovis.usgs.gov/) were often used, to determine if the counts
rates bare (incombustible) land from sparsely vegetated (pomight be vegetation fires, possibly ignited as a result of vol-
tentially combustible) land, while the MOD12 IGBP legend canic eruptions. Observations that coincided with periods of
has a “barren and sparsely vegetated class”, which is amyolcanic activity, and did not appear to occur over vegetated
biguous from the standpoint of potential combustibility. The areas were classified as non-vegetation fires.
GLC 2000 land cover classes bare areas (24 629 888 km
natural and artificial water bodies (471061 857ksnow 2.5 Additional data screening
and ice (10660 085kf, and artificial surfaces and asso-
ciated areas (3217 319 Kinwere considered incapable of Preliminary visual inspection of the WFA data revealed the
supporting vegetation fires. Therefore, all WFA observa-presence of large clusters of observations unlikely to cor-
tions falling on these land cover classes were classified asespond to vegetation fires. Some of the clusters exhibited
false alarms or non-vegetation fires. Visual inspection of theregular geometric shapes, such as triangles and lines. These
data also revealed the presence of numerous counts in peniery conspicuous geometric clusters of observations were vi-
urban industrial areas, primarily in Europe, North America, sually identified and labeled false alarms caused by image
and Asia. Screening of these observations, not eliminated bycquisition/processing errors. Other clusters contained very
the GLC 2000 artificial surfaces and associated areas, walsrge numbers of observations, concentrated in very short pe-
accomplished with a spatial mask including all areas thatriods of time, over sparsely vegetated areas that typically ex-
were lighted in over 25% of the cloud-free observations in hibited almost no fire activity. Identification of anomalous

the Elvidge et al. (2001) human settlements layer. space-time data clusters was accomplished with exploratory
spatial and temporal data analysis. The difference between
2.4 Screening non-vegetation fires daily observation counts and five-day moving means helped

identify exceptional temporal clusters in a time-series of the
The screening of observations corresponding to gas flares rdull study period. Global counts maps were then generated
lied on data from the Defense Meteorological Satellite Pro-for the periods of anomalous time clustering. The loca-
gram (DMSP) Operational Linescan System (OLS) Nighttion of spatial clusters occurring during these periods was
time Lights of the World data product http://www.ngdc.noaa. highlighted using kernel density estimation, a spatial inter-
gov/dmsp/downloadvorld_changepair.html. This product polation technique appropriate for individual point locations
includes a gas flares layer for the year 2000, which containgBailey and Gatrell, 1995). The likelihood of each space-
mean OLS visible band digital numbers, from cloud-free ob-time cluster of observations actually representing vegeta-
servations. Gas flares are a subset of stable lights, definetibn fires was assessed via visual inspection of contempo-
as those lights visible in at least 10% of cloud-free obser-rary Advanced Very High Resolution Radiometer (AVHRR)

www.atmos-chem-phys.net/6/1409/2006/ Atmos. Chem. Phys., 6, 1409-1424, 2006
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Table 3. Number of observations captured by each filter. An observation may have been captured by more than one filter.

Land cover Gas flares  Volcanoes  Acg/proc S-T clusters Total

Year Bare Water  Artificial Snow & Ice

1997 11334 10305 5721 119 17258 868 1293 2816 49714
1998 25605 12146 6883 139 21384 1205 1685 22973 92020
1999 14686 10173 6195 3 19250 846 184 5752 57089
2000 11306 9220 5882 11 20079 1350 1227 8163 57238
2001 11754 8723 4094 80 15639 1181 378 7757 49 606
2002 16190 8595 4635 56 13153 1297 1166 13622 58714
Total 90875 59162 33410 408 106763 6747 5933 61083 364381

1 pata acquisition and processing errors.
2 Space-time clusters.
3 The grand total exceeds the number of screened observations due to counting by more than one filter.

satellite imagery, at 1 kfspatial resolution, and/or Land- set, the seasonal component displays lower amplitude, while
sat scene quick-looks. The AVHRR imagery was obtainedthe phase does not appear to have shifted. The anomalously
from the National Oceanic and Atmospheric Administra- low numbers of observations recorded in January, February
tion/National Environmental Satellite, Data and Information and December 2001, and in February and March 2002 cor-
Service (NOAA/NESDIS) Comprehensive Large Array-data respond to periods of missing or incomplete data, as indi-
Stewardship System (CLASS), (http://www.class.noaa.govicated in the WFA World Wide Web (WWW) page. Fig-
nsaa/products/welcome). ures 3a—e disaggregate the time-series of false alarms and
non-vegetation fires into those of the various filters applied
to the data. Note the scale variations in the different fig-

3 Results ures. The observations screened with the land cover filter
_ and with the gas flares filter (Figs. 3a—b) show a continuous
3.1 Temporal analysis distribution and a clearly seasonal trend, with more obser-

vations during the boreal summer. In the case of the land
The original WFA dataset contained 1026 616 observationscover filter, this seasonality is induced by hot land surfaces
of which 772762 (75.27%) were considered to actually rep-in the larger land expanses of the northern hemisphere. The
resent vegetation fires, while 253854 (24.73%) correspondeasonality in the counts screened with the gas flares filter
to false alarms and non-vegetation fires. The annual proporresults from an overlap with the land cover filter and with
tion of screened observations varied between 21% and 280/@,pace_time clusters, as shown in Table 3. The seasonal trend
Table 2 summarizes the results of the WFA screening prois pelieved to be induced mostly by hot land surfaces, and
cess, with results displayed per year. Figure 2 shows the dailpught not be inherent in the gas flares activity. Since our
resolution time-series of the Original WFA data set (Flg Za),purpose is not to engage in a detailed ana|ysis of the vari-
the time series of false alarms and non-vegetation fires repys types of observations included in the WFA, but only to
moved from the WFA (Fig. 2b), and the time series of the eliminate those that do not correspond to vegetation fires, we
screened dataset, containing only vegetation fires (Fig. 2€)did not attempt to remove the overlap between observations
The time-series in Fig. 2a reveals markedly seasonal patterngaptured with the land cover and gas flares filters. Observa-
with larger numbers of observations detected during the botions screened with the volcanoes filter (Fig. 3c) also occur
real summer, approximately between July and October, an@ontinuously but with a very low background level, and ex-
peaking in August-September. In 1997 the peak fire activ-ibit sporadic spikes corresponding to large eruptions. The
ity occurred later, during the month of October. The year acquisition/processing false alarms (Fig. 3d) occur sporadi-
with the most counts was 1998, when very high numberscaly. Finally, the space-time hot surfaces clusters (Fig. 3e)
were detected between Aprll and October. The time-series Oaisp|ay a discontinuous but marked|y seasonal pattern, oc-
non-vegetation fires and false alarms removed from the WFAeyrring only during the boreal summer.
(Fig. 2b) also exhibits a seasonal pattern, similar to that of the
original data set. Most of the days with very largel000) 3.2 Geographical and quantitative analysis
number of counts screened occur between June and Septem-
ber 1998. Smaller data spikes in other years also occuFigure 4 shows the location of space-time clusters of ob-
during the boreal summer. The screened WFA time-serieservations, acquisition/processing errors, and counts due
(Fig. 2c) has fewer spikes and relatively to the original datato volcanic activity. All acquisition/processing errors are

www.atmos-chem-phys.net/6/1409/2006/ Atmos. Chem. Phys., 6, 1409-1424, 2006
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Fig. 3. Daily time series of observations removed from the WFA using various filters: land @yeil(and gas flaresh), volcanoes),
data acquisition/processing errody,(and anomalous space-time cluste)s (

Table 4. Number of observations captured by various filter intersections.

Year LCINnFI LCNVol FINVol LCNFINVol ClunLC ClunFl LCNAP

1997 11808 525 0 0 1829 84 524
1998 13739 457 281 7 8558 836 15
1999 12659 433 0 0 2851 441 16
2000 12299 374 192 19 2880 443 60
2001 9724 539 125 19 2624 463 83
2002 8534 541 218 57 8690 101 704
Total 68763 2869 816 172 27432 2368 1402

1Lc: land cover; FI: gas flares; Vol: volcanoes; Clu: space-time clusters; A/P: acquisition/procesisitige set intersection symbol.
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Fig. 4. Location of the major anomalous space-time clusters of observations, of data acquisition/processing errors, and of observations
resulting from volcanic activity.

located in the northern hemisphere, at relatively high lati-1998 was the hottest year on record at the global scale, ac-
tudes. The space-time clusters of observations occur at lowerording to the NASA Goddard Institute for Space Studies
latitudes, mostly in tropical and sub-tropical areas. No acqui-(http://data.giss.nasa.gov/gistemp/). The year 2001 has the
sition/processing errors, or space-time clusters are found imowest number of observations, probably because it is the
Africa or South America. Most counts of these three kindsyear with the most days of missing or incomplete data.

occur in North America and Eurasia. Figures 5a—c display The land cover filter captured a total of 183 855 observa-
maps of the original WFA data set, the screened false alarmsions, corresponding to 17.91% of the original WFA data.
and non-vegetation fires, and the vegetation fires data set, r&-he bare areas class captures the most observations (8.85%),
spectively. At the scale used, Figs. 5a and c are very simifollowed by water bodies (5.76%). Observations located
lar, due to the strong spatial clustering of the screened dataver artificial surfaces and associated areas represent 3.3%,
(Fig. 4b). Figure 5c¢ displays the clusters of genuine fire ac-while only 0.04% of counts are found in the snow and
tivity, in southern Mexico, the cerrado savannas of Brazil,ice class. Gas flares, volcanoes, acquisition/processing er-
the savannas of the northern hemisphere of Africa, Indonerors, and space-time clusters respectively represent 10.4%,
sia, and the Siberian Far East. The 1997-1998 EloNi 0.6%, 0.58% and 5.95% of the original number of WFA
event strongly contributed to all of these concentrations ofobservations. One-hundred and nineteen volcanoes con-
fire activity, with the possible exception of the African cluster tained a total of 7145 observations within the 10-km radius
(Nepstad et al., 1999; Siegert and Hoffmann, 2000; Page dbuffer. Some of the observations located within the buffer
al., 2002; Wooster and Strub, 2002; Haugaasen et al., 2003)f these volcanoes were considered actual vegetation fires,
van der Werf et al., 2004; Soja et al., 2004; Roman-Cuesta ethus reducing to 6747 the number of observations screened
al., 2004). out. In four cases, lava flows expanded beyond the buffer.

Fiqure 6 shows the histoaram of counts screened pér 0 5Those observations were manually screened. The Kilauea,
9 ; gran 1ed Per .5 Hawaii, USA, the Nyamuragira, in the Democratic Re-

cell, revealing the heavy positive skew of the distribution. . .

In order to emphasize the location of the major observa-publlc of Congo, and the Etna, in ltaly, generated the most

tion clusters, the data displayed in Fig. 5b were smoothec{:.OuntS (230.7’ 1004 and 658, resp_ecnvely). Data acquisi-
. : . . . ion/processing errors were found in northern Alaska, the
to a 0.5 grid cell (Fig. 7), using kernel density estima-

tion (Bailey and Gatrell, 1995) with an adaptive Gaussian Bohai Bay in Chma, Ce”tfa' Congo, western Siberia, Green-
. . L land, the Russia-Mongolia border area, the Bay of Bengal
kernel encompassing 250 observations. This figure clearl

) . %n the Indian Ocean, the Northwestern Territories, British
shows the locations of the major clusters of screened Ob'Cqumbia and Quebec (Canada), and in the state of Ten-
servations, in the Death Valley, California, USA, in Alge- '

. . S . . nessee (USA). The most important ones were those located
ria and in coastal Nigeria, in the Persian Gulf region, ex-. o .
. . . o2 in western Siberia (2193 counts) and in northern Alaska (917
tending east to Pakistan, and in north-central Siberia. Ta- : . .
counts). Corrupted satellite telemetry is a possible explana-

each filter. The year with the largest number of counts is¥Ion forthis k.|n'd' Of WFA coqnts. Figure 8 displays examples
of data acquisition/processing errors.

1998, mostly due to false alarms. This is to be expected,
since those counts are generated by hot ground surfaces and

www.atmos-chem-phys.net/6/1409/2006/ Atmos. Chem. Phys., 6, 1409-1424, 2006
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Fig. 5. Global maps (1997-2002) of original WFA fire courd, data removed from the WFAJ, and screened data se}.(

Space-time observation clusters were all located in barghe Dead Sea (Israel), Death Valley (California, USA), the
or sparsely vegetated surfaces of hot, arid regions, namelKirthar range foothills (Pakistan), and southern Afghanistan.
Lake Eyre (Southern Australia), the Denakil depressionThe most important ones are those in the Zagros foothills
(Ethiopia/Eritrea), the Zagros mountains foothills (Iran), (12 898 counts) and the Kirthar foothills (9854 counts).
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Table 4 displays the number of counts for the major filter
intersections, i.e. numbers of observations that were captured
by more than one filter. The filter intersections that capture s
the most observations are the one between land cover and
gas flares, and the one between land cover and space-time *’
clusters. The majority of gas and oil exploration sites are

@

cell

o 15

located either offshore or in desert areas. Thus, they intersect
extensively with the water bodies and bare areas classes of + HHH

5

the land cover mask. Space-time clusters typically occur on
hot ground surfaces, and therefore predominate over the bare *°
areas land cover class. Again, the year 1998 displays the

largest and 2001 the lowest number of screened observations, -~ & 8 &8 33 &8 3833833338333 5%¢8§#%
for the reasons already mentioned. WA counts sceened

Fig. 6. Statistical distribution of the number of WFA counts re-
moved in each 05grid cell.

4 Discussion and conclusions

The WFA algorithm 2 data set contains a large number of Ob_l,.lsed. Screening based on wsgal and s'gatlstlcal cluster detec-
tion procedures ought to remain essentially unaffected.

servations that are not vegetation fires, in spite of having been
: : . . L The temporal structure of errors may affect the character-
built using only night time data. Commission errors, gener-.__ . o .
. . . ization of vegetation fire seasonality, but appears to have a
ated by a variety of causes, including hot ground surfaces

. L : larger impact upon estimates of inter-annual variability. The
gas flares, volcanoes, and image acquisition/processing prob-

lems, represent almost one-quarter of all observations. Wspanal patttern of errors may affect estimates of the magni-

used a combination of geographical masks and visual dataUde and geographical distribution of emissions sources, es-

. . . ially in studies that incl r where lar luster
inspection to classify and subsequently remove these norfeccidy In s udies that included areas where large clusters

vegetation fires and false alarms from the dataset. The mos(%f errors were found, and possibly also in the case of global

. . . analyses. These effects may have influenced results of re-
time consuming step of the screening procedure was the -
. o . Search papers that used the original WFA data. The screened
identification of anomalous space-time clusters of observa:

tions in areas that can carry fire, but where it is unlikely to oc—dataISEt provides a better characterisation of global fire geog-

. : ; : .~ raphy, seasonality and inter-annual variability. It may con-
cur massively in very short periods of time. WFA screening, . . . S ) X
. - ribute to improving the accuracy of emissions inventories
based only on geographical masks would eliminate most o

. . ) ased on statistics scaled with fire activity data (Schultz,
the unwanted data and is relatively easy to implement. How- .
- d . 2002; Generoso et al., 2003), and also of burned area prod-
ever, non-negligible errors would remain, located mostly in

the Middle East and occurring during the boreal summer.UCtS derived by combining the spectral signal of fire scars and

Commission errors found are not randomly distributed but,that of active fires (Fraser et al., 2000; Giglio et al., 2006).

. : .~ "Analyses of the relationships between fire and vegetation or

on the contrary, are highly clustered in space and in time. .
. : land cover will also be more accurate, due to the removal
Such clustering reflects, to some extent, the screening pro- :
; . of very large numbers of false alarms located in deserts and
cedures employed. By design, the gas flare screening, the
Sparsely vegetated areas.

n_|ght tlme_llghts screening, thg vt_)lcan_o screening, and the As additional WFA data become available, detection of ex-
visual/statistical cluster screening identify commission errors_ . s
ceptional events may be automated using statistical methods

that are clustered in space an time. Any practical data screen space-time cluster analysis (Baker, 1996: Kulldorff et al.

ing procedure for a dataset of this size can only be expecte . C o
. . 998). In future near-real time active fire monitoring sys-

to remove the relatively more obvious false alarms and non- . . .

o L . tems, detection of space-time clusters may be implemented
vegetation fires. Scattered, individual erroneous observations” " : .
are very likely to escape the screening procedures employe n-line, based on surveillance procedures such as those de-
except for those eliminated by the land cover mask Nev_\/eloped by Rogerson (1997, 2001) and Kulldorff (2001).

P y : The screened WFA dataset developed in this study will

ertheless, we believe that the clustered, relatively obviou%e available at the REanalvsis of the TROpospheric oher-
false alarms and non-vegetation fires represent the majoritY y Posp

. ) cal composition over the past 40 years (RETRO) project
of errors, especially the more persistent ones, and thus th . -
. . ) - WW page (http://retro.enes.org/datasets.html). Additional
filtered data set is considered a substantial improvement ovel

the original, unfiltered WFA. Accuracy of the screening pro- ata screening, up to July 2005 is in progress.
cedure is expected to be lower during the periods of more im-

precise data location, especially during the first semester of

2001, and mostly near the edges of the various spatial masks
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Fig. 7. Kernel density estimation maps of data removed from the WFA.
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