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Human amplification of drought-induced biomass
burning in Indonesia since 1960

Robert D. Field'*, Guido R. van der Werf? and Samuel S. P. Shen?

Much of the interannual variability in global atmospheric
carbon dioxide concentrations has been attributed to variability
of emissions from biomass burning'3. Under drought condi-
tions, burning in Indonesia is a disproportionate contributor
to these emissions, as seen in the 1997/98 haze disaster.
Yet our understanding of the frequency, severity and under-
lying causes of severe biomass burning in Indonesia is lim-
ited because of the absence of satellite data that are useful
for fire monitoring before the mid-1990s. Here we present
a continuous monthly record of severe burning events from
1960 to 2006 using the visibility reported at airports in the
region. We find that these fires cause extremely poor air
quality conditions and that they occur only during years when
precipitation falls below a well defined threshold. Historically,
large fire events have occurred in Sumatra at least since
the 1960s. By contrast, the first large fires are recorded in
Kalimantan (Indonesian Borneo) in the 1980s, despite earlier
severe droughts. We attribute this difference to different
patterns of changes in land use and population density. Fires
in Indonesia have often been linked with El Nifio"%5"2, but
we find that the Indian Ocean Dipole pattern is as important
a contributing factor.

The Indonesian haze disaster in 1997/98 (refs 1,4) had
pronounced regional impacts on air quality’. Average emissions
from the region are smaller than those from Africa, but are
comparable to emissions from the Amazon basin®. As most
emissions in Indonesia stem from peat fires and deforestation, with
limited forest regrowth, they contribute to the build-up of CO,
in the atmosphere. Future fire risk in Indonesia will be sensitive
to potentially drier conditions' and increases in anthropogenic
landscape disturbance!*®,

During 1997-2006, there were two major fire episodes in
Indonesia (1997/98, 2006) and two minor episodes (2002, 2004)
detected in the Global Fire Emissions Database (GFED; ref. 4),
which occurred during droughts of different strengths'>!®. Before
this, there are no high-quality, continuous records of the fires.
There are, however, case-by-case accounts of coincident drought
and fire years during the 1980s and early 1990s in Indonesia®, also
detected in elevated ozone and aerosol concentrations from the
Total Ozone Mapping Spectrometer™'”, and predominantly linked
to E1Nino-induced droughts. Fires are observed almost year-round,
but the main fire season starts as early as July and lasts until
mid-November, typically peaking in September and October.

The Indonesian fires are unique in that the bulk of emissions
is due to the continuous burning of peat soils for up to four
consecutive months!, which produces aerosol concentrations high
enough to significantly reduce visibility”!°. To better under-
stand the severity of biomass burning haze and its underlying

causes, we used visibility records from Sumatra and Kalimantan’s
World Meteorological Organization level meteorological stations
to calculate monthly mean extinction coefficients (B, ). Regional
mean B, was computed for Sumatra and Kalimantan, each of
which had three stations with data back to 1960 (Fig.1). We
computed B,y using the Koschmeider relationship, omitting obser-
vations where present weather codes indicated precipitation or fog
(see Supplementary Section S1).

We found an excellent correspondence between regional By
and TPM estimates from the GFED for both Sumatra (R* = 91,
Fig. 2a,b) and Kalimantan (R* = 0.85, Fig. 3a,b) for the period
of 1997-2006. We note that the two data sources are entirely
independent, with the GFED data being derived largely from
remote-sensing data and biogeochemical modelling*, and the By
being derived from simple meteorological observations at airports.
As an indication of the severity of the 1997 haze event and its
impact on air quality, the extreme monthly B.,, values from stations
near the centre of the main burning regions (maximum 16.6 km™!,
high values indicating poor visibility) were over five times greater
than the extreme monthly B, values at the cities recognized as
having the world’s worst air quality (maximum 3.1km™") (see
Supplementary Table S1).

In Sumatra, the extended B data captured events in 1991
and 1994, and to a lesser degree that of 1982 (Fig. 2b). These
events were coincident with elevated ozone concentrations detected
by the Total Ozone Mapping Spectrometer sensor’. There were
also large events in 1961, 1963 and 1972 of a slightly lesser
magnitude than those in the 1990s, but easily distinguishable from
the background By level. All events from 1960 to 2006 occurred
during periods of anomalously low seasonal rainfall (Fig. 2c).
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Figure 1| Land cover from Global Land Cover 2000 (ref. 29) and World
Meteorological Organization stations used in the analysis, listed in
Supplementary Table S1. Stations 1-3 and 7-9 were used in the long-term
analysis. The red boxes outline the regions over which total particulate
matter (TPM) emissions, precipitation and population were analysed for
Sumatra (0.5° N-4.5° S, 100° E-106° E) and Kalimantan (0.5° N-4.5° S,
109° E-117.5° E).
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Figure 2 | Monthly time-series for Sumatra. a, GFED TPM emission estimates®, b, mean Beyt, and ¢, five-month back-totalled precipitation from the NCEP
Precipitation over Land (PRECL) data?” for 1960-1983 and the Global Precipitation Climatology Project?® for 1984-2006. The grey vertical line separates
the two analysis periods. The grey horizontal lines in € show the estimated precipitation threshold & during each period, and the shading shows the 95%
confidence interval for a. Supplementary Fig. S1shows the Beyt and precipitation data in a scatter-plot view. See the Methods section for a description of

the precipitation data and threshold definition.
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Figure 3 | Monthly time-series for Kalimantan. a, GFED TPM emission estimates®, b, mean Beyt, and ¢, four-month back-totalled PRECL precipitation for
1960-1983 and Global Precipitation Climatology Project precipitation for 1984-2006. The grey vertical line separates the two analysis periods. The grey
horizontal line in € shows the estimated precipitation threshold @ during 1984-2006, and the shading shows the 95% confidence interval for @. No
threshold is shown for 1960-1983, owing to the poor fit of the model. Supplementary Fig. S2 shows the Bext and precipitation data in a scatter-plot view.
See the Methods section for a description of the precipitation data and threshold definition.

Conversely, severe events were absent during non-drought years,
despite regular dry seasons.

We estimated the nonlinear relationship between precipitation
and haze using piecewise linear regression, splitting the data into
an early period (1960-1983) and recent period (1984-2006) to
detect any possible changes in the sensitivity of fire to drought.
The piecewise model includes a threshold parameter «, which
separates normal precipitation conditions from those under which
severe haze is possible (see the Methods section). We considered
back-totalled precipitation of between 2 and 6 months as predictor
variables, selecting the back-totalling period that yielded the highest
coefficient of determination R? as optimal.

In Sumatra during 1960-1983, five-month back-totalled
precipitation was the best predictor, explaining 67% of the
variance in B, over Sumatra, with a threshold of 609 mm (see
Supplementary Table S2, Fig.2c). Below this threshold, there
was a sensitivity of —0.011km™' mm™, indicating an increase in
Be with decreasing precipitation (see Supplementary Fig. Sla).
During the 1984-2006 period, five-month precipitation could
explain 85% of the variance in By, with a threshold of 631 mm
and a below-threshold sensitivity of —0.015km™' mm™" (see
Supplementary Fig. S1b). The improved predictability during the
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1984-2006 period can be attributed in part to the higher-quality
precipitation data during that period (see the Methods section),
and perhaps to a slightly stronger sensitivity of the Sumatran fire
environment to drought.

In Kalimantan, there was a very different history of biomass
burning. Severe haze events under drought conditions are evident
from 1982 onwards, but unlike those in Sumatra were largely
absent during the 1960s and 1970s (Fig. 3b). Atmospheric trajectory
analysis showed that the absence of haze during this period was
not attributable to differences in wind flow (see Supplementary
Section S2). The 1972 and 1997 droughts, for example, had similar
patterns of atmospheric transport between the burning region and
the visibility stations, but severe haze was observed only in 1997 (see
Supplementary Section S2). There is anecdotal evidence of the 1972
haze event being present over Borneo'!, but the absence of the event
in the By, record indicates that it was of a much smaller magnitude
than subsequent events, consistent with the absence of fire in East
Kalimantan in 1972 (ref. 8).

More quantitatively, the four-month precipitation was the
best predictor during 1984-2006 over Kalimantan, explaining
78% of the variance in B.y, with a precipitation threshold of
672 mm and a below-threshold sensitivity of —0.007 km™' mm™!
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Figure 4 | SST time series. a, Dipole mode index (DM|; ref. 19) and b, Nino3.4 index calculated from the Smith and Reynolds global gridded SST analysis3C.
The Nino3.4 index is defined as the standardized SST anomaly over the 5° S-5° N and 170° W-120° W region of the Pacific Ocean. The DMl is defined as
the difference of the SST anomalies between the western equatorial Indian Ocean (50° E-70° E, 10° S-10° N) and the southeastern equatorial Indian

Ocean (90° E-110° E, 10° S-0° N).

(see Supplementary Table S2, Fig. 3, Supplementary Fig. S2a). In
contrast, such a relationship was absent from 1960-1983, with only
13% of the variance in By explained by the four-month precip-
itation, and a below-threshold sensitivity of —0.001 km™! mm™",
which was not statistically distinguishable from zero (see Supple-
mentary Fig. S2b). Whereas in Sumatra there was only a small
increase in fire sensitivity to drought, the Kalimantan fire environ-
ment changed from highly fire resistant to highly fire prone at some
point between the droughts of 1972 and 1982.

Drought acts as the trigger for fire occurrence, but it is
humans who ignite the fires. How do we explain the difference
in the evolution of the fire environments in Sumatra and
Kalimantan since the 1960s?

In Indonesia, fire is used primarily to clear vegetation waste,
and is closely associated with deforestation and agricultural
expansion®®!!, The number of ignitions depends on the extent
of these activities, which also tend to lower the resilience of
tropical forests to drought through changes in moisture balance®.
Indonesia’s overall annual deforestation rate from 1950 to 1997 was
1.1%, but from 1950 to 1985 the deforestation rate in Kalimantan
(0.7%) was half that of Sumatra (1.4%). It was only during 1985
to 1997 that the deforestation rate in Kalimantan (2.2%) began to
approach that of Sumatra (2.6%) (see Supplementary Section S3).

Kalimantan’s later deforestation is characteristic of broader
development patterns, reflected by trends in population and
agriculture. Sumatra had population densities more than three
times greater than Kalimantan during the first half of the twentieth
century (see Supplementary Fig. S3). During the 1960s and 1970s,
population growth in Sumatra accelerated rapidly, but lagged
behind in Kalimantan, approaching Sumatra’s 1960s growth rates
only in the 1980s. This difference in population growth between the
two regions was in part due to the Indonesian government’s policy
of transmigration to ease population pressure on Java and, later,
to develop Indonesia’s remote forested regions. Sumatra was the
main target region of transmigration through the 1960s and 1970s,
whereas Kalimantan became a significant target region only in the
1980s (see Supplementary Section S4). In Kalimantan, the effects of
this population shift on land-cover change were exacerbated by a
change in focus from small-scale subsistence agriculture to large-
scale industrial agriculture and agro-forestry, which have larger
land-use footprints. Peatlands drained under the Mega Rice Project
of the 1990s, for example, were the single biggest contributor to
emissions across all of Indonesia during the 1997 fire event (see
Supplementary Section S3).

Overall, we attribute the difference in evolution of Sumatra’s
and Kalimantan’s fire environments to different patterns of human
activity and government policy. Fire has been used for millennia
in Indonesia'®, but in the past at a much smaller scale''. Much of
Kalimantan remained relatively undeveloped until the 1980s, which
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explains the previous absence of major fire events in the B,y record,
despite several severe droughts in the 1960s and 1970s.

In addition to their different development patterns, precipitation
over Sumatra and Kalimantan is influenced by different patterns
of zonal circulation in the tropics. Whereas haze events have been
attributed predominantly to El Nifo conditions, there is strong
evidence that the Indian Ocean Dipole (IOD) also contributes inde-
pendently to drought over Indonesia'®?, and was linked to the 1997
fire event'”?!. Physically, a combination oflocal and remote forcings
contribute to reduced precipitation over Indonesia. Anomalously
cool sea surface temperatures (SSTs) in surrounding seas suppress
local convection, but, in combination with warm SST anomalies in
the western Indian and eastern Pacific Oceans, also reduce moisture
convergence over Indonesia?»*. Under El Nifio or IOD conditions,
this effect strengthens into September?, as moisture over western
Indonesia is transported westward to the Indian Ocean®.

We examined the influence of the El Nifio—Southern Oscillation
(ENSO) and IOD specifically over the main burning regions in
Fig. 1, comparing the regional precipitation variance explained
by the Nino3.4 index and DMI as indicators of ENSO and IOD
strength, respectively (Fig. 4). Linear correlations were computed
during the July-November period when most burning occurs,
and over the entire NCEP PRECL data period of 1948-2006.
Over Sumatra, the Nino3.4 SST index could explain 30% of the
variability in mean July-November precipitation under a linear
model, compared with 61% explained by the DMI. A simple
index consisting of the sum of the DMI and the Nino3.4 also
explained 61% of the variability in Sumatra precipitation, yielding
no improvement over the DMI alone. Over Kalimantan, the
Nino3.4 could explain 58% of the variability in precipitation,
compared with 49% explained by the DMI, but a combined
index could explain 72% of the variability. The strength of these
controls was somewhat sensitive to the period analysed, definition
of season and particular dataset used, but typically either the DMI or
combined Nino3.4-DMI index performed better than the Nino3.4
(see Supplementary Section S5).

Itis therefore important that SST anomalies over both the Pacific
and Indian Oceans be monitored in preventing and mitigating
future fire events. Although the 1994 and 2006 events, for example,
did occur during moderate El Nifio conditions, it was the positive
IOD conditions that distinguished them from 2002, when the
drought and haze were weaker (Fig. 4). The 1961 event occurred
under neutral ENSO and strongly positive IOD conditions, and the
severity of the 1997 event seems to be attributable to the combined
strength of the El Nifo and the IOD.

With the presence of intensive land-use, severe fire years have
occurred when seasonal precipitation was below a given threshold,
owing to either or both El Nifio and positive IOD conditions. Our
precipitation threshold estimates can therefore serve as benchmarks
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to identify periods of severe haze risk, aiding in the interpretation of
seasonal rainfall outlooks for operational fire management.

Such mitigation measures are particularly important under a
changing climate, given the possibility of more persistent El Nifio-
like conditions®, reduced rainfall over Indonesia’s main burning
regions" and a positive feedback between reduced soil moisture
and reduced precipitation in Indonesia®®. Among countries with
humid tropical forests, Indonesia’s current deforestation rate of
3.4% per year is second only to that of Brazil®. The extent of
large-scale oil palm plantations is projected to increase, partly to
meet growing demand for biofuels*. As droughts are inevitable and
may become more severe, Indonesia’s future fire regime depends
strongly on the extent of these types of human activity.

Methods

For each region, we considered back-totalled rainfall of up to six months as
predictor variables. More sophisticated drought indices were not considered,
having been shown for 1997-2006 not to provide any advantage over simple
rainfall totals'®. We used the best available precipitation data for each of the
1960-1983 and 1984-2006 analysis periods. The PRECL dataset” beginning in
1948 was used for the 1960—1983 period, but was found to have a much more sparse
gauge observation network from the 1980s onwards (see Supplementary Fig. S4).
For the 1984-2006 period, we therefore used data from the Global Precipitation
Climatology Project?®, which blends satellite and rain gauge observations and
covers 1979—present.

We used piecewise regression to estimate the nonlinear relationship between
precipitation and By (ref. 15). This technique provided an explicit estimate of
precipitation threshold, and of the sensitivity of By to changes in precipitation
below this threshold. Physically, the use of a threshold-based model corresponds
to moisture ignition thresholds of fuels, particularly in drained peatland'®. The
model consists of two linear segments, constrained to be equal at an unknown
threshold &, and is given by

B Bo+Bix
o Bo+pix+px—a) x>«

x<a

where S, is the y intercept, B, is the slope of the line below «, B, + B, is the slope
of the line above « and x is a given predictor variable, for example, five-month
back-totalled precipitation. The below-threshold slope B, quantifies the degree to
which By varies with precipitation. Across the different back-totalling periods,
we assessed goodness of fit using R?, and provide 95% confidence intervals for all
estimated parameters using fully paired bootstrapping with 2,000 re-samples. For
each of Sumatra and Kalimantan, the back-totalling period yielding the largest R?
under the piecewise model was selected for interpretation. Scatter-plot versions of
Figs 2 and 3 are shown in Supplementary Figs S1,52, which emphasize the structure
of the piecewise model.

Visibility data used in the analysis can be obtained from the US National
Climatic Data Center at: http://www.ncdc.noaa.gov/oa/visibility/.
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