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Abstract. Borneo (Indonesia) is Earth’s third largest island, For each El Nflo we investigate various lag correlations, and
and the location of both extensive areas of rainforest andind relationships of similar strength between monthly rain-
tropical peatlands. It is the site of both regular (seasonal¥all deficit and fire, but of more variable strength between in-
biomass burning associated with deforestation, land covedices of El Nfio strength (ENSO indices) and rainfall deficit.
change and agricultural production preparations, and occa¥fhe two strongest El Nio episodes (1982—-1983 and 1997—
sional, but much more severe, extreme fire episodes releasintP98) are accompanied by the most abundant fires (two and
enormous volumes of carbon from burning vegetation andthree times the active fire count seen in the next largest fire
peat. These extreme fire episodes are believed to result frompear), and the strongest correlations between measures of El
anthropogenic practices related to (the still ongoing) forestNifio strength, rainfall and fire. We find the most significant
degradation and clearance activities, whose impact with repositive statistical association between an ENSO index and
gard to fire is magnified by the effects of Elfidi related fire activity to be that between the 16-month (first and second
drought. Since 2000, data from the MODIS Earth Obser-fire sub-seasons) cumulative NINO3 anomaly and the simul-
vation satellite instruments have been used to study fire oaneously recorded active fire count=£ 0.98, based on the
Borneo, but earlier large fire events remain less well docu<five El Nifio episodes between 1980 and 2000), although we
mented. Here we focus on a series of large fire episodes pridind a negative association of equal strength between the cu-
to the MODIS era, and specifically a 20 yr period covering mulative NINO4 index and active fire count when considered
both the two strongest El No events on record (1997-1998 over the entire two year duration of each ElfiNiepisode
and 1982-1983), along with an unprecedented series of morfirst, second and third fire sub-seasons). Our results con-
frequent, but weaker, El Rbs. For the five El Nios occur-  firm that the EIl Nfio phenomenon, via its effect on precip-
ring between 1980 and 2000, we develop quantitative meaitation, is a primary large-scale, short-term climatic factor
sures of the fire activity across Borneo based on active firgdhat has a strong control on the magnitude of the fire activ-
counts derived from NOAA AVHRR Global Area Coverage ity resulting from the numerous land cover changes, agricul-
(GAC) Earth Observation satellite data. We use these metrictural preparation practices and human-caused ignitions oc-
to investigate relationships between the strength and timingurring annually across Borneo. The results also suggest that
of the EI Nifio event, the associated drought, and the fire acENSO forecasting maybe a realistic means of estimating the
tivity. During each EI Nfio, we find areas of major fire activ- extent and magnitude of this fire activity some months in ad-
ity confined within two or three fire sub-seasons (separatedriance, thus offering some potential for forecasting effects on
by monsoons) and focused in parts of South and Central Kalithe remaining forest and peatland resource and the regional
mantan, and sometimes also in East and/or West Kalimantaratmosphere.
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1 Introduction in El Nifo years (e.g. Malingreau et al., 1985; Wooster et
al., 1998; Legg and Laumonier, 1999; Wooster and Strub,
2002; Fuller and Murphy, 2006). A parallel set of studies has
Fire is a major driver of land cover change in many tropi- shown how fire activity in North and South America shows
cal forest areas, including Southeast Asia (Cochrane, 2003} strong relationship to climatological characteristics, such
In addition to the carbon stored in forest biomass, the apys sea surface temperature (SST) anomalies in the Pacific
proximately 250 000 krhof Southeast Asian peatland repre- (largely related to the El Nio-Southern Oscillation; ENSO)
sents an immense reservoir of fossil carbon that is potentiallgnd North Tropical Atlantic (e.g. Swetnam and Betancourt,
combustible (Jaenicke et al., 2008; Couwenber et al., 20101990, 1998: Kitzberger, 2002; Alencar et al., 2006; Fernan-
Page et al., 2009). The island of Borneo possesses Morges et al., 2011; Chen et al., 2011; Holz and Veblen, 2011).
than 40 % of SE Asia’s peatland, and is subject to ongoingsych relationships provide information on the strength of the
land clearance, peatland draining and general forest degrad@yupling between large fire episodes and climate character-
tion that over decades has resulted in large-scale transformastics and have the potential to be used to forecast levels
tions where natural ecosystems have been converted to dgg fire activity many months in advance based on seasonal
graded and managed cover types, resulting in a fragmentegiNSO forecasting (e.g. Roads et al., 2001, 2005; Li et al.,
landscape with many anthropic ignition events. When suchpopsg; Jin et al., 2008; Barnston et al., 2010). If similar
changes are accompanied by extreme drought, areas of nogyantitative relationships linking climate and fire were avail-
mally moist peatland and forest can more easily dry, igniteapje for Borneo, and other fire-affected parts of Southeast
and burn for weeks or months (Page et al., 2002, 2009asja, then the magnitude of the terrestrial and atmospheric
Goldammer, 2007). Itis widely recognized that evidence ofjmpacts of the forthcoming fire season may be better antici-
drought on Borneo extends back to the 19th century and bepated and their effects forecast. For larger fire events, such
yond (e.g. Walsh, 1996). However, using visibility records effects include the potential for fire to spread into forest re-
from the region’s airports, Field et al. (2009) demonstratedseryes and/or peatland stores of fossil carbon (e.g. Page et
that large fire episodes commenced only in the 1980s, wheR, 2002, 2009), the release of globally-significant volumes
population densities and forest exploitation on the island subgf carbon dioxide and other greenhouse species (Simmonds
stantially increased, in part due to Government Transmigrazt g., 2005); significant threats to already endangered forest
tion Programs. Currently the population of Borneo is al- fayna (including orangutans; Barlow and Silveira, 2009), and
most twice that of 1980, and Curran et al. (2004) show thatne gevelopment of regionally extensive areas of haze pollu-
between 1985 and 2001 the area of Kalimantan’s protectegjgp, (e.g. Heil et al., 2007; Goldammer, 2007). The extreme
lowland forests declined by more than 56 %29 000kn%).  concentrations of particulates, polycyclic aromatic hydrocar-
These and other data support suggestions of strong links 0fons, carbon monoxide, ozone and other hazardous species
Borneo between human population growth, forest exploita-i this haze are believed to result in very significant human
tion, and fire occurrence (Goldammer, 2007), but droughtheaith impacts (Aditama, 2000; Emmanuel, 2000; Naeher,
promotes conditions conducive to the increased spread of fir9007), including at locations rather distant (e.g. Singapore)
into areas of degraded, and neighboring primary, forest; alfrom the burning regions (Kunii et al., 2002; Aiken, 2004).
lowing the impact of anthropogenically driven fires to be fur- gased on such forecasts, temporary controls on major land
ther magnified. Since drought is not an annual occurrencgjearance activities, which are believed to be the foremost ig-
on Borneo, fire activity on Borneo shows considerable inter-pition source in the region, may even be considered (Langner
annual variability (van der Werf et al., 2006; Fuller and Mur- gt g 2007). In this context, the purpose of the current work
phy, 2006; Goldammer, 2007; Langner and Siegert, 2009js to: (1) develop a quantitative record of levels of fire activity
Miettienen et al., 2010). Fire activity peaks generally coin- o Borneo covering El Nio episodes going back to the start
cide with Pacific sea surface temperature enhanced “warngf the 1980s, well before those of current active fire databases
episodes”, more commonly referred to as ERdlievents, (g g. those developed or used by Stolle et al. (2006), Langner
which typically occur every two to seven years and often re-gnq Siegert (2009), and van der Werf et al., 2006, 2008,
sult in significant rainfall deficits across all or part of the Is- 2010). In particular, the 20 yr period between 1980 and 2000
land (Kousky and Higgins, 2007; Goldammer, 2007; Bakerjs ynique in the satellite data record, as it captures an un-
and Bunyavejchewin, 2009). precedented series of rapid Elfidi events and encompasses
The largest fire events on Borneo in the late 20th cen-the two strongest El Nios on record (Trenberth and Hoar,
tury coincided with the 1997-1998 and 1982-1983 HidNi 2006); and (2) to use this record to help elucidate the na-
events, which are the strongest on record and known to béure and strength of the empirical linkage between Eidyli
associated with significant drought on the island (Page et al.drought and fire, for potential use in future forecasting ef-
2002; Jones and Cox, 2005; Ramonet et al., 2005). Over théorts. Since this period is prior to the MODIS era, which be-
last 25 yr a series of remote sensing studies have attempteghn with the Terra satellite launch in December 1999, we use
to document the spatial and temporal patterns of these andctive fire (AF) measures derived from the extremely long-
other Indonesian fire episodes, particularly those occurringunning NOAA Advanced Very High Resolution Radiometer
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(AVHRR) Earth Observation sensor (Robel, 2009) as our fireprecipitation during El Nio (La Niha), the rainy season on-

activity metric. set typically comes later (earlier) in El b (La Nifia) years
(Hamada et al., 2002). While each warm ENSO event differs
in its detail, these meteorological responses to Eld\are,

2 Study area for example, generally related to reductions/reversals in the
normally easterly trade winds, ultimately resulting in the ar-
2.1 Geography eas of heaviest convective rainfall normally present around

Indonesia moving eastward across the Pacific. Related to
Borneo (Fig. 1) is located on the equator, and is Earth’s thirdthis, warm water in the Western Pacific generally also moves
largest island covering 746 000 km. Together with Suma- eastward, and upwelling in the Eastern Pacific is reduced,
tra and Malaysia, Borneo possesses the world’s highest corresulting in significant increases in sea surface temperature
centrations of Dipterocarp forest ecosystems; these forest6SST) across large regions of the ocean. Under “normal”
are drought-susceptible and, particularly following distur- (non-ENSO) conditions, SSTs range from°8Din the West-
bance, vulnerable to fire (Guhardja et al., 2000; Seigert eern Pacific and 22C in the Eastern Pacific, but for exam-
al., 2001; Cochrane, 2003; Goldammer, 2007). Since theple during the extreme 1997-1998 EIidj positive SST
1960s, large-scale exploitation has transformed much of th@nomalies exceeding®°€ were recorded in some areas of
formerly forested lowlands of Borneo, including extensive the Eastern Pacific (see Fig. 1c). Kirono et al. (1999) indicate
peatlands, into agricultural plots, plantations, or degradechat during this event, virtually all of Indonesia experienced
them via logging (Guhardja et al., 2000; Curran et al., 2004).rainfall below the 10th percentile, with many stations record-
The outcome is a highly fragmented landscape, within whiching the lowest rainfall on record. Gutman et al. (2000) used
there are numerous anthropogenic ignition events. If thes®€lOAA AVHRR data to dramatically illustrate the impact of
ignitions coincide with periods of extremely low fuel mois- this El Nifio on Borneo’s surface-atmosphere conditions.
ture, related in particular to El Ro-related droughts, then The strength and phase (i.e. warm or cold phase) of an
fires can spread from heavily exploited areas into less diSENSO event is usually quantified via a simple index, histor-
turbed forests and peatlands (Guhardja et al., 2000; Langnécally based on measures of atmospheric pressure (i.e. the

etal., 2007). Southern Oscillation Index dating back to the end of the 19th
century), but more recently via the average sea surface tem-
2.2 Climate perature (SST) anomaly measured over a fixed region of the

tropical Pacific via satellite Earth observation and an observ-
Borneo has an equatorial tropical climate, with often rela-ing network of buoy instruments (see Sect. 3.2 and Fig. 1c).
tively light winds and only small annual temperature and
humidity variations. Rainfall amounts are high in many 2.3 Fire
areas (annual means exceeding 3000 mm) and show sub-
stantial seasonal variations (Hamada et al., 2002). RainThe palaeoenvironmental record provides evidence for recur-
fall is characterized by a bi-modal monsoonal pattern, re-rent periods of fire activity on Borneo over the Pleistocene
lated to the north-south movement of the Intertropical Con-and the Holocene, presumably as climatic oscillations (e.g.
vergence Zone (ITCZ). A longer “wet” northeast mon- glacial-interglacial cycles and the ENSO) resulted in con-
soon is typical between November and March/April, and ditions favorable for fire (Goldammer, 2007). Fire activity
a shorter “dry” southwest monsoon between May/June andeems to have intensified over the late Holocene (Page et al.,
September/October (Langner et al., 2007). Aldrian and Su2009) and over the late 20th century fire has become an an-
santo (2003) describe how rainfall regimes differ somewhatnual occurrence, its appearance being seasonal in nature and
across the island of Borneo, with Eastern Kalimantan ex-apparently closely coupled to spatio-temporal shifts in rain-
periencing annual maximum precipitation in March—August, fall and changes in land cover (Goldammer 2007; Langner
and Western Kalimantan in September—-November (Hamadand Seigert, 2009). Studies of East Kalimantan (1978—-1995)
et al., 2002). Precipitation is generally highest in the north-suggest that only EI Nio-related rainfall deficits can account
west of the island and over the central mountainous regionsfor the high fire danger indices seen during the Eid\years
lower in the northeast and southeast, and lowest in the soutbf 1982-1983, 1987, 1991-1992 and 1994 (Deeming, 1995;
and east coastal lowlands (Tapper, 1999; Kirono et al., 1999Fuller and Murphy, 2006). Furthermore, individual studies of
Guhardja et al., 2000; Kirono, 2004). On inter-annual time different years using many types of satellite data record have
scales, the ENSO is believed to be a major factor influencalready confirmed that it is these years of ERblirelated
ing Borneo’s climate, most particularly rainfall, which can drought that are associated with the most extreme fire activ-
show strong deficits during major El flds (warm ENSO ity (e.g. Malingreau et al., 1985; Wooster and Strub, 2002;
events; Tapper, 1999; Haylock and McBride, 2001; Aldrian Fuller, 2003; van der Werf et al., 2006, 2008; Langner and
etal., 2007). The reverse is true during Ldi&l{cold ENSO)  Siegert, 2009). Goldammer (2007) suggests monthly rain-
episodes, and as well as an overall reduction (increase) ifall totals belowc. 100 mm, and two to three week periods
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Fig. 1. Study area(a) Island of Borneo, which contains territory of three countries; Malaysia (Sarawak and Sabah), Indonesia (Kalimantan)
and Brunei, shown outlined. Kalimantan is further subdivided into the provinces of West, Central, East and South Kalimantan, as shown in
(b). Borneo is a mountainous island, with a dorsal range rising to a maximum elevation of 4101 m at Mount Kinabalu in the far northwest. The
seven geographical regions of Borneo are shown outlined at right, and the circles highlight the location of the twelve meteorological stations
whose rainfall records are compared to those of the NOAA Climate Prediction Centre Merged Analysis of Precipitation (CMAP) dataset
(Xie and Arkin, 1996, 1997) used here. Towards the lowest lying coastal regions land cover is largely dominated by agricultural mosaics
and peat swamp forest, with larger areas of evergreen lowland forest, degraded and/or regrowing forest becoming more prevalent towards
the higher elevations (Langner et al., 200{€)) Example of a sea surface temperature (SST) anomaly pattern seen during the development
of an El Niflo-Southern Oscillation (ENSO) event, in this case the extreme 1997-199&&I Nie upper (December 1997) SST anomaly

map has the island of Borneo shown(&) and(b) outlined, and also indicates the three regions of the tropical Pacific most commonly used

for monitoring ENSO strength during both warm ENSO (Efib) and cold ENSO (La Niia) conditions. All extend across the equator from
5°N-5° S, and NINO3 covers 96-150 W, NINO4 150 W-160 E, and NINO3.4 120W-170 W (Stenseth et al., 2002; Sarachik and

Cane, 2010). These differing locations mean that the NINO3 region is situated within the “cold water tongue” that normally exists in the
Eastern Equatorial Pacific, NINO4 lies on the edge of the Western Pacific warm-water pool, and NINO3.4 lies across both (Wyrtki, 1981;
Kug et al., 2009). The widely used Operational Nino Index (ONI) is the three-month moving average of the NINO3.4 SST anomaly measure
and is used by NOAA to formally designate months as showing EbMr La Nila conditions (Smith, and Reynolds, 2003). The 1997-1998
ENSO event depicted in these SST anomaly maps reached&iddnditions (defined by ONO0.5°C) in May 1997, and by December 1997

had peaked in strength (see Fig. 9). At this time, the normally easterly trade winds of the tropical Pacific had declined appreciably and/or
reversed, warm water had spread in a major way from the Western Pacific towards the east (i.e. towards South America), and the upwelling
and cold water tongue typical of the Eastern Pacific was very significantly weakened, with SST anomalies exC€xilinigegdeasterly parts

of the NINOS region (note the SST anomaly scale in Fig. 1c extends onlyt€t@best illustrate the size of the anomalous area, rather than

its maximum). These changes resulted in SSTs exceeding #&oughout the equatorial basin, with much warmer SSTs than normal across

the entirety of the NINO3 and NINO3.4 regions and across the eastern part of NINO4, as seen in the first SST anomaly map for December
1997 (see e.g. Picaut et al., 2002 for a more detailed description).figl ddinditions persisted through March 1998 but were weakening

(see March SST anomaly map), and finally ceased in June 1998 (see June SST anomaly map). Forfieattadiions (ONk0.5°C)

developed the next month in July 1998 (see Fig. 9) and were characterised by a veryd@pie@ease in SST in the equatorial region
between 0 and 130 W (i.e. over the vast majority of the NINO3.4, and large parts of the NINO 3 and NINO4 regions) as described in
Picaut et al. (2002). La Ra conditions lasted continuously until June 2000 (NOAA 2011a). All SST anomaly data mapped here are Global
Ocean SST Anomalies, derived from data collected by the Tropical Rainfall Measuring Mission’s (TRMM) Microwave Imager (TMI). TMI
data shown here are produced by Remote Sensing Systems and sponsored by the NASA Earth Science MEaSUREs DISCOVER Project
Microwave Ol SST data are produced by Remote Sensing Systems and sponsored by National Oceanographic Partnership Program (NOPP
the NASA Earth Science Physical Oceanography Program, and the NASA MEaSUREs DISCOVER Project. Both datasets are available at
WWW.remss.com
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Fig. 1. Continued.

without rain, as a potential critical threshold with regard to 3 Datasets

the development of large fire conditions driven by human ig-

nitions and exacerbated by Elfi related drought. Thereis 31 gatellite active fire detections
anecdotal evidence extending back to the 1880s of significant

forest mortality during such droughts, although interestinglymfrared (IR) observations from Earth orbiting satellites pro-

these reports do not mention f|r.e (qudammer, 2007). F'el%ide spectral radiance and brightness temperature (BT) mea-
etal. (2009) suggest that large fire episodes only began in thgures that at some wavelengths are very sensitive to the ra-

1980s as forest exploitation by humans increased. During. . energy emissions from even highly sub-pixel fires, par-

more recent El Nios, large fire events have become com- ticularly so at middle infrared (3—5 pm) wavelengths (Robin-

mnonmaci,t tf}(;;lghnﬂr??%ift}bernsdebrin?/ caursedastislgri\glfﬁnt f son, 1991). To be most useful these MIR measurements must
? ?dc;u ? eed (tJh ality anc ¢ zf_ass € UCN.O " gta'b accompanied by longwave IR (LWIR; 8-12 um) obser-
ected forests as do the associated fires (van Nieuwstadt a tions that help to minimise “false alarms” from areas of

Z.h?"' 200;5)'; IS Clﬁfr tza:} thereBare stro?gdlmlijs betwtehen E arm, bare ground and for cloud masking (Zhukov et al.,
'Ir(]joleg\:)eGn Z’Oog)ug halrt] |tre f)nzo%rgeg. n eet ,tO\:jer teloe2006). By day, VIS/NIR measurements (0.4-1.1um) are
ro o , Schultz et al. ( ) demonstrate astrond,<o a useful addition, particularly for screening out areas
correlation between total annual (remotely sensed) fire pixe

. . i . affected by sunglint (Giglio et al., 2003a; Xu et al., 2010).
count and integrated ENSO index strength, showing how fir . )
activity peaked during the 1997-1998 EIfgi However. ®rhe MODIS sensor flying on the EOS Terra and Aqua satel

- ) . ites (launched in 1999 and 2002) currently provides prob-

tNh_(i em dp|r|carl][1atudre;_and strBength o;relatlc?[rlshgps fbﬁtW;etn E bly the most commonly used active fire observations, with

Ino, drougnt and fire on borneo has yet to be 1ully deter . ., ¢ extending from 2000 and 2002, respectively). These
mined, certainly for the El Nios we consider here, which

. - o “Active Fire and Thermal Anomaly” products (MOD14 and
largely pre-date the times of existing active fire datasets an ve y” products (

' MYD14; Giglio et al., 2003a) have provided a regular, well-
analyses (€.g. Fuller and Murphy, 2006; Schultz et al., 2008t:haracterised global record of active fires since 2000. A
Langner and Siegert, 2009).

series of spatio-temporal studies aimed at elucidating pat-
terns of fire activity and their interannual variability have
been based on these MODIS products (e.g. Giglio et al.,
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2006; Chuvieco et al., 2008; Ichoku et al., 2008), includ- that it can be continuously recorded until the POES satel-
ing studies focusing explicitly on Borneo and which com- lite is within site of a US data-down link station, and thus
bine these records with those from other Earth Observatiora global GAC data record exists back to the early years of
systems (e.g. Fuller, 2003; Simmonds et al., 2004; LangnePOES operations.
and Siegert, 2009). Each AVHRR GAC pixel can be considered as represent-
In contrast to post-2000 studies, the long-standing Ad-ing the spectral radiance signal from a 4.4.1 km area (at
vanced Very High Resolution Radiometer (AVHRR) pro- nadir), with a 3.3 km gap between each scan line of data. De-
vides the data source for the current study, which focuses ospite these unusual spatial characteristics, AVHRR GAC data
fire activity on Borneo during the 1980s and 1990s. Priorprocessed through standard fire detection algorithms have
to the MODIS-era, the AVHRR provided the majority of been used to document variations in fire activity (e.g. Koffi
data for studies of active fires (Robinson, 1991), and waset al., 1996). Indeed, in the pre-MODIS era, the only alterna-
carried by NOAAs Polar Orbiting Environmental Satellite tives to using GAC data to derive global active fire datasets
(POES) series. The most recent launch of an AVHRR washased on MIR and LWIR channel observations are the ERS-
onboard the NOAA-19 POES satellite in February 2009, and2 ATSR and Tropical Rainfall Measuring Mission (TRMM)
the newest version of the sensor (the AVHRR/3) is now alsoVIRS sensors, whose active fire products are described in
carried onboard the European MetOp satellites (Edwards eBchultz (2002) and Giglio et al. (2003b), respectively. How-
al., 2006). ever, while both the ATSR and VIRS sensors possess a sim-
A single AVHRR swath is. 2400 km wide, and raw “Lo- ilar set of spectral bands to AVHRR, they have significantly
cal Area Coverage” (LAC) format AVHRR data has a 1.1 km narrower swaths (ATSR: 512 km; VIRS: 720 km), meaning
spatial resolution at nadir, very similar to that of MODIS. that a single scene is insufficient to cover the whole of Bor-
Figure 2 illustrates three typical AVHRR LAC scenes from neo and this limits their temporal frequency (e.g. Mota et
Southern Borneo collected during the fire seasons of threal.,2006). Furthermore, the ATSR and VIRS datasets extend
climatologically different years; (a) the 1997 Eliidi, (b) the  back only to the 1996 and 1998 fire seasons respectively, only
2001 “normal” year, and (c) the 1999 LafiNi. Pixels con- a few years earlier than the start of the MODIS record. In
taining actively burning fires appear black in this rendition, contrast, AVHRR GAC data completely cover Borneo in a
and the greatly increased fire activity during the Eitliyear ~ single scene, and are available back to the 1982-1983 ex-
(a) when compared to the “normal” year (b), and the fur- treme El Nfio episode, so we focus our study on this data
ther reduced number of fires seen during La&Nconditions  record. However, raw GAC data for Borneo is not routinely
(c), is typical of AVHRR scenes we examined. Our analysesprocessed into active fire detection products, so we undertook
of these and other LAC scenes confirm previous conclusionshis processing for the analyses presented here. The alterna-
that AVHRR data are very suitable for the detection and chartive, but shorter-duration, ATSR and TRMM AF datasets can
acterisation of gross variations in fire activity in this tropical thus be used to evaluate the robustness of our GAC-derived
environment (e.g. Fuller and Fulk, 2000; Siegert and Hoff- AF data record during overlapping time-periods, and because
mann, 2000; Langner and Siegert, 2009). TRMM provides observations with a varying local overpass
While LAC data are the optimum data source for AVHRR- time it allows important information on the fire diurnal cycle
based active fire studies, unfortunately this full spatial res-to be derived (Giglio, 2007).
olution data format was not routinely archived by NOAA  Using AVHRR-derived active fire data of Borneo, Mal-
at a global scale due to onboard data storage limitations ofngreau et al. (1985) and Wooster et al. (1998) illustrated
the POES system. This limitation has been removed forthe extreme magnitude of Borneo’s 1983 and 1997 fire ac-
the more recent MetOp satellite series, but for many areasivity, respectively, and Wooster and Strub (2002) demon-
outside of the continental USA, the historical NOAA POES strated that variation in fire activity could be quantified using
AVHRR LAC data coverage is infrequent, and NOAA's cen- AVHRR GAC data over the period of the extended 1997 El
tral repository for AVHRR data (the online CLASS database; Nifio-related drought. Figure 3 shows an example of match-
http://lwww.class.noaa.gpyndicates that Indonesia is quite ing AVHRR LAC and GAC data collected during the 1997
sparsely covered. Regular (daily) coverage by AVHRR is, El Nifio, indicating that the signature of active fires is clearly
however, available globally via a reduced spatial resolutionevident in the GAC data record. Here, therefore, we focus
version of the original 1 km AVHRR data record, termed the on using GAC data to construct a robust and reliable multi-
Global Area Coverage (GAC) AVHRR data product. The year active fire dataset for Borneo covering five ERdli
pixel averaging and pixel/line skipping procedures used toevents (1982-1983 to 1997-1998), in order to allow quan-
derive the spatially sub-sampled GAC data from the origi-titative comparisons of fire activity with the climatic con-
nal AVHRR LAC observations are conducted onboard theditions (e.g. rainfall deficits) believed to be strong regional
POES satellite as the data are collected, according to the pradrivers of fire. We obtained raw GAC imagery from the
cedures detailed in Robel (2009) and described, for exampleNOAA CLASS database, calibrated it using the procedures
in Wooster and Strub (2002). The resultant GAC data recordutlined in Wooster et al. (2005) and Robel (2009), and ap-
is sufficiently low volume (1/16th of the original LAC data) plied a simple but effective active fire detection algorithm
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Fig. 2. Raw night-time AVHRR Local Area Coverage (LAC: 1.1 km spatial resolution at nadir) imagery of the coast of Central Kalimantan.
Data shown are image subsets from the AVHRR 3.7 um channel, with boxed areas shown magnified beneath. Data were collected during
(a) El Nifio (21 October 1997)b) “normal” (6 September 2001) ar(d) La Nifia (29 July 1999) climatological episodes. Each top-row

image covers an area of around 30800 km, and the Java Sea can be seen towards the bottom of each image subset. The AVHRR 3.7 um
channel is highly sensitive to active fires, with increased pixel radiances resulting even from highly sub-pixel events (Robinson, 1991). Such
fire affected pixels show elevated 3.7 um channel spectral radiances (due to the intense fire thermal emissions in this wavelength range)
and appear black in this rendition. Meteorological clouds typically show low 3.7 um channel spectral radiances at night (due to their low
temperatures), and appear white in this rendition. Active fire pixels can be seen in each scene, but their number decreases substantially whe
you move from “El Nfio” to “normal” and then to “non El Nio” conditions. Differentimage dates are necessarily shown in each year to the
relative scarcity of AVHRR LAC images over Borneo (see Sect. 3.1), but the selected images depict typical examples of the fire situation for
each of the three climatological conditions. Data shown are raw AVHRR LAC imagery, uncalibrated and not geometrically corrected.

previously demonstrated to be capable of quantifying fire acdndex (ONI), which represents the three-month moving av-

tivity on Borneo (Wooster and Strub, 2002). erage of the NINO3.4 SST anomaly measure (Smith, and
Reynolds, 2003) and is used by NOAA to classify months

3.2 ENSO indices as showing El Niio conditions or not (Kousky and Higgins,
2007).

El Nifio events vary in their evolution, intensity, duration, We obtained ENSO indices for the years 1980-2000 from
and climatic teleconnection patterns (Kitzberger, 2002; Kugthe NOAA Climate Prediction Centre (NOAA, 2011a), a pe-
et al., 2009). The regional effects of each Efiblialso vary,  riod within which five El Niio events occurred. We term
depending on how their specific characteristics interact withthese events as 1982-1983, 1986-1987, 1991-1992, 1993—
the normal atmospheric circulation patterns (Simard et al., 1994 and 1997-1998 (Sarachik and Cane, 2010). Other stud-
1985). The monthly strength of an ENSO event is typically ies have confirmed these as the years where fire activity was
quantified using an ENSO index, or derived metric. NINO- elevated across large parts of Indonesia (e.g. Malingreau et
X indices are based on Pacific Ocean sea surface temperal., 1985; Wooster and Strub, 2002; Dennis, 1999; van der
ture (SST) anomaly measures (Fig. 1c), with “X” denoting Werf et al., 2006; Langner and Siegert, 2009; Baker and
the particular area of the ocean used (e.g. NINO3.4 beindgBunyavejchewin, 2009). Although each of these Efdli

the mid-tropical Pacific; Stenseth et al., 2002; Sarachik andcevents is nominally stated to occur over a two year period (i.e.
Cane, 2010). Different ENSO events may affect the SSTENSO Year 1 and ENSO Year 2), we also use NOAA's for-
anomaly measures of different regions of the Pacific to vary-mal definition that a month’s ONI index must exceed 5

ing degrees, but by whatever measure the 1982-1983 anfibr it to be included in an El Nio event; and that this thresh-
1997-1998 EIl Nios are considered by far the strongest onold must be meet for a period of at least 5 consecutive months
record (Wolter and Timlin, 1998). In addition to the NINO- for a significant episode to be recognised based on the ONI
X indices, our study also makes use of the Operational Ninametric (Kousky and Higgins, 2007; NOAA, 2011a). Table 1
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(b) LAC

Fig. 3. Matching nighttime AVHRR 3.7 um channel LAC and GAC data of Borneo taken on 12 October 1997 during the height of the El
Nifo episode when many fires were burning, particularly along the coast of Central Kalimantan (Wooster and Strub, 2002). Data are shown
in an uncalibrated form to aid interpretation, resulting in high radiance (i.e. low AVHRR digital count) fire pixels appearing black in this
rendition. A raster coastline is superimposed on the imagery to outline the island of BornedaP$ai@ws the full AVHRR LAC scene of

Borneo, with the most heavily fire-affected area outlined in black. This area is shown magnified in the LAC and matching GAC data subsets
shown agb) and(c) respectively. Despite the GAC sampling and pixel averaging process, the low digital count fire pixels are seen in both
LAC and GAC data formats. Data are shown geometrically corrected to aid the visual comparison.

lists the months classified as being part of an Eld\épisode 3.3 Rainfall
based on these ONI criteria.

Forecasting of ENSO indices based on modelled equato- ) _ )
rial SST anomalies has gained increased attention in recenthe large-scale temporal pattern of Indonesian rainfall is al-
years, and is now relatively routine. Jin et al. (2008) indi- MOSt exclusively controlled by the monsoon, resulting in
cate that tier-1 multi-model ensemble (MME) forecasts of discrete wet and dry seasons (Kirono et al., 1999). On
NINO3.4 SSTs now have an anomaly correlation coefficientBoneo, El Niio episodes tend to significantly reduce the
of 0.86 at a six month lead time. Though we do not use@mount of monsoonal rainfall, although it never fails com-
ENSO forecasts here, such predictability means that any sigP!€tely (Kirono et al., 1999; Guhardja et al., 2000). To quan-
nificant relationships we discover between Efidlidrought ~ tfy trends in rainfall we used the monthly NOAA Climate
and fire could potentially be driven by ENSO forecasts in or- Prediction Centre Merged Analysis of Precipitation (CMAP)

der to deliver prior warning of enhanced fire conditions. rainfall dataset (NOAA 2011b), which is gridded to 2I&ti-
tudex 2.5 longitude and extends back to 1979. The CMAP

data are derived from merging precipitation measures from
several IR- and microwave-based satellite rainfall estimates
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Table 1. ENSO index data for the five El No episodes examined herein (1982—-1983, 1986-1987, 1991-1992, 1993-1994 and 1997-1998).

Time integrated ENSO indeR C-months);
NINO3/NINO3.4/ONI

ENSO Months officially classed Max NINO3  Max NINO3.4 Max ONI Including all ENSO Including first  Including months

Event as El Nio * Anomaly °C)  Anomaly CC) (°C) Yearl and Year2 16 months only listed in Column 2
1982 May 1982 27.22 23.16 26.50
to to 2.8 3.3 2.3 18.45 20.41 21.69
1983 June 1983 16.79 18.27 19.31
1986 August 1986 15.02 4.41 18.23
to to 1.7 1.8 1.6 17.35 6.31 21.23
1987 Feb 1988 18.75 8.03 20.97
1991 May 1991 11.02 10.77 12.67
to to 1.4 19 1.8 15.50 14.43 15.37
1992 July 1992 18.65 15.96 16.96
1993 May 1994 4.88 3.24 —1.69
to to 1.1 1.3 1.3 9.32 453 1.61
1994 March 1995 13.18 6.77 9.21
1997 May 1997 25.45 29.20 31.91
to to 3.6 2.7 25 13.23 21.86 23.39
1998 May 1998 16.16 21.75 22.62

* Based on the ON10.5°C threshold. For historical purposes, based on this metric warm (il)Nind cold (La Nia) ENSO episodes are defined only when this threshold is met
for a minimum of 5 consecutive months; see NOAA (2011a) for a full tabulated ONI record.

with rain-gauge data (Xie and Arkin, 1996, 1997). For complish using the spatially averaged GAC data. Some pre-
comparison to the CMAP datasets we used two other rainfalvious AVHRR-based active fire studies have relied on night-
measures: (1) v6 of the daily 3B42 rainfall measure derivedtime active fire data records (e.g. Langaas, 1993; Legg and
at 0.25 latitudex 0.25 longitude from Tropical Rainfall Laumonier, 1999), and indeed the ATSR World Fire Atlas
Measuring Mission (TRMM) satellite observations, which (Schultz, 2002; Mota et al., 2006) that is exploited in the
extends back to 1997 (Huffman et al., 1997; NASA, 2011), widely used Global Fire Emissions Database (van der Werf
and (2) a series of monthly rainfall totals from twelve me- et al., 2006, 2010) is also a nighttime-only product. Diffi-
teorological stations distributed across Borneo as shown irculties with identifying daytime false alarms in GAC data,
Fig. 1b. coupled with the fact that sunset on Borneo occurs at the

relatively early time of 18:00 ht 30 min, when fire activ-

ity might still be quite strong, suggested that GAC data taken

4 Methodology during the early nighttime period may be quite suitable for
our study. To confirm this, we compared AF detections de-

4.1 Derivation of active fire metrics rived from eleven matched daytime (14:30-15:30 hr LT) and
nighttime (18:30-19:30 hr) GAC image pairs, based on data

4.1.1 Observation time from the 1991-1992 and 1997-1998 Efiievents. With

this small test dataset, unlike for our subsequent multi-year
Fire activity generally shows a strong diurnal cycle (Robertsstudy which used many hundreds of images, we could man-
etal., 2010), and in most tropical regions fire activity peaksya|ly screen the daytime datasets for sunglint-induced false
during the afternoon (Giglio, 2007). For many investiga- glarms. Figure 4 illustrates a strong, linear relationship be-
tions therefore, metrics based on daytime active fire detecyyeen the daytime and corresponding early nighttime active
tions are preferred since fire numbers are maximised, alfire counts, suggesting that AF metrics based on early night-
though these datasets may show a greater frequency of falsgne GAC observations are of a similar efficacy to those de-
alarms due to the presence of solar-heated bare ground and/gjed via carefully screened daytime observations. In fact,
sunglints from unmasked water bodies or clouds (Robinsonperhaps surprisingly, in most cases we found that the AF
1991). Fire detection algorithms attempt to minimise day-counts derived from the early night-time scenes were actu-

time false alarms by using multi-spectral methods to separatgjy higher than those in the daytime scenes, and the reason
sunglints and homogenously warm surfaces from active fireggy this is explored further in Sect. 4.1.2.

(Zhukov et al., 2006), however Wooster and Strub (2002)
found that this discrimination is much more difficult to ac-
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Davtime Active Fire Count Fig. 5. Fire diurnal cycle in Borneo during El Ko and non-El
Nifio periods, as derived from TRMM VIRS active fire data (Giglio,

Fig. 4. Comparison of nighttime and daytime active fire counts : : "
. .~ 2007). During non-El Nio periods (1999-2001), the majority of
derived from the type of AVHRR GAC data of Barneo shown in fire activity is centred on a relatively short period between noon and

Fig._ 3c. Each point represents the number of active fire pixel (:ountsm:00 hr LT, while during an El Nio period (1998) the fire diurnal
derived f_or the same day from AVHRR GAC data coverage madecycle appears significantly damped, with the peak shifted towards
at two different times of day. Daytime scenes were collected be-

. . ly night-ti 21:00hr).
tween 14:30 and 15:30 hr, and nighttime scenes between 18:38arynlg ime ¢- 2
and 19:30 hr LT. Scenes were collected during the 1991-1992 and

1997-1998 EI Nio episodes, and a significant positive correlation trona diurnal le tvnical of tropical regions. with fir
can be seen between the active fire count numbers measured at tﬁ‘eS ong diurnal cycle typical ot tropical regions, €

two different overpass times. Perhaps somewhat surprisingly, ’[hé"_‘CtiVity Concentr_ated in the early.afterno_on an(_j.for a rela-
best-fit linear relationship (black line) indicates that nighttime ac- tively short duration. However, during El b conditions the

tive fire count numbers are typically higher than the matching day-fire diurnal cycle appears strongly damped, with fires being
time active fire count numbers. The 1:1 line is also shown (dashednore evenly distributed across the day, possibly as a result
line). of the increasingly dry and flammable fuel conditions result-
ing from drought. Under these conditions, AF counts made
by TRMM VIRS actually peak in the early evening; this also
4.1.2  Normalisation for orbital drift explains why our GAC-derived AF counts were often higher
under these conditions than during the day (i.e. as seen in
Although we focus on active fire detections in early night- Fig. 4). Using the EI Nio fire diurnal cycle information de-
time AVHRR GAC data, a further consideration with regard yiyed from TRMM VIRS dataset (i.e. that shown in Fig. 5),
to any multi-year active fire dataset is the potential for or- e normalised our AVHRR GAC-derived AF counts for the

bital variations to impact the active fire metrics through its effect of variations in the local overpass time of the NOAA
interaction with the diurnal fire cycle. Since each NOAA poES satellites.

POES satellite typically remains the operational satellite for

a maximum of five years, by necessity over the period of our4.1.3  Selection of observation years

study the AVHRR GAC data come from a series of POES

systems, starting from NOAA-7 and extending to NOAA-12. Figure 2a illustrates the severe nature of fire activity on Bor-
The local overpass times of these satellites is not constanfjeo during the 1997 El Kb, and Fig. 3 confirms that un-
and drifts by around one or two hours over the nominal threeder these conditions AYHRR GAC data identifies active fire
or four year lifetime of each satellite mission (Price, 1991). pixels, despite the spatial subsampling and pixel averaging
The interplay between this drift and the fire diurnal cycle involved in the dataset’s generation.

may introduce bias into any AVHRR-derived multi-year AF  To investigate whether fires could be discriminated under
record. To investigate this, information on Borneo’s diurnal other climatological conditions, a series of matching LAC
fire cycle was extracted from the TRMM VIRS AF record de- and GAC images were obtained for both EfiNiand non-
scribed by Giglio (2007) and is shown in Fig. 5. During non- El Nifio years, and a version of the AVHRR GAC active fire
El Nifio periods, fires in Borneo were confirmed as showingdetection algorithm described in Wooster and Strub (2002)
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applied to both. There is a strong and linear relationshipample of the AVHRR 11 um channel data (Kaufman et al.,
between active fire counts derived from the LAC and GAC 1990). Fortunately, in terms of cloud obscuration, the cli-
versions of the same AVHRR data during the 1997 HidNi matological shifts experienced during Elfiéi make cloud
period ¢ =0.99,n = 13: Fig. 6a). When the same compari- cover far less of a problem than would be the case in non-El
son is conducted for La Ra and “normal” years (19 scenes Nifio years, when some areas of Borneo are almost continu-
from 1995, 1999, 2000 and 2001) a weaker relationship isously obscured (Langner et al., 2007). Nevertheless, cloud
found ¢ =0.88,n =19), although active fire pixel numbers cover is still a significant feature of Borneo, and our AF
are typically an order of magnitude or more lower at thesedataset therefore required adjustment for inter-scene cloud
times than during El Nios (cf. Fig. 2). The weaker rela- cover variations. The normalisation procedure is based on
tionship between the LAC and GAC active fire counts duringthe assumption that fire occurrence across a region is spa-
non-El Niflo periods is due to the AF pixels radiating more tially uncorrelated with cloud-cover (as per Kaufman, 1990;
weakly and being more spatially isolated under these climatidsiglio et al., 2003b; Heald et al., 2003). In fact, the ma-
conditions (Fig. 2b, c). Under such non-optimal burning con-jority of Borneo’s fire activity occurred in coastal areas, as
ditions, the subsampling and line skipping procedures useepposed to the more mountainous and cloud-affected inte-
to derive the GAC data cause many of the active fires presentor (Fig. 1a), and preliminary analyses suggested that fire
in the LAC scene to fail to result in a matching GAC AF activity was not temporally metasynchronous across Borneo,
pixel detection. Thus, we limit our analysis to the five El typically peaking, for example, between August and October
Nifio episodes occurring between 1980 and 2000, which, irn South and Central Kalimantan, but between February and
any case, represent the periods of maximum fire activity onApril in East Kalimantan. Because of this spatial-and tem-
Borneo over the study period (Langner and Siegert, 2009)poral asynchronicity, cloud-normalisation was not conducted
For each of these events we analysed many GAC scenes fam an island-wide basis, but rather AF detections made in
each month of each El No episode, fully covering ENSO each of Borneo’s seven geographic regions (Fig. 1b) were
Year 1 and ENSO Year 2. For the 1986-1987 and 1993-hormalised by the percentage of cloud cover in that same re-
1994 El Nio events we also analysed GAC data of the firstgion. The total island-wide AF pixel count, normalised for
few months of 1988 and 1995, since for these events BbNi both satellite overpass time and cloud cover variations, was
conditions are considered to have persisted into ENSO Yeathen derived by aggregating these adjusted fire counts.
3 based on the ONt++0.5°C criteria (Table 1).

For the full 24+ months of each El No event, we selected 4.1.5 Comparison to ATSR world fire atlas fire product
numerous nighttime AVHRR GAC scenes from the NOAA
CLASS database and processed them with an adaptation of
the Wooster and Strub (2002) algorithm in order to derive Our multi-year active fire record for Borneo, normalised for
our active fire (AF) data record. Scene selection was basetemporal variations in both satellite overpass time and cloud
on: (1) Borneo lying towards the centre of the AVHRR swath cover, covered the 1982-1983, 1986-1987, 1991-1992 and
(to deliver the highest spatial resolution and minimum level 1993-1994 and 1997-1998 Eliidi events. The majority of
of geometric distortion), and (2) minimal cloud obscuration these EI Niio episodes on Borneo have not been previously
of the island, particularly in the coastal regions which areexamined in terms of their AF spatio-temporal metrics. To
the locus of fire activity (Fuller and Fulk, 2000; Langner and evaluate the efficacy of our AF data record, GAC-derived AF
Siegert, 2009). Scenes failing to meet these criteria were eicounts for Borneo for the 1997 El Mo were compared to
ther identified at the online “quicklook” stage (i.e. were not those from the ATSR World Fire Atlas (which is employed
downloaded), or were downloaded but were removed duringn the Global Fire Emissions Database of van der Werf et al.,
initial data screening. The resulting multi-year AF record 2006, 2010). Both the GAC and ATSR active fire records
was based on a mea#: (o) of 120+ 15 scenes per year, indicate that the vast majority of fires burning during 1997
with typically 5-10 scenes per month processed for the mairpccurred in Central and East Kalimantan, and a strong agree-
fire periods. ment is seen between the temporal pattern depicted in the two

different datasets (Fig. 6b).
4.1.4 Normalisation for cloud cover
4.2 Comparison of trends in El Nfio, rainfall and fire

Although active fires can be readily detected through smoke,
the obscuring effects of cloud cover generally require that
fire pixel counts be normalised for inter-scene variations in4.2.1 Derivation of rainfall information
cloudiness if they are to be used to quantify temporal changes
(e.g. Heald et al., 2003; Schroeder et al., 2007). Given Bor-The CMAP dataset (NOAA, 2011b) was used as the pri-
neo’s tropical climate and thus relatively high land surface-mary rainfall dataset for comparison to the monthly active
temperature, cloud detection by night is reasonably easy tdire count data. The CMAP data were subset into two area-
perform using brightness temperature thresholding, for ex-averaged versions, one based on the® J6d cells that
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Fig. 6. Comparison of the active fire (AF) pixel count for Borneo derived for the 1997 EbIgeriod.(a) Comparison between AF pixel

counts derived from GAC and LAC versions of the same thirteen AVHRR scenes (examples of which are shown in Fig. 3b and ¢). The
1:1 line is also shown(b) Temporal trend in the normalised AF pixel count for the 1997 Hid\period, derived via the AVHRR GAC
processing described herein and from the widely used ATSR World Fire Atlas (Schultz, 2002; Mota et al., 2006). Strong similarities are
evident in all cases.

covered all of the island of Borneo (“all Borneo”), and one deficit, and (2) fire activity. We calculated cross-correlations
based on those covering only Borneo south of the equatobetween ENSO-X (NINO3 and NINO3.4) and ONI index
(since this is the region apparently most affected by fire, seenomalies, rainfall deficits and fire activity over: (1) the full
e.g. Fig. 3; “Southern Borneo”). Comparison with averaged24 month fire periods and (2) only for those months during
monthly rainfall totals for the years of overlap for the twelve each period when the ONI exceed 0G(with a three-month
meteorological stations shown in Fig. 1b showed a strongouffer for the cross-correlation analysis). For the ENSO-X
correlation between the station average monthly rainfall andndices we correlated the index anomaly with the monthly
the all and Southern Borneo area-averaged CMAP data ( fire count, but as the ONI is a three-month average we cor-
0.98 and 0.88, respectively). Comparison between the sameelated it with a three-month running mean of fire counts.
CMAP data and the overlapping TRMM 3B42 v6 rainfall The length of the time-series precluded formal pre-whitening
measure also showed a strong correlatios: 0.98 for both  (Chatfield, 1995), but the use of ENSO index anomalies and
the “all Borneo” and “Southern Borneo” CMAP measures). rainfall deficits removes some of the seasonal trend from
Having established the efficacy of the CMAP rainfall data, these data. Analyses were conducted in R-2.13.1 (R Devel-
the two area-averaged CMAP rainfall measures were usedpment Core Team, 2011).

to calculate the monthly “all-Borneo” rainfall deficit (ABD)

and “Southern-Borneo” rainfall deficit (SBD) via a compari-

son to corresponding long-term (1979—-2009) means. 5 Results

o . o . 5.1 The 1982-1983 El Nio event
4.2.2 El Nifio-rainfall-fire intercomparison methods

We first concentrate on the severe 1982-1983 HhoNi

At a monthly time-step, temporal trends in Borneo’s ac- episode as an example of the analyses conducted for each of
tive fire counts were compared to the metrics derived fromthe El Nifo. Figure 7 shows time series plots of (a) monthly
the two CMAP-derived rainfall measures and to the ONI, rainfall and the long-term mean, (b) (cumulative) rainfall
NINO3 and NINO3.4 indices collected from the NOAA Cli- deficit, and (c) active fire counts and ENSO index. For the
mate Prediction Centre (NOAA, 2011a). To evaluate the24 months surrounding this episode, a broad agreement be-
temporal relationship between ENSO index, drought and firetween temporal trends in fire occurrence and drought is ap-
occurrence, we used cross-correlation techniques (similar tparent, albeit somewhat interrupted by the November 1982—
Fuller and Murphy, 2006); we limited consideration to nega- January 1983 “wet” monsoon. The ONI metric indicates that
tive lags as we were interested solely in the effects of BONi  formal El Nifio “warm episode” conditions commenced in
and rainfall deficit leading to (i.e. preceding) fire activity May 1982, and the GAC-derived active fire data indicate that
variations. We explored temporal associations between thesignificant fire activity commenced around two months later
ENSO index (ONI and ENSO-X) anomalies and (1) rainfall in July 1982 (Fig. 7c), coincident with the first month of a
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positive rainfall deficit (Fig. 7b). At this time, the monthly 1982 El Nino 1983
“al[ Borneo” mean .rainfglll measure fell close to the 100mm  «° e A —LongTerm Maan 1) @
“critical threshold” identified by Goldammer (2007), around ~ *® ®miRainfall South) - - LongTerm Mean(South)

half of the long-term mean for July, and the “Southern Bor- _ **
neo” precipitation became even more depressed (Fig. 7aj§
Such dry conditions result in the commencement of exten-£ i
sive leaf-shedding, surface fuel flammability increases anc
peatland desiccation (Brady, 1997; Goldammer, 2007), all
of which are likely to have contributed to the subsequent .,
development of many extreme fires in areas where anthro
pogenic ignition sources were available. Indeed, fire activity
peaked two months later in September 1982, a month afte 00 ;22::::55:2(3:')'Deﬁmw]) f (b)
the August peak in monthly rainfall deficit. Rainfall deficit oo
remained positive until the end of ENSO Year 1, by which & %
time fire activity had declined to low levels during the mon- x o
soon rains of November and December 1982. w0
Around the start of ENSO Year 2 (1983), the ENSO = ; MM
indices show EI Nio conditions reaching peak strength — j}DMMMM il | mm
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(Fig. 7c). This is the time of the northeast “wet” monsoon, Y o  asonosem R L |
and in January 1983 monthly rainfall totals were actually " s
close to the long-term mean (Fig. 7a). However, a positive | waciverie counts ---NINOS - (C)
rainfall deficit returned in February, followed by the highest T
rainfall deficits of ENSO Year 2 in March and April (Fig. 7b), N

coinciding with the months of peak fire activity (Fig. 7c). j
Rainfall returned to levels slightly higher than the long-term

mean in May 1983 (Fig. 7a), with a consequent weakening of
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the cumulative rainfall deficit and a severe reduction in fire ' S s
activity (Fig. 7c). Almost all the ENSO indices show a sig- ™|, . I . 1 NN o
nificant decline in EI Nio strength by this time (Fig. 7c), and T T O T A T

the ONI metric indicates that warm ENSO conditions ceasec
in June 1983. Unlike the other El i events studied here,
the 1982-1983 event was not immediately followed by a Larijg. 7. Rainfall, ENSO index and active fire count data for the
Nifia (cold ENSO) episode (though of course the 1991-1992trong 1982-1983 El Nb. (a) Mean monthly rainfall for Borneo
El Nifio was followed by a further set of El Al conditions  derived from the NOAA Climate Prediction Centre Merged Analy-
in 1993-1994, which was only then followed by Lafid). sis of Precipitation dataset (Xie and Arkin, 1996, 1997), calculated
Overall, fires were much more numerous in ENSO Year 2,for the whole of Borneo and for the south of Borneo, along with the
with the total active fire pixel count being five times higher respective long term monthly meargb) rainfall deficit and cumu-
in 1983 than in 1982 (Fig. 7c). lative rainfall deficit, calculated from the CMAP rainfall data shown
The AF density map for the 1982—1983 Elfdi episode in (a),_and(c) monthly actiye fire counts_ derived from 105 AVHRR
(Fig. 8: top left panel) indicates that fire activity was con- GAC images, together with the matching set of NINO3, NINO3.4

trated in East Kali t ith far | tivity in West and ONI SST anomaly measures taken from the NOAA Climate
centrated In East Ralimantan, with far 1ess activity In West, o jiotion centre (NOAA, 2011a). Peaks in fire activity seen in

Central and _SOUth K_allmantan. Qur new _Satell'te'der'VedAugust—October 1982 and February-May 1983 broadly match the
AF data confirm previous suggestions that fires were abserferiods of greatest rainfall deficit. Months are classed as being ex-
from Sarawak even during this extreme Efllievent, report-  periencing El Niio conditions only if they have an ONI greater than
edly due to the lack of severe drought in this part of Borneoor equal to 0.5C for a consecutive period of at least 5 months
(Goldammer, 2007). However, we do detect fires in Sabah(Kousy and Higgins, 2007). The El Rb episode defined by this
where precipitation levels apparently fell by an average ofcriterion is indicated by the black bar above and below the graphs.
60 % over the 1982—-1983 period (Woods, 1989). In general,

we see that the 1982-1983 fire activity is confined to a zone

extending inland a maximum ef 200 km. Goldammer and 5.2 Inter-El Nifio patterns of fire activity

Seibert (1990), Walsh (1995) and Goldammer (2007) report

this to be the approximate area within which monthly precip- Figure 9a shows cloud and overpass adjusted active fire
itation fell below the critical 100 mm threshold, with higher counts for each of the five El No episodes spanning the
rainfall generally seen within the more mountainous areasl980—2000 period. Three “fire sub-seasons” are clearly iden-
further inland (Fig. 1). tified; the first during August—October of ENSO Year 1, the

El Nino
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1991-92 e 1997-98 0
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Fig. 8. Maps depicting the spatial pattern and density of active fire pixel counts detected using AVHRR GAC data during the fiee El Ni
episodes occurring between 1980 and 2000. Grid cells are 22kPnkm, and colours indicate the number of active fire pixels detected in
each grid cell during the full 24 months covering each EidNevent (i.e. Jan ENSO Year 1 to Dec ENSO Year 2), a period including all
three fire-subseasons depicted in Fig. 9. The 1982—1983fiel, ldnd to a lesser extent the 1997-1998 HEid\are those having the highest
proportion of fire activity in the northern half of the island (in East Kalimantan). Note the different colour-scales used for the 1986-1987
and 1997-1998 El Nio events, required to accommodate the relatively low and high active fire count totals seen respectively in these two El
Nifos.

second during February—April of ENSO Year 2, and the thirdfire sub-seasons. By contrast, analysis of the TRMM VIRS
during August—October of ENSO Year 2. However, only and ERS-2 ATSR AF records indicate that in non-ERdli
some El Niio events show fire activity during the third fire years the first fire sub-season accounts for the vast majority
sub-season, it being absent, for example, during the majoof fires (e.g.c. 80 % in the 1999-2000 period). The fact that
1982-1983 EIl Nio. Importantly, the overall temporal pat- the El Nifio cycle often matures relatively close to the timing
tern of fire activity shown in Fig. 9a remains the same if of the second fire sub-season (e.g. Fig. 8b) is the likely ex-
the fire counts remain unadjusted for cloud-cover variations planation for this difference, further supporting a strong link
with the same rank order of fire-affected months in each Elbetween the development of Elfni and fire.

Nifio year. This indicates that our results are not dependent Figure 8 illustrates the spatial pattern of fire activity for
upon assumptions made during our cloud-normalisation progach of the additional four EI Ri's studied, alongside that
cedure (see Sect. 4.1.4). The ENSO index data in Fig. 9k the 1982-1983 event discussed in Section 5.1. These “Ac-
confirm the enormity of the 1982-1983 and 1997-1998 Eljye Fire Density” maps confirm the relative lack of fires dur-
Nifilo episodes (see Table 1). Figure 9a also indicates thqhg the 1986-1987 EI Nio episode, and the overwhelming
fire activity in these years was similarly of an overwhelming amount of fire activity that occurred in the strongest (1997—

magnitude, with total AF counts respectively more than two 1998) E| Nfio during both the first and second fire sub-
and three times greater than those seen in the next highegkasons (c.f. Fig. 9a).

event (1991-1992). Later El Nifios show a spatial pattern of fire rather dif-
Typically, the vast majority £80 %) of total active fire ferent to that seen in 1982—-1983, although fire activity re-
counts seen in the AVHRR-GAC record occur within the first mained confined to areas within 200 km of the coast. In
16-months of an El Nio event. Specifically, for the five EI these later El Nio episodes, fire is much more prevalent in
Nifios studied here, 34 % of the total AF counts are assoCentral and South Kalimantan, possibly due to increasing
ciated with the first fire sub-season, 41 % with the secondamounts of forest degradation and fragmentation (Langner
and 18 % with the third, the latter being dominant in only the and Seigert, 2009). In particular, from the 1991-1992 El
1991-1992 and 1993-1994 Elidi's (Fig. 9a). The remain- Nifio onwards, significant fire activity is also seen in in-
ing 7% of detected active fires occur outside of these thredand parts of West Kalimantan. However, it is not until
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Fig. 9. Active fire and El Niio index data for the five El Ko episodes occurring between 1980 and 2q@)pMonthly active fire counts
derived from AVHRR GAC data, indicating the presence of three fire sub-seasons over the period offamdglibibde(b) El Nifio strength

as measured by the Oceaniciiilndex (ONI) measure, which is based on the three-month running mean of the NINO3.4 sea surface
temperature (SST) anomaly and which is used by NOAA to classify months as showingdetdhditions (based on an ONI threshold
>0.5°C for a consecutive period of 5 months of more; Kousky and Higgins, 2007). The horizontal dashed line indicates the @NI=0.5
threshold. 1982-1983 and 1997-1998 are confirmed as the strongesioBliNterms of their SST anomaly maxima, the sustained rapidly

of their SST anomaly increase, and by most temporally-integrated measures of SST anomaly mdgitndetfis; Table 1). The extreme
magnitude of the 1982-1983 and 1997-1998 Eidsimatches with the particularly high active fire counts recorded for these two episodes
in (a).

the 1997-1998 EIl Mo that fire activity becomes heavily large areas of forest in the coastal regions of East, South and
concentrated in East Kalimantan once more, and this agai€entral Kalimantan, and further inland in West Kalimantan.
occurs during the second fire sub-season as it did duringhe maps shown in Fig. 8 indicate these to be the same ar-
the 1982-1983 EIl Nio event. Using optical remote sens- eas that developed by far the severest fire activity over the
ing data of Borneo from 2002, Langner et al. (2007) identi- 1982—1998 period, helping to further confirm the strong fire-
fied areas of fire-prone “cultivation-forest mosaic” and “bare deforestation link highlighted in so many past works (e.g.
ground/grasslands/agriculture” to be primarily located alongCochrane, 2003; Fuller, 2003; Goldammer, 2007; Field et
the coasts of East, South and Central Kalimantan, and iral., 2009).

both the coastal and inland regions of West Kalimantan.

The forest/non-forest maps derived in the earlier Fuller et5 3 Relationship between El Nio, rainfall and fire

al. (2004) study confirm this spatial distribution. Yamagata

et al. (2010) recently used similar optical remote sensingresyits from our correlation analysis between ENSO

data to produce a time series map of forest cover change Ogrength and rainfall are reported in Table 2. They indicate
Borneo in the 26 yr since 1982, confirming the removal of o 10 be significantly correlated to monthly rainfall deficit
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when considering all months of all five El hbs together A similar cross-correlation analysis was applied to the
(i.e. the first row of Table 2) for the whole of Borneo (ABD; monthly active fire (AF) pixel count and ENSO index (ONI,
r =0.48), and also when only considering rainfall in the NINO3, NINO3.4) data , based on both all months in an El
southernmost part of the island only (SBB+=0.35). Cor-  Nifio episode, and just months with OND.5°C (Table 4).
relations using the NINO3 and NINO3.4 metrics are weakerOf the three indices tested, the strongest relationship between
(Table 2). AF counts and El Nio strength was found using the ONI
On a per-El Nito basis, monthly rainfall deficit is much index, wherer lay in the range 0.29-0.63; for the NINO3
more strongly correlated with El No intensity (in particular  and NINO3.4 indices was typically around 0.30-0.40. For
as measured via the ONI index) during the strongest 1982-the 1982-1983, 1986-1987 and 1997-1998 HEidyj corre-
1983 and 1997-1998 events (Table 2), than during the interlations between AF and ENSO index tended to be stronger
vening (and weaker) El Kibs (1986-1987, 1991-1992 and than for AF and rainfall deficit, but it was found to be weaker
1993-1994). Aldrian and Susanto (2003) report that whilstfor the 1991-1992 and 1993-1993 events. The relationship
the rainfall regime of south and Central Kalimantan appearsdetween peak ENSO index and peak fire occurrence timing
to be significantly impacted by El Ro, that in Eastern Kali- varied between El Nio episodes and El No metrics; the
mantan it is less so. This may in part explain why large ONI index showed the strongest correlation at zero-lag for
numbers of fires are only seen in East Kalimantan duringall except the 1982-1983 event where the cross-correlation
the two most intense El Ros (Fig. 8). Results for NINO3 strength peaked at a lag of three months (Table 4). The
and NINO3.4 are qualitatively similar to those obtained us-NINO3 and NINO3.4 indices typically peaked at lags of be-
ing ONI, and correlations between Elid strength and rain-  tween three and fourth months, but lag peaks varied between
fall are also generally stronger when considering the wholezero and nine months for different El i events. This pos-
of Borneo than just the southernmost part of the island, andibly reflects the teleconnection lag between EidNand In-
when considering all months of each Elffdiepisode rather donesian climate variables, and the time over which different
than just those months meeting the ON).5°C criteria. forest and non-forest fuels, and regions of Borneo subject to
Table 3 reports the results of the cross-correlation analysiglifferent levels of forest degradation and clearance, become
between active fire count and rainfall deficit, separated intoincreasingly flammable during drought. The differing lag
four subsets (those based on all months and just those medimes may also be related to variations in the timing of the El
ing the ONI>0.5°C criteria, and those using rainfall deficit Nifio-related sea surface temperature anomaly development
data for all Borneo (ABD) and just Southern Borneo “SBD”). in the various regions of the Pacific Ocean used to calculate
The results reveal a robust relationship, and when analysinghe ENSO indices (Fig. 1¢), and the action of the monsoon
the same variables the correlation coefficientf¢r most of  rains, which outweigh the precipitation-reducing influence of
the El Nifios is of a similar strength. In the case of the 1986—EI Nifio during the monsoon periods.
1987, 1991-1992 and 1993-1994 EfiN, the correlations We complemented our time series analysis with a com-
are generally (but not consistently) slightly stronger for the parison of time-integrated AF count and EIidi strength,
Southern Borneo than for the all Borneo rainfall deficit datawith the latter measured via cumulative NINO-X anomalies.
set. The reverse is true for the 1982-1983 and 1997-1998 EThree integration times were considered for each EioNi
Nifio’s, perhaps because these two events have the greatestent studied here, (1) the 16 months from the start of ENSO
proportion of their fire activity north of the Equator (i.e. in Year 1 to the end of the 2nd fire sub-season in ENSO Year
East Kalimantan, see Fig. 8). The correlation between active, (2) the full ENSO Year 1 and ENSO Year 2 period, and
fire count and rainfall deficit peaks at zero lag (i.e. simulta- (3) only months showing OMI05°C. Results, reported in
neously) or one-month lag for all five El Nos ¢ values be-  Table 5, indicate that the strongest positive statistical rela-
tween 0.4 and 0.5), except for the 1986-1987 event (where itionship ¢ = 0.98) was found using the NINO3 index over
peaks at -9 months, although this association is not statistithe first and second fire sub-seasons only (i.e. January ENSO
cally significant). This (near) simultaneous rainfall-fire asso- Year 1 to April ENSO Year 2). This relationship, shown in
ciation is generally somewhat stronger for the post-1990 EIFig. 10, of course omits fires occurring in the third fire sub-
Nifio events than for earlier El Rid's; and indeed, the rela- season (August—October of ENSO Year 2). Relationships us-
tionship between rainfall deficit and fire activity is shown to ing the NINO3.4 and ONI indices were also strongly positive
have been relatively weak in 1982-1983 (albeit less so in thever this same 16 month period (Table 5, cols 1-3). Exclud-
all months/all-Borneo data subset). Again, this possibly re-ing the 1993-1994 EIl Nio, which showed the highest pro-
flects the increased amounts of forest degradation that appaportion of third fire sub-season activity (Fig. 9a), a strong
ently occurred during the 1990s (FWI/GFW, 2002), and thelinear relationshipr= 0.90) with the cumulative NINO3 in-
fact that degraded forest and agricultural areas are likely talex is also seen when extending the cumulative fire count
respond more rapidly to precipitation deficits than are closedrecord included in Fig. 10 to the entire 24 months (i.e. Jan
canopy wet forests, which can maintain fuel moisture levelsENSO Year 1 to Dec ENSO Year 2) of each EfNiepisode.
for some weeks even during drought (Guhardja et al., 2000The 1993—-1994 EI Niio is unusual in that it immediately fol-
Cochrane, 2003). lowed the 1991-1992 El Rb (Trenberth and Hoar, 2006),
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Table 2. Correlation () between monthly El Nio strength (as measured by the ONI, NINO3, and NINO3.4 SST anomaly-based indices)
and Borneo’s rainfall deficit across the whole island (ABD) and just the south of the island (SBD) during the fif@&ENidied here; the
two most significant in terms of El Rb strength being those of 1982-1983 and 1997-1998. Results are shown for individual events and all

events pooled together, and including all months (total =126 across all years) and only those months meeting onky @t ONdtiteria
(Kousky and Higgins, 2007).

All months
ONI NINO3 Anomaly  NINO3.4 Anomaly
Year n ABD SBD ABD SBD ABD SBD
Pooled 126  0.48 0.35 0.28 0.15 0.38 0.28
1982-1983 24  0.72 0.57 0.60 0.52 0.69 0.60
1986-1987 27  0.30 0.18 0.03 —-0.32 0.25 0.05
1991-1992 24  0.37 0.11 0.21 0.08 0.20 0.02
1993-1994 27 0.060 -0.11 -0.49 -0.63 -0.28 —-0.34
1997-1998 24  0.67 0.55 0.59 0.46 0.63 0.52

Months with ONE0.5°C

ONI NINO3 Anomaly  NINO3.4 Anomaly

Year n ABD SBD ABD SBD ABD SBD
Pooled 76 0.46 0.32 0.14 -0.01 0.24 0.15
1982-1983 14 0.51 0.37 —0.04 —0.05 0.16 0.17
1986-1987 19  0.22 0.30 -0.04 -0.21 0.01 0.07
1991-1992 15 0.19 -0.21 -0.09 -0.39 -0.15 —0.50
1993-1994 15 0.09 —0.14 -0.56 —-0.68 -0.34 —0.48
1997-1998 13  0.64 0.50 0.04 —-0.35 0.48 0.37

Table 3. Correlation ¢) between monthly rainfall deficit (across all Borneo [ABD] and Southern Borneo [SBD]) and fire activity (active
fire counts) during the five El Kb events studied here; the two most significant in terms of BbNitrength being those of 1982-1983
and 1997-1998. The upper table shows analyses based on all months during &o Epidode, the lower table only those months having
ONI>0.5°C (note: in 1993-1994 there were multiple periods with ©NI5°C and so only the entire episode was analysed). Zero-lag is

the strength of association at lag = 0 months; Masthe lag (in months) showing the strongest correlation, and Strong lag is the strength of
the correlation in that month.

All months
ABD SBD
Year Zero-lag Max Stronglag Zero-lag Max Stronglag
1982-1983 0.41 -1 0.47 0.33 -1 0.40
1986-1987 0.27 -9 0.37 0.35 0 0.35
1991-1992 0.48 0 0.48 0.50 0 0.50
1993-1994 0.41 0 0.41 0.48 0 0.48
1997-1998 0.47 0 0.47 0.44 0 0.44
ONI>0.5°C
ABD SBD
Year Zero-lag Max Stronglag Zero-lag Max Stronglag
1982-1983 0.37 -1 0.44 0.28 -1 0.34
1986-1987 0.23 -9 0.43 0.37 0 0.37
1991-1992 0.48 0 0.48 0.50 0 0.50
1993-1994
1997-1998 0.46 0 0.46 0.42 0 0.42
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Table 4. Correlation () between monthly El Nio strength (as measured by the ONI, NINO 3, and NINO 3.4 ENSO index anomalies)

and fire activity (AF counts) during the five El hb events studied here; the two most significant in terms of BbNirength being those

of 1982-1983 and 1997-1998. The upper table shows analyses based on all months during the episode, the lower only those where th
ONI>0.5°C (note in 1993-1994 there were multiple periods with ©BI5°C and so only the entire episode was analysed). Zero-lag is the
strength of association at lag = 0; Maxs the lag with the strongest positive correlation and Strong lag the strength of the correlation in that
month.

All months
ONI NINO3 Anomaly NINO3.4 Anomaly
Year Zero-lag Max Stronglag Zero-lag Max Stronglag Zero-lag Max Strong lag
1982-1983 0.38 -3 0.59 0.46 0 0.46 035 -3 0.36
1986-1987 0.51 0 0.51 -0.08 -5 0.42 0.19 -3 0.34
1991-1992 0.32 0 0.32 -0.15 —4 0.24 —0.02 -3 0.27
1993-1994 0.29 0 0.29 -0.35 -5 0.31 —0.14 —4 0.36
1997-1998 0.63 0 0.63 0.44 0.43 0 0.43
ONI>0.5°C
ONI NINO3.4 Anomaly NINO3.4 Anomaly
Year Zero-lag Max Stronglag Zero-lag Max Stronglag Zero-lag Max Stronglag
1982-1983 0.20 -3 0.69 0.47 0 0.47 028 -3 0.53
1986-1987 0.41 0 041 -0.13 -5 0.48 0.06 -3 0.34
1991-1992 0.16 0 0.16 -0.42 —4 0.21 —0.29 -9 0.20
1993-1994
1997-1998 0.43 0 0.43 027 -3 0.30 0.24 -3 0.34

and was characterised by NINO3, NINO3.4 and ONI indicesNifio events studied here (1982—-1983 and 1997-1998) have
that peaked early in ENSO Year 1, weakened significantlybeen classed as “cold tongue” Elfidis (characterised by
over the following 12 months, and then peaked again in thdarge positive SST anomalies in the NINO3 region), whereas
third fire sub-season (Fig. 9b). The unusual nature of thisthe remaining events are classed as “warm pool” Eidsdi

El Nifio event probably explains the occurrence of so much(whose effect on SST is considered more confined to the
fire activity in the 1993-1994 third fire sub-season (as seen ilNINO4 region) (Kug et al., 2009). Table 5 also indicates that
Fig. 9a). With all EI Nfio events considered, and all three fire linear relationships between cumulative fire count and cu-
sub-seasons (i.e. a two year integration period), the strongestulative ENSO indices derived using only data from months
linear relationship/= —0.98) was actually found using the with an ONI>0.5°C are weaker than those derived using all
cumulative NINO4 index, with a strong inverse correlation months of data, reflecting the potential for significant lags
when considered over the full ENSO Year 1 and Year 2 pe-between the developing strength of Effdiand fire activity

riod (Table 5, cols 5-7). The negative relationship between(Sect. 5.3).

time-integrated fire activity and the NINO4 index reflects the

fact that the 24 month cumulative SST anomaly measured

in the NINO4 region (western tropical pacific; Fig. 1c) is it- 6 Disscusions and conclusions

self negatively correlatedr & —0.83) with that in NINO3

(Eastern Tropical Pacific; Fig. 1c). Therefore, the greaterbarge parts of Borneo have been subject to (still ongoing)
the cumulative NINO3 SST anomaly the weaker that seen ifand clearance, peatland draining and general forest degrada-
NINOA4, reflecting the different sea surface temperature pattion activities over many decades, resulting in a landscape
terns seen during ENSO events across the tropical Pacifiévhere huge areas of the natural ecosystem have been re-
For example, in Fig. 1c it is apparent that around the timePlaced by degraded, converted, or managed cover types, with
of maximum positive NINO3 and NINO3.4 anomalies seen Many anthropic ignition events and vegetation fires. When
during the extreme 1997-1998 Elfi (December 1997), such changes are accompanied by extreme drought, which
significant parts of the NINO4 region are already showingin Borneo are usually associated Eifii(i.e. warm ENSO)
negative SST anomalies associated with cooler than normatonditions, areas of normally moist peatland and forest can
surface waters. The underlying drivers of these relation-much more easily dry, ignite and burn than would otherwise

ships may also be influenced by the fact that the strongest Epe the case. These conditions enable the anthropically driven
fires to further spread and intensify, resulting in fire events
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Table 5. Correlation () between time-integrated El Md strength (as measured by the ONI, NINO3, NINO4, NINO3.4 ENSO index
anomalies) and fire activity (AF counts) integrated over the same time period. Results are shown for the five conseciitveEnts

studied here (1982-1983 to 1997-1998); the two most significant in terms ofialdtiength being those of 1982—-1983 and 1997-1998.
Three integration periods are tested (1) the 16 months from the start of ENSO Year 1 to the end of the 2nd fire sub-season in April ENSO
Year 2, (2) the full 24 months of ENSO Year 1 and ENSO Year 2, and (3) the months showing®N for each ENSO event (this metric

covers different numbers of months in each ENSO episode) as detailed in Table 1.

Jan Yrl1—AprYr2 (16 months) Jan Yr1l—Dec Yr2 (24 months) Months with-608I°C

Year r slope intercept r slope intercept r slope intercept
NINO3 0.98 43.1 —69.3 0.69 31.7 148.1 0.66 24.7 181.0
NINO3.4 0.93 59.3 —-259.4 -0.14 -18.69 954.7 0.37 21.7 257.3
ONI 0.93 72.1 —479.3 -0.42 -81.59 2041.7 0.41 450 -—-192.2
NINO4 0.53 979 —-199.1 -0.98 -91.0 14427 —-0.58 -—-77.1 1306.6
1400 Kunii et al., 2002; Aiken, 2004; Heil et al.,2007; Naeher et
y=43.141x - 69.264 o al., 2007).
1200 1 r=0.98 L9798 This work is the first to comprehensively analyse and in-
] tercompare active fire (AF) signals present in terrestrial re-
1000 1 mote sensing data of Borneo for the five ERNievents that
] p occurred between 1982 and 1998, immediately prior to op-
00 1 ® ¢33 eration of the current MODIS Earth Observation sensor that
] is widely used for active fire studies. We have used AVHRR
600 | Global Area Coverage (GAC) data to detect and quantify the

relative number of fires burning across Borneo in each month
of each EI Nifio event, and our work complements previous

16 months (Jan-Apr) Cumulative Active Fire Count

400 S 9192 studies that used atmospheric data to quantify variations in
200 1 93'94,,/' biomass burning occurring over similar time periods (e.g.
1 e Kita et al., 2000; Duncan et al., 2003; Field et al., 2009). The
1 “® 8687 20yr period we have examined includes the extreme 1982—
0 0 o 1‘0‘ S 2‘0‘ o ‘3‘0‘ S 0 1983 and 1997-1998 El Ros, which by all common mea-

sures are the strongest since 1950 and quite possibly since
16 months (Jan-Apr) Cumulative NINO-3 Anomaly (“C) 1877-1978 (Wolter and Timin, 1998). Our results reveal that
during the two strongest El Ros, there is a relatively strong
Fig. 10. Relationship between Borneo’s cumulative active fire count -4 rrelation between monthly measures of Eftlistrength
derived from AVHRR GAC imagery (calculated from the monthly - ifically the Operational Ko Index [ONI]; Kousky and
data shown in Fig. 9) and cumulative Elfidi strength, here calcu- Higgins, 2007) and monthly rainfall deficit & 0.715 and

lated from the integration of the NINO3 anomaly index over the 16 . .
months of each El Nfio encompassing the first and second fire sub-" = 0.673 respectively). These two strongest ERdE also

seasons defined in Sect. 5.2 (i.e. Jan ENSO Year 1 to Apr enscshow two clearly distinguishable fire sub-seasons, and a con-
Year 2) The linear best fit to the data is Shown' and the a|terna.sistent Corre|atI0n betWeen the E|ﬁtb|—drlven ra|nfa” def'C't

tive relationships calculated for other durations and using alterna@nd the number of active fire counts that peaks at 0 or 1
tive ENSO indices are shown in Table 5. month lag. The vast majority of fire activity in these events

occurs during August—October of ENSO Year 1 (first fire

sub-season) and February—April of ENSO Year 2 (second fire

sub-season). In the intermediate period (November—January)
that can be of an extreme magnitude and which can havenonsoon rains temporarily weaken Elffdis influence by
significant impacts on forest, flora and fauna (Goldammer,breaking the associated drought, resulting in an almost com-
2007; Barlow and Silveira, 2009), fossil peatland storesplete absence of fire. During some of the other EfidNi
(Page et al., 2009), and global greenhouse gas concentratioepisodes (most particularly that of 1993-1994), major fires
(Page et al., 2002; Simmonds et al., 2005). They also resulélso occur during a third fire sub-season (August—October of
in major regional haze episodes with significant health impli- ENSO Year 2), but total fire numbers are fewer and the corre-
cations for the health of many tens of millions of humans, in- lation between EI Nio strength and monthly rainfall deficit
cluding outside Indonesia (Aditama, 2000; Emmanuel, 2000;s less strong for these weaker Elifdis.
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We also find that the correlation between monthly BEidNi  Betancourt, 1990; Kitzberger, 2002), although recent work
strength and fire activity is for some El s stronger than in the Amazon has indicated that robust relationships maybe
between rainfall deficit (drought) and fire. The magnitude possible even with the limited time series of data now avail-
of fire activity appears to be related both to the duration ofable from active fire remote sensing from space (Chen et al.,
El Nifio conditions, as well as to its strength. For exam-2011) and that we have begun to demonstrate here for South-
ple, the unprecedented duration of the 1991-1994 BbNi east Asia.

(here separated into 1991-1992 and 1993-1994) resulted in

severe fires, despite peak ENSO index values being Sim”aﬁ\cknowledgementSNe are grateful for the station rainfall data for
t0 1986-1987, when fire activity was much lower. Fuller and the indonesian part of Borneo provided to us by Dewi Kirono and
Murphy (2006) previously found a weakly significant three Nigel Tapper (Monash University, Australia) and collected origi-
month lag between the Southern Oscillation Index (SOI;nally by the Indonesian Bureau of Meteorology and Geophysics
based on atmospheric pressure differences between DarwifBadan Meteorologi dan Geofisika, BMG). In addition, monthly
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