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The conversion of forest 
land to plantations 
represents a significant 
source of global 
greenhouse gas emissions, 
while smoke from fires 
used to clear land is 
a major source of air 
pollution that adversely 
impacts human health 
and productivity in 
Southeast Asia

Introduction

Industrial agricultural plantations are a major source of land-cover change in the trop-
ics. In Indonesia, vast amounts of land are being converted to accommodate large-
scale production of palm oil, which is used as a cooking oil, in processed foods, soaps 
and cosmetics, and as a source of biodiesel fuel—see Figure 1b-c. According to 
the U.S. Department of Agriculture’s Foreign Agricultural Service, Indonesia is the 
world’s top producer of palm oil, generating 52% of global production in 2012-2013, 
while Malaysia ranks second, producing 34%. Within Indonesia, virtually all palm 
oil production—approximately 96%—occurs on the island of Sumatra and across 
Kalimantan, the Indonesian part of the island of Borneo—as shown in Figure 1a. 
NASA-funded research has studied the conversion of forests and community-managed 
agricultural lands to oil palm plantations within Indonesia, a topic of both global and 
regional importance: The conversion of forest land to plantations represents a signifi-
cant source of global greenhouse gas emissions, while smoke from fires used to clear 
land is a major source of air pollution that adversely impacts human health and pro-
ductivity in Southeast Asia—see Indonesian Fires Envelop Singapore in Haze on page 16. 

Figure 1. (a) Sumatra and Indonesian Borneo 
(Kalimantan) are hubs of palm oil production in 
Indonesia. In Sumatra, production is concentrated 
within Riau province, just west of Singapore and 
southern Peninsular Malaysia. Indonesia’s West 
Kalimantan district of Ketapang is also highlighted. 
(b) Fire is typically used to prepare land for oil palm 
planting in West Kalimantan, Indonesia. (c) Oil palm 
fruit. Image Credit: (b, c) Yadi Purwanto

Many of the diagrams and figures 
in this feature article are better represented in color. 
To view this article and the entire issue in color online, 
visit: eospso.nasa.gov/earth-observer-archive.
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Links and References

NASA Land-Cover Land-Use Change (LCLUC) Project Page: lcluc.umd.edu/project_details.php?projid=223 
For more information about Carnegie Land Analysis System Lite (CLASlite): claslite.stanford.edu  
For more information about Dinamica EGO: csr.ufmg.br/dinamica 
Fire data used in this article available on-line at: earthdata.nasa.gov/firms

http://eospso.nasa.gov/earth-observer-archive
http://lcluc.umd.edu/project_details.php?projid=223
http://claslite.stanford.edu
http://csr.ufmg.br/dinamica
http://earthdata.nasa.gov/firms
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sMapping Oil Palm Expansion using Landsat Data

Researchers funded through NASA’s Land-Cover/Land-Use Change Program have 
been using Earth-observing data to document the timeline of oil-palm development 
and the impacts of expanded palm-oil production across Kalimantan. Scientists digi-
tized remotely sensed areas cleared for or planted with oil palm using 35 Landsat 5 
Thematic Mapper and Landsat 7 Enhanced Thematic Mapper Plus reflectance images 
at 30-m (~98-ft) resolution to produce the first comprehensive maps of oil-palm 
expansion across Kalimantan—see Figure 2. Oil palm plantation area expanded from 
~350 mi2 (~900 km2) in 1990 to ~12,220 mi2 (~31,600 km2) by 2010, ultimately 
occupying 9% of lowlands (under 300-m elevation) outside of protected areas. 

To assess carbon emissions generated from oil-palm expansion, researchers needed a 
way to quantify the land-cover sources for oil palm. In a novel application of a cut-
ting-edge classification system—Carnegie Land Analysis System Lite, originally devel-
oped for use in the Amazon through NASA-funded research—researchers produced 
land-cover maps across Kalimantan for the 1990 and 2000 periods using 116 Landsat 
images obtained between 1988 and 2002. 

A typical example of plantation expansion (i.e., converting forest to oil palm), as 
tracked by the land-cover classifications and digitized oil-palm areas, can be seen in 
Figure 3, next page. The ability to accurately map logged forests, highly heterogeneous 
agroforests, and rain-fed rice fallows, as well as forest lands (seen at lower left in Figure 
3d) represents a major advance over previous classification efforts. This region has been 
subject to extensive logging, and contains extensive agroforest lands that support com-
munity livelihoods and represent a substantial carbon store. Thus, accurately capturing 
such fine-scale land-cover mosaics was essential to reflect the on-the-ground reality.

When land-cover analysis is only done once every ten years or so, nuances of land-
cover change can be masked. To track more subtle change, it is necessary to comple-
ment large-scale assessments with more focused classifications of smaller regions. For 
example, within West Kalimantan’s coastal district of Ketapang (see Figure 1a), the 
NASA-funded research team used 11 Landsat images to generate a classified time-
series that spanned 1989 to 2008. The study region analyzed was limited to the 
Landsat extent, and covered an area of ~4600 mi2 (~12000 km2). Classifications were 
produced at one-to-seven-year intervals, depending upon the availability of cloud-
free imagery. The study region is home to nearly 1090 mi2 (~2800 km2) of protected 
areas, the largest of which is the ~390 mi2 (~1000 km2) Gunung Palung National 
Park (GPNP)—which provides important habitat for the endangered orangutan. 
While Ketapang spans a diversity of soils and vegetation types, approximately half of 

Figure 2. This Landsat-derived 
map of oil palm plantation 
expansion across Kalimantan 
[i.e., Indonesian Borneo, 
~208,000 mi2 (~540,000 
km2)] shows planted oil palm 
in 2010 distributed among 
West (W; 28%), Central (C; 
40%), South (S; 8%), and East 
(E; 23%) Kalimantan prov-
inces. Malaysian Borneo and 
the country of Brunei are light 
gray. Image credit: Modified 
from Carlson et al., Nature 
(2012), dx.doi.org/10.1038/
Nclimate1702. 
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the focal region is peatland. (Borneo as a whole is 12% peatlands.) Peatlands must be 
drained by networks of canals to facilitate oil-palm cultivation, a process that results 
in oxidation of organic matter and generation of carbon dioxide (CO2) emissions that 
continue through time post conversion. In addition, peatland burning releases large 
pulses of CO2 to the atmosphere. 

The Ketapang analysis revealed that as of 2008, ~90% of the ~2,330 mi2 (~6,035 km2) 
covered by plantation leases remained undeveloped. The majority of the lease areas tar-
geted for future development are located on carbon-rich peatlands. Although only 6% 
of land outside protected areas had been cleared for or planted with oil palm in 2008, 
oil palm spanned 14% of unprotected land by 2011—see Figure 4a-b. From 1994 to 
2011, 49% of oil palm development resulted in conversion of lowland forested areas. 
These areas are classified as “Intact” and “Logged/Sec.” forests in Figure 4b.

Ketapang’s subdecadal expansion dynamics were fed into a spatially explicit model of 
land-cover change, which included a carbon-bookkeeping component. The model, 
built on the Dinamica EGO platform, was designed to assess carbon emissions result-
ing from clearing land for oil-palm plantations, and to project future emission and 
land-cover change scenarios through 2020. Scenario results reveal that under busi-
ness-as-usual (BAU) conditions, 2020 forest cover is projected to decline to 24% of 
the region, while oil palm expands to occupy 41% of unprotected lands (Figure 4c); 
much of this new development would occur on carbon-rich peatland. In compari-
son, a forest protection scenario that prohibits conversion of intact, secondary, and 

Figure 3. Digitized oil-palm 
areas overlaying Landsat imag-
ery from (a) February 6, 1989; 
(b) December 8, 2001; and (c) 
August 8, 2009, are shown. The 
corresponding land-cover clas-
sifications are shown in (d) and 
(e). In 1989 (a,d), this area of 
Central Kalimantan was 88% 
intact forest, 7% logged for-
est, 1% agroforest, and <1% 
nonforest. By 2001 (b, e), 16 
mi2 (42 km2) had been cleared 
for oil palm. By 2009 (c), oil 
palm had expanded to the 
northeast and southwest of 
the maturing plantation area. 
Stripes in the Landsat 7 scan 
line-corrector-off image (c) 
from 2009 are locations where 
no data were obtained. Image 
credit: Modified from Carlson 
et al., Nature (2012), dx.doi.
org/10.1038/Nclimate1702.

Figure 4. (a) Land cover within 
Indonesia’s West Kalimantan 
district of Ketapang in 2008, as 
derived from Landsat data. (b) 
Land-cover sources for oil palm 
developed from 1994 to 2011. 
Future land-cover maps c and 
d were chosen from 60 model 
runs per scenario. (c) Business-
as-usual scenario, 2020. (d) 
Forest Protection scenario, 
2020. Image credit: Carlson 
et al., PNAS (2012), dx.doi.
org/10.1073/pnas.1200452109.
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native, yielding 36% greater forest fraction (leaving 32% of the region forested) and 
28% lower oil-palm area (~30% of non-protected lands developed with oil palm) in 
2020 (Figure 4d). Disappointingly, the current moratorium on oil-palm expansion 
into primary forests and peatlands, enacted by the Government of Indonesia in 2011 
and recently extended to 2015, is projected to reduce CO2 emissions by only 3–4% 
as compared to BAU emission rates. The model further suggests that uncontrolled fire 
may undermine the effectiveness of the moratorium. 

At the Kalimantan-wide level, researchers considered the potential of reduced emissions 
from deforestation and forest degradation (REDD+) credits to compete with oil-palm 
revenues. They found that REDD+ initiatives could be economically competitive with 
oil palm only when peatland burning was factored into avoided-emissions estimates. 
Although REDD+ initiatives may be successful if focused on peatlands, economic 
tradeoffs are highly dependent on the market price of forest carbon.

Oil Palm Impacts on Global Carbon Cycle 

Since 1990, oil-palm plantations have cleared approximately 6180 mi2 (~16,000 
km2) of Kalimantan’s primary and logged forests, potentially accounting for ~60% of 
Kalimantan’s total forest cover loss from 2000 to 2010. Development of oil-palm plan-
tations in Kalimantan is a globally significant source of CO2 emissions: More than 140 
million metric tons of CO2 were emitted to the atmosphere in 2010 alone, while 2020 
CO2 emissions are projected to exceed ~560 million metric tons—an amount greater 
than all of Canada’s current fossil fuel emissions. If, as is frequently observed, fires are 
used to clear land—including peat soils—for oil-palm plantations, Kalimantan alone 
would generate 34% of Indonesia’s 2020 land-sourced carbon emissions. 

Within Ketapang, fire was implicated as the cause of more than 90% of deforesta-
tion between 1989 and 2008. Yet, the sources of fire—whether clearing for industrial 
agriculture or smallholder upland rice, or wildfires escaping during major droughts 
—cannot be adequately reconstructed. Despite the dominance of fire, by 2007–2008 
oil palm accounted for 27% of total deforestation—and 40% of peatland deforesta-
tion. These findings reveal a distinct shift in plantation land sources. While 81% of 
expansion was concentrated within forests on mineral soils between 1994 and 2001, 
between 2008 and 2011, 69% of plantation expansion occurred within carbon-rich 
peatlands. Without strong restrictions on peatland deforestation and development, 
almost 90% of CO2 emissions from oil-palm plantations in the Ketapang study area 
are projected to come from peatlands by 2020. 

Complementary to the satellite-derived products and key to the modeling efforts were 
a comprehensive set of Kalimantan oil-palm land-lease records collected in person from 
local and regional governmental agencies and then digitized. The total allocated leases 
spanned ~46,000 mi2 (~120,000 km2), covering one-third of Kalimantan’s lowlands out-
side protected areas. Yet, 80% of these leases remained unplanted in 2010. When lease 
areas were analyzed in conjunction with the satellite-derived maps of developed oil-palm 
and land-cover classifications, the great potential for future forest loss and carbon emis-
sions from Kalimantan became clear: Leases represent a vast land bank and carbon store, 
which—if released—could significantly influence the global carbon cycle.

Conclusion

A fusion of NASA remote-sensing satellite data from Landsat, plantation lease data, 
and innovative mapping and modeling techniques have enabled a detailed assessment 
of land-use change and carbon emissions from oil-palm expansion across Kalimantan. 
Breakthroughs in mapping mosaics of logged forest and agroforests were also 
achieved. With vast allocated oil palm plantation leases largely undeveloped, modeled 
future scenarios suggest that a moratorium on oil-palm expansion will do little to curb 
carbon emissions over the next decade. Any strategy to reduce carbon emissions from oil 
palm must focus on protecting peatlands from conversion. 

More than 140 million 
metric tons of CO2 
were emitted to the 
atmosphere in 2010 
alone, while 2020 CO2 
emissions are projected 
to exceed ~560 million 
metric tons. If fires are 
used to clear land—
including peat soils—for 
oil palm plantations, 
Kalimantan alone 
would generate 34% of 
Indonesia’s 2020 land-
sourced carbon emissions.

Leases represent a 
vast land bank and 
carbon store, which—
if released—could 
significantly influence 
the global carbon cycle.
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s Indonesian Fires Envelop Singapore in Haze 
Following days of smoke and haze, for a short time on June 21, 2013, Singapore’s Pollutant Standards Index 
(PSI) hit a record high of 401—a level considered hazardous to human health. Regional schools and outdoor 
attractions were closed and all residents were advised to stay indoors, crippling productivity. The source of the 
haze was myriad fires in Riau province, Sumatra—see Figure 1 of accompanying feature, page 12. Here, oil-
palm and pulpwood plantation companies, as well as smallholder farmers, take advantage of the dry season 
(June to October) to clear land with fire—despite regulations that prohibit plantations from using fire to clear 
land. Although haze from Indonesian forest fires often affects Southeast Asia during the dry season, the sever-
ity of the 2013 haze put significant stress on Indonesia’s relations with Malaysia and Singapore, prompting 
Indonesian President Yudhoyono to apologize publicly for the incident. Indonesia then instituted a suite of 
measures to extinguish the fires, including cloud seeding and aerial water bombing. The country also pledged 
to investigate whether illegal burning was to blame. In July, as haze from Indonesian fires again began to 
engulf Malaysia, Indonesia agreed—after a decade of inaction—to ratify the Association of Southeast Asian 
Nations (ASEAN) Agreement on Transboundary Haze Pollution that was established in 2002 to reduce pollu-
tion from smoke and other fine particles in the atmosphere. 

NASA’s Earth-observing satellites provide a means to observe fires and their associated smoke plumes, as well to doc-
ument the land-use sources of these fires (e.g., oil-palm plantations versus smallholder lands). The figure below shows 
examples from the Moderate Resolution Imaging Spectroradiometer (MODIS), on Aqua, and the Operational 
Land Imager (OLI), on Landsat 8. Maps like these may allow Indonesia and other concerned parties to assess and 
address the underlying causes of such fires. Moreover, land-cover assessments derived from these NASA satellites 
provide crucial input for estimates of carbon emissions from fires and other regional land-cover changes.

When Indonesian forest fires make headlines and immediate analysis is required, NASA’s Near-Real-Time 
(NRT) products—available at earthdata.nasa.gov/data/near-real-time-data—are invaluable for the policy com-
munity and public at large, especially MODIS NRT images, which are posted approximately 2.5 hours after 
acquisition, and MODIS active fire data, easily downloadable for the preceding 24 hours, 72 hours, and 7 
days. In addition, Worldview (earthdata.nasa.gov/labs/worldview) affords stunning visualization of NRT prod-
ucts and allows easy exploration of daily products across time and space. These datasets allow monitoring and 
rapid assessment and analysis of mitigation measures, and may motivate Indonesia to enforce existing regula-
tions on burn bans, and to increase transparency of awarded plantation and concession leases. 

Figure. [Top] On June 19, 2013, two days prior to the all-time 
record high of Singapore’s Pollutants Standards Index, MODIS 
imaged smoke drifting east from Riau province (outlined in 
white) over Singapore and southern Peninsular Malaysia. Fires 
suspected to be forest-clearing fires, are shown in red and were 
detected by MODIS. The green rectangle indicates the extent 
of the Landsat images that follow. [Bottom left] On May 24, 
2013, OLI provided a closer look within a region that was to 
have many fire detections in June. This image reveals a matrix 
of agricultural lands, including mature plantations (dark green),
younger plantations and other crops (light green), and bare/
burned areas (red). [Bottom right] An OLI image from June 25, 
2013, shows smoke and burn scars in the same region—evi-
dence of active fires. Both mature plantation areas and younger 
plantation/other crop areas burned. Image credit: [Top] NASA 
Worldview, [bottom] NASA’s Earth Observatory

http://earthdata.nasa.gov/data/near-real-time-data
earthdata.nasa.gov/labs/worldview



